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ABSTRACT
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Doctor of Philosophy

DEVELOPMENT OF HOLLOW-CORE PHOTONIC BANDGAP
FIBRES FREE OF SURFACE MODES

by Rodrigo Amezcua Correa

Conventional optical fibres can only guide light in a high refractive index core by total
internal reflection. By using total internal reflections it is not possible to guide light in an
air core. Light guidance in air is of great interest for various technological and scientific
applications and has only recently been possible with the advent of photonic band gap
fibres. However, the transmission performance of silica/air hollow-core photonic bandgap
fibres has until now been affected by the existence of surface modes. These surface
modes couple with the air-guided mode in specific spectral ranges inside the bandgap
simultaneously increasing the attenuation and dispersion of the air-guided mode and
reducing the useable bandwidth of the fibre. Therefore, for many applications it is

important to eliminate surface modes or at least reduce their impact on the air mode.

The aim of this thesis is to gain a profound insight into ways of reducing the density
of surface modes and ways of tuning their wavelength out of the bandgap in order to
minimize their impact on the air mode. A complete numerical study of the effects that
variations of the core geometry have on the fibre’s transmission properties is presented
in this thesis. In particular, it is found that reducing the thickness of the glass wall that
surrounds the core, can simultaneously suppress surface modes interference and reduce
the fibre attenuation. The proposed core designs have a core wall just half the thickness
of the thinnest features of the cladding -this is approximately 50 nm thinner than in

previous designs.

The fabrication of the first hollow-core photonic bandgap fibre with no surface modes
is presented in this thesis. The fibre has state-of-the-art attenuation over the full spec-
tral width of the bandgap. As a result of the elimination of surface modes the fibre
presents increased bandwidth, reduced dispersion and dispersion slope compared to pre-
vious hollow-core photonic bandgap fibers. These advances have been possible due to the
development of a modified fabrication method which makes the production of low-loss
hollow-core fibers both simpler and 5 to 6 times quicker than previously. This develop-
ment makes hollow-core fibres with improved performance more readily available than

ever before.
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n Refractive index, n = nq + ino

Neff Effective mode index, n.sr = 5/k

k Wave vector, k = ki + iko

DOS Density Of States

TE Transverse Electric

M Transverse Magnetic

FEM Finite Element Method

FM Fundamental Mode

FSM Fundamental Space lling Mode

GVD Group Velocity Dispersion

HC-PBGF Hollow-core Photonic Bandgap Fibre
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PBG
PBGF
PC
PCF
PWEM
SM
SEM
ZDW

High Order Mode
Microstructured Optical Fibre
Photonic Bandgap

Photonic Bandgap Fibre
Photonic Crystal

Photonic Crystal Fibre

Plane Wave Expansion Method
Surface Mode

Scanning Electron Microscopy

Zero Dispersion Wavelength
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Chapter 1

Introduction

The fact that modern optical fibres transmit information over long distances at excep-
tionally high speed rates is a truly fantastic technological and scientific achievement
of the last century. Everyday we all use optical fibres when making telephone calls,
connecting to the internet, and reading our e-mails. Currently, optical fibres are in-
creasingly been used in non-telecommunications applications such as: structural sens-
ing, biomedicine, medical imaging, astronomy and micro-machining, among many other
fields. Conventional optical fibres are formed from two different glasses. One with a
higher refractive index runs down the middle of the fibre, forming the core in which
light is trapped. A second lower-index glass surrounds the inner rod, protecting it and
forming the cladding of the fibre. The inner rod has to have a higher refractive index than
the outer, because only then light can be guided in the core by total internal reflections
at the core-cladding boundary. Recently, a novel type of optical fibres was envisioned
by Philip Russell [1, 2]. These new fibres, known as photonic crystal fibres, can be made
entirely from a single material as they do not rely on dopants for light guidance. In-
stead, the cladding region in photonic crystal fibres has wavelength-scale holes running
down the fibre length. The discovery of photonic crystal fibres has been very promising
for optical fibre technology since they have enabled light to be controlled in ways not

previously possible or even imaginable with conventional optical fibre technology [2].

Research on single material fibres dates back to the early years of fibre optics in the
1970’s. At that time, Kaiser et al. [3, 4] fabricated a single material fibre consisting of a
small diameter silica rod supported by thin struts inside a large tube, Figure 1.1a. Their
motivation was to overcome the difficulties in having different chemical compositions
required for the core and cladding materials. The development of chemical vapour
deposition (CVD) for optical fibre fabrication also in the 1970’s overcame such negative
effects providing high purity ulta-low loss synthetic silica [5, 6]. CVD also permitted

to precisely control the refractive index of silica by the introduction of index increasing

1
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dopants (germanium, aluminium) and index decreasing dopants (boron, fluorine)[7, 8].
The promising capabilities of CVD for making single-mode low-loss optical fibres [9] left
single-material fibres research aside for many years. Russell’s idea of light guidance in
a hollow-core by surrounding it with a large number of smaller holes in order to form
a synthetic material which would trap light by using a photonic bandgap, renewed the
interest in single material optical fibres [10, 1, 11]. The fabrication of an only-silica
photonic crystal fibre in 1996 by Knight et al. [12] containing hundreds of air channels
of micrometer dimensions forming a two-dimensional photonic crystal around a silica
core, Figure 1.1(b), which was single mode over a very wide spectral range, led to
the discovery of endlessly single-mode PCFs by Birks et al. [13]. This seminal work in
photonic crystal fibres fueled the ambition that they would support the growing demands
on the performance and functionality of optical fibres. The unusual modal properties of

this fibre burst the activities on photonic crystal fibre research.
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FIGURE 1.1: Examples of index guiding PCF's (top) and photonic bangap fibres
(bottom). (a) First demonstration of a silica-only fibre by Kaiser et al. in 1973
[3]. (b) Scanning electron microscope (SEM) image of the first photonic crystal
fibre with a silica core surrounded by a periodic array of air holes in silica by
Knight et al. in 1996 [12]. (c) Endlessly single-mode PCF fabricated at the
ORC. (d) SEM micrograph of the first hollow-core PCF by Cregan et al. in
1999 [14]. (e) SEM micrograph of the lowest loss hollow-core bandgap fibre by
Blazephotonics [15]. (f) Hollow-core PCF by Amezcua et al. in 2008 [16].

There are two major classes of photonic crystal fibres depending on their guidance
mechanism: index guiding photonic crystal fibres, which guide light due to a “reduced”

refractive index of the cladding region and photonic bandgap fibres, which confine light
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thanks to photonic bandgaps formed by the cladding. Although fibres belonging to
these two classes have been fabricated of different materials and with several cladding
configurations, the fibres of interest for this work have a two-dimensional photonic crystal
cladding formed by an array of air holes in silica that run down the full fibre length,

Figure 1.1.

Index-guiding PCFs consist of a solid core surrounded by an array of air holes, Fig-
ure 1.1(b)(c). In this case, the air holes can be seen as to lower the effective refrac-
tive index of the cladding region as compare to that of the solid core and guidance
occurs by a modified total internal reflection mechanism. Although this mechanism
is similar to the way in which conventional optical fibres guide light, the wavelength
scale features of the fibre lead to a strongly wavelength dependent cladding index lead-
ing to a host of unusual optical properties unique to photonic crystal fibres, including
single-mode guidance at all wavelengths and striking nonlinear and dispersive properties
[12, 1, 17, 2, 18, 19, 20, 21, 22, 23].

In contrast to index guiding PCFs, in which the guidance mechanism is conceptually
similar to that of conventional fibres, photonic bandgap fibres guide light by a completely
radical concept: photonic bandgap effects. In photonic bandgap fibres the air holes that
define the cladding region have to be arranged in a highly perfect periodical lattice.
For certain geometries, the cladding can then form two-dimensional photonic bandgaps
which prohibit the propagation of light for specific frequencies and propagation constant
values [10]. By breaking the order of the cladding (adding a defect in the periodic
structure), it is possible to introduce localized modes within the defect. This is typically
done by introducing a bigger hole at the centre of the structure. If light can propagate
in the defect but its frequency lies within a bandgap it will not be allowed to propagate
in the cladding and therefore the optical energy will be concentrated in the core and
guided with low-loss. Hollow-core photonic bandgap fibres (HC-PBGFs) are a special
class of bandgap fibres that guide light in an air core. In 1999, Cregan et al. [14]
demonstrated the first HC-PBGF and over the past decade they have been developed
to high-performance products, Figure 1.1. Indeed, now fibres with very low attenuation
-well below than 20 dB/km at 1550 nm wavelength- are readily available and the best
loss value in a hollow-core fibre is only 1.2 dB/km [15] which is around 10 times higher

than the minimum attenuation of ~0.15 dB/km in conventional fibres [24].

1.1 Thesis Structure

The work in this thesis is mainly related to the development of silica hollow-core pho-

tonic bandgap fibres with a broad low-loss transmission window by eliminating surface
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modes which lie within the bandgap . It comprises various computational and fabrication
experiments performed by the author over his PhD. The topics span from the analysis
of the modal properties of PBGFs and the design of hollow core fibres with improved
transmission performance, to the fabrication and characterization of fibres based on the
optimized designs. The design of hollow-core photonic bandgap fibres free of surface
modes was carried out by the author during the first 4 years of his PhD at the Op-
toelectronics Research Centre. Based on these results, hollow-core fibres incorporating
a novel core design were fabricated over the last year at the Centre for Photonics and
Photonic Materials at the University of Bath, while the author was employed there as
a researcher. The fabrication and characterization of these fibres has been included in
the thesis in order to confirm the theoretical predictions and prove that the fabrication
of the proposed designs is indeed feasible. The thesis is partitioned in 9 chapters as

outlined below.

Chapter 2 provides an introduction to photonic crystal fibres, including a description of
the stack and draw technique used for the fabrication of silica PCFs. It also includes a
comprehensive description of the optical properties of photonic crystals and the optical

properties of index-guiding PCFs are briefly discussed.

Chapter 3 is an introduction to hollow core photonic bandgap fibres with the aim of
describing the bandgap guiding mechanisms and to provide an intuitive explanation
of the optical properties of this type of waveguide. Due to their complex structure,
modelling HC-PBGFs is not an straight forward task and several methods are normally
used for studying them. The numerical methods used through this project for analyzing
HC-PBGFs are briefly described in this chapter. A literature review of the development
of HC-PBGFss is also included.

The main objective of chapter 4 and chapter 5 is the design of HC-PBGF's which do not
support surface modes within the bandgap and therefore present a broad transmission
window. For this task the modal properties of the fibres as a function of the core struc-
ture are numerically calculated using a finite element method. All the computational
programs, numerical calculations and the analysis of results presented in these chapters
were done by the author. In chapter 4 fibres featuring a 7 cell core are analyzed. Contour
plots summarizing the evolution of the transmission properties of hollow core bandgap
fibres as a function of the core size and the thickness of the core/cladding interface are
presented. These contour plots are an original way of analyzing bandgap fibres and they
clearly show the dependence between surface modes and core geometry. In particular, it
is shown that by carefully choosing the thickness of the core surround then surface modes
can be eliminated. The advantages and disadvantages of having different core/cladding

interfaces are also discussed.
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Chapter 5 extends the study presented in chapter 4 to fibres featuring a larger core (19
cell) and a higher air filling fraction in the cladding. It is shown that the design regime
found for 7 cell fibres is also valid for larger cores. Finally, ways of modifying the group

velocity dispersion in HC-PBGF's are studied in this chapter.

Chapter 6 deals with the fabrication of HC-PBGF's based on the designs studied in
chapters 4,5. The fabrication and characterization of the fibres was carried out at the
Centre for Photonics and Photonics Materials of the University of Bath by the author
in collaboration with Dr. Frédéric Gérome, Dr. Sergio Leon-Saval, Prof. Tim Birks,
and Prof. Jonathan Knight. The fibres presented here incorporate a thin core wall
which eliminates the impact of surface modes enabling for the first time air guidance in
a hollow-core fibre with low attenuation over the full bandgap of the photonic crystal
cladding. These fibres also present the lowest dispersion slope yet reported for any

hollow-core photonic bandgap fibre.

Chapter 7 describes a different type of hollow-core waveguide - Kagome fibre. The
author uses the finite element method to numerically study the modal structure of the

Kagome fibres with the aim of understanding their guidance mechanisms.

Chapter 8 looks at understanding a specific type of high order modes supported in large
mode area index guiding photonic crystal fibres which cannot be explained by index
guidance arguments. It is found that these modes exist in low density of states regions
and/or bandgaps formed in the cladding. The contribution from the author to this work
was on the calculation of the density of states of the different fibres while most of the

work was done by Dr. Joanne Flanagan.

Chapter 9 summarizes the major results of this research work and discusses future

directions.



Chapter 2

Photonic Crystal Fibres

It is important to mention that photonic crystal fibres are also referred as microstructured
optical fibres and holey fibres. In a large part of literature all these names are given
to all types of fibres with microscale features defining their transverse profile. In a
conventional optical fibre the light propagation is due to total internal reflection at the
core/cladding interface. In contrast to this, PCFs are able to guide light by means of
two different mechanisms: Modified total internal reflection, in which light is guided in
a solid core, surrounded by a (not necessarily periodic) structured cladding. In this
case the average refractive index of the cladding is decreased because of the air holes
(low refractive index) [12]. On the other hand, photonic bandgap fibres exploit two-
dimensional photonic bandgaps as the mechanism of light guidance therefore they can
guide light in a low refractive index medium [10, 25, 14]. In photonic bandgap fibres the
air holes that define the cladding region are arranged in a periodic lattice which presents
a photonic band gap that does not allow light to propagate in the cladding region under

certain conditions.

A good starting point for understanding the properties of photonic crystal fibres is
that of photonic crystals. This chapter gives an insight into photonic crystal and the
formation of photonic bandgaps. A comprehensive review of the optical properties,
guidance mechanisms and fabrication methods of photonic crystal fibres is also presented

here.
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2.1 Fundamentals of photonic crystals

The periodic structure of atoms within a conducting medium gives rise to different
electronic bands, allowing the control of the propagation of electrons through the mate-
rial [26, 27]. This has been understood for many years, and ultimately has led to personal
computers. However, it was not until 1987 when Yablonovitch [28] and John [29] pro-
posed an analogous system to control the propagation of light. The optical version of
a solid state crystal, a photonic crystal, is made from dielectric materials periodically
patterned on the wavelength scale. Photonic crystals were predicted theoretically to
describe two new optical principles, the localization and trapping of light [29, 30] and
the complete inhibition of spontaneous emission [28]. In photonic crystals the periodi-
cal refractive index distribution can give rise to bandgaps in the dispersion relations of
electromagnetic waves. Then propagation of light within these bandgaps is forbidden
and thus photonic crystals allow for a fine degree of control over the optical field within
a material giving new opportunities in quantum optics, optoelectronics and nonlinear

optics [31].

2.1.1 Theoretical description of photonic crystals

The basic starting point in understanding the optical properties of photonic crystals is
that of Maxwell’s equations. An electromagnetic wave can be expressed in terms of an
electric field vector E and a magnetic field vector B. When incident on a material the
terms H , the magnetic flux density, D the electric displacement vector, J the current
density and p the charge density are also defined. The Maxwell’s equations in the

differential form may be expressed in the International System units as:

V x B(it) = ﬁBgZ”j) , (2.1a)

V x H(F t) = 0 (;’Z’t) + Jree (2.1b)
V- B(7t) =0, (2.1¢)

V- D) = piree (2.14)

Considering a number of assumptions valid for our particular case the previous equations
can be simplified. First, for a medium that is free of free charges and free currents, pye.
and J f:ee are set to zero. Next, if the field strengths are assumed to be small enough,

the relations D to E and B to H can be consider as linear. Finally, for isotropic loss-less
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1 is scalar and real; where 7 is the spatial

materials the dielectric permittivity, e(7, w)
vector and w is the angular frequency of light. Then, the constitutive equations of the

material, are given by:

where pg is the magnetic permeability of vacuum. If harmonic time dependence of the

electromagnetic fields is assumed, the fields can be written as,

(2.3)

By the substitution of equations (2.2) into equations (2.1) the following system is ob-

tained

Equation (2.4a) and equation (2.4b) can be rearranged into a single vectorial expression
satisfied by the magnetic field H (7)

1 .
V X s (v X H(F)) = W2 H () (2.5)

e(r)
This general expression represents an eigenvalue problem that together with the diver-
gence equation (2.4c) govern the response of an optical field in a dielectric medium
whose dielectric constant distribution is given by (7). If the spatial dependence of the

dielectric constant of any medium is known, the solutions to equation (2.5) will provide

!Lossy materials can be easily consider by adding an imaginary part to the dielectric permit-
tivity.
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the solutions to the optical modes. However, the complex geometry of photonic crystals
makes the solution of this equation non-trivial and, outside of the simplest cases, requires
a fair amount of computational work to provide answers. The left side of equation (2.5)
can be formulated as an operator © acting on H (7) so that it takes explicitly the form

of an eigenvalue problem,

(2.6)

Similarly to equation (2.5), a master equation for E could also be formulated, however it
is more convenient to express the problem in terms of H (7). This is because the operator
© is Hermitian which simplifies the computational problem [32]. After obtaining the
modes H () for a given frequency, the following relation can be used to obtain the

electric field distribution,
. — .
Ef)=—= H(7 2.
0= (55 ¥ A (2.7
In optical fibres, the translational invariance of the refractive index profile along the

z-direction leads to the following form of solutions for equation (2.5)

H(z,y,2) = H(z,y)e P (2.8)

where 3 is the propagation constant along z (the fibre axis). The harmonic mode ﬁ(:c, Y)
is the eigenvector associated to the eigenvalue §. In the case of a wave propagating in
a homogeneous medium (£(7) = ¢) equation (2.5) reduces to the Heltmholtz equation,
which can be solved in a closed form. In the same manner, if the geometry of the system
is simple enough to apply analytical boundary conditions at the interfaces, the electro-
magnetic problem can also have an analytical solution. This is the case of conventional
step-index fibres. However, in the case of photonic crystal fibres the eigenvalue problem
is more complicated due to the fibre’s complex geometry and analytical solutions are
usually impossible to obtain. Powerful numerical methods are used to obtain the eigen-
vectors and eigenvalues of the electromagnetic problem. Nevertheless, when analyzing
infinite structures, the periodic nature of a photonic crystal allows the simplification of

the electromagnetic problem to a small region of the photonic crystal.

Photonic crystals can be described in terms of a periodic array of points in space called
a lattice, and a unit cell which is repeated identically at every point of the lattice. The

unit cell is defined as the smallest area, which by mere translations can fully represent
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the structure. Every point of the lattice can be defined in terms of the lattice vectors
(uy,us,u3), which are the smallest vectors that can connect one lattice point with an-
other. All crystals have an associated lattice in Fourier space called reciprocal lattice
which consists of the set of all the allowed terms in the Fourier expansion of the peri-

odic structure. This lattice is defined in terms of the primitive reciprocal lattice vectors
(41,92, 93) 27, 33, 32].

To examine the way a photonic crystal affects the propagation of light passing through
it, the dielectric constant of the structure must be expressed in terms of the lattice
vector R. The periodic dielectric function of a photonic crystal satisfies £(7) = (74 R).
According to Bloch’s theorem, the solutions of the magnetic field can be expressed as
Bloch’s states consisting of a plane wave modulated by a periodic function with the same

periodicity as the photonic crystal,

Hy(7) = Op(Me*™ (2.9)

where k is the wave vector, 7 denotes the position vector and ﬁk(F) has the same pe-
riodicity as the lattice, i.e. Uy(7) = Up(7 + R). Therefore, knowing the values of the
magnetic field H ; in a unit cell, the magnetic field in all the structure can be inferred
from equation 2.9. In other words, the electromagnetic problem in an infinite photonic
crystal is reduced to finding the values of the magnetic field (2.5) in a small area. In
the same way, in the reciprocal lattice, a Bloch state for a wave vector k is equal to the
Bloch state k + C_j, where G is any vector of the reciprocal lattice. This gives rise to
a periodicity of the dispersion curve in the reciprocal space (or E—space), expressed as
w(k) = w(k+G). Consequently, the dispersion information of the modes is contained in
a region of the reciprocal space called the Brillouin zone and only wave vectors k lying
inside the Brillouin zone identify an independent mode. Therefore the dispersion curves
of a photonic crystal are normally presented as plots of frequency versus wavevectors in
the Brillouin zone. In the following section an intuitive approach to understanding the

optical properties of photonic crystals is discussed.

2.1.2 One Dimensional Photonic Crystals

A schematic illustration of a 1-dimensional photonic crystal is shown in Figure 2.1(a),
the system is a periodic arrangement of layers of two different dielectric materials. The
system is repeated in the z-direction with period A which is of the order of the wave-
length of light. A plane wave traveling along the line of periodicity will be scattered
at the crystal interfaces every distance A. This will give rise to forward and backward

propagating waves which will interfere to form standing waves within the structure. The
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system can also be viewed in the k-space as a line of scattering points with separation
equal to the reciprocal lattice vector G = 2w /A. This implies that a mode with wave
vector kg has the same dispersion and, thus, couples with a mode with wave vector

ko £ nG, forming a new state which is strongly linked to the structure.

FicUre 2.1: Illustration of a 1-dimensional photonic crystal with period A

and reciprocal lattice vector G. Schematic plots of the dispersion relations of

plane waves propagating in the photonic crystal in the z-direction and on the
xy plane, (b) and (c) respectively.

The dispersion of light propagating in an isotropic medium is given by:

ck ck
w(k) = ﬁ = (2.10)

where ¢ is the speed of light in vacuum, €; = £4/g¢ is the medium’s relative dielectric
permittivity, and n is its refractive index. This dispersion relation indicates that the
energy of light changes linearly with the momentum (k) and zero energy corresponds to
zero momentum. Now allow a plane wave to propagate in a 1D photonic crystal in the
z-direction, crossing the layers of dielectric at normal incidence, see Figure 2.1(a). In
this case, k;; = 0 and therefore, only the wave vector in the propagation direction (k)
will determine the dispersion properties. Due to the periodicity in the k_space the point
k. = 0 can be defined at all the scattering points (k, = +nG). This allows to repeat the
dispersion relation given by equation (2.10) at all the scattering points k, = £nG, blue
lines in Figure 2.1(b).
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As it is shown in Figure 2.1(b), when the first band w = +ck/n (red lines), reaches the
edges of the Brillouin zone it is translated back into the zone and is named as second
band w = £ (ko + G) and w = — £ (ko — ). This shows that the optical modes fold back
on themselves as they reach the Brillouin zone. This folding arises from the scattering of
neighbouring sites (k, = +G) and leads to very different optical properties for a periodic

material compared to an isotropic medium.

Figure 2.1(c) shows the dispersion relations of a wave propagating in the zy-plane,
in this case the dispersion is simply that of light propagating in a isotropic medium.
The schematic shown in Figure 2.1(b) considers the weak scattering approximation, a
condition that assumes no interaction between the dispersion bands from different lattice
sites. The weak scattering approximation is limited to structures where the difference in
the dielectric constant between the layers is small. When the refractive index difference
is large the weak scattering approximation is not valid and one must solve equation (2.6)

to obtain the optical modes in the structure.

FIGURE 2.2: Dispersion relation of light propagating along a periodic dielectric
structure, with dielectric contrast difference between the layers of zero and three
for (a) and (b) respectively. These curves are obtained by solving equation (2.6).

The dispersion relations of two different 1D photonic crystals calculated by solving
equation (2.6) are shown in Figure 2.2. When light propagates in a structure where both
dielectric regions have the same refractive index n (a single slab of material) its dispersion
curve is just the dielectric line given by equation (2.10), see Figure 2.2(a). Conversely,
Figure 2.2(b) plots the dispersion of light propagating through a 1D photonic crystal
where the dielectric layers have a difference in dielectric constant of 3. The blue shaded

areas show that there are frequency regions where optical modes do not exist at all. These
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regions are call photonic bandgaps. For a physical description of the bandgap formation
it is useful to consider the electric field distribution directly above and below the first
gap, which as seen in Figure 2.2(b) occurs at the edge of the Brillouin zone, at k = 7 /A.
At this position, the optical modes correspond to standing waves with wavelengths equal
to twice the crystal lattice constant 2A. There are only two electric field distribution
(for the first two bands), that form standing waves and satisfy the boundary conditions
and the symmetry of the system. For the first solution the maximum intensity is located
at high refractive index layers while the second one is concentrates in the low dielectric
constant layers, (see Figure 2.3). Therefore, it becomes clear that these two modes
have different effective mode indices. The dispersion curve also shows that both modes
have the same wave vector (k = m/A) and hence the same wavelength. However, the
mode concentrated in the high refractive index material experiences a greater effective
index and, thus, a lower frequency than the mode concentrated in the low refractive
index material. This difference in frequency provides the energy gap between the high
and low index bands in the photonic crystal, analogous to the valence and conduction
band in a semiconductor. It is important to note that band gaps always appear in one-
dimensional photonic crystal for any dielectric constant difference. And as the refractive

index contrast increases the band gap widens.

FIGURE 2.3: Distribution of the electric field in a one-dimensional photonic

crystal. For both modes kiqns = 0 however, the mode localized in the high

refractive index regions has a lower frequency than the mode which concentrated
in the low refractive index regions.

One dimensional photonic crystals are widely used in many optical devices where the
transmission of light for certain frequencies needs to be suppressed, light within this
range will be reflected very efficiently. Examples of 1D photonic crystals are fibre Bragg
gratings, widely used in optical telecommunication systems, Bragg filters for diode lasers,

antireflection coatings, etc.
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2.1.3 Two Dimensional Photonic Crystals

Two dimensional photonic crystals have a periodic pattern in the zy-plane while remain
constant in the z-direction. These structures can be designed to have a photonic band
gap for light propagating in the structured plane. In a similar way to the one-dimensional
case, to qualitatively understand the dispersion properties of two-dimensional photonic
crystals one can use the weak-scattering approximation. For the specific type of photonic
crystals of interest in this thesis, photonic crystal fibres, the structure can be represented
as a closed packed array of scattering sites (holes) arranged in a triangular lattice, see
Figure 2.4(a). In this case the primary lattice vectors are equal in length at a 60° angle

to each other, and can be chosen as follows:

R = % (f+g¢§) , (2.11)
Ry = % (f— ﬂﬂ) . (2.12)

The scattered light off the surface may be obtained by taking the Fourier transform of
the lattice and the first set of scattered modes corresponds to those of one lattice vector,
of which there are six solutions. By taking the Fourier transform of the crystal it is
found that the lattice in k-space also forms a triangular lattice rotated 30° with respect

to the real-space lattice, as depicted in Figure 2.4(b).

The reciprocal lattice vectors G and G, are related to the real space lattice vectors by

R;-Gj=2nd;,i,j =1,2, (2.13)

where §;; is the Dirac delta function. The reciprocal lattice vectors can be written as

- 2
G == <f+g£> : (2.14)

follows:

A

- 2 3
=—|Z—-—9g— ). 2.1
2 A <33 Y 3 ) ( 5)

The angle between the lattice vectors of the real- and k-space is also 30°. The irreducible
Brillouin zone corresponding to a six-fold symmetric unit cell is illustrated as the black
area in Figure 2.4(b). The high symmetry points of the reciprocal lattice are labelled T,
M, and K. As in the 1D case, the dispersion relation of a 2D photonic crystal can be
obtained by drawing the dispersion of light from each scattering point (weak scattering

approximation). However, in this case the visualization is more complicated than in
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the 1D case and thus not very practical. For the purposes of this chapter it is more

convenient to obtain the dispersion relations by solving the master equation.

(@) (0)

FIGURE 2.4: (a) Triangular lattice of circular holes, real space primitive vectors

R1 and R,. The area inside the blue lines is the unit cell. (b) The crystal can
be represented in the k-space as a triangular lattice of scattering points with
corresponding reciprocal lattice vectors G1 and G,. The shaded hexagon is the
Brillouin zone, the irreducible Brillouin zone is the darker area. The marked
points in the Brillouin zone are conventionally known as I', M and K.

As photonic crystal fibres are invariant along the fibre axis (z), from equation (2.8) the

optical modes can be written as:

H() = H(i)e ", (2.16)

where 773 is the transverse component of the position vector 7, § = k. is the propagation
constant (axial component of the wavevector). (3 is conserved across every region of the
structure. The optical modes [H(7)] of the structure can be calculated to obtain the
band structure of a 2D photonic crystal. From Bloch’s theorem and due to the sym-
metry of the triangular lattice, the band structure is shown for the irreducible Brillouin
zone. Figure 2.5 shows the band diagrams of a triangular photonic crystal calculated by
scanning the transverse component of the wave vector kA at 16 points along the bound-
aries of the irreducible Brillouin zone (see Figure 2.4) for SA = 20 left and SA = 21
right. In both cases a photonic band gap appears. As A is increased the bandgap is
pushed towards higher frequencies whilst. The different bands, as in the one dimensional
case, represent optical modes localized mainly in the silica and air regions, high and low
refractive index. However, the mode field distribution is now in two-dimensions and its

structure is more complicated than in the 1D case.
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A useful way of seeing the behaviour of photonic bandgaps of PBGFs is by plotting the
edges of the gaps as a function of 3, this graph is known as gapmap. Figure 2.6 is the
gapmap of a photonic crystal with triangular arrangement of circular holes in silica with
an air filling factor f = 45%, forming the cladding of a PCF. The radiation line indicates
the lowest frequency of a mode allowed in the photonic crystal. Light incident on the
cladding with a frequency below this line will be reflected. Above this line, light is free
to propagate in the photonic crystal except in the bandgaps represented with green.
Modes with frequencies in these ranges cannot exist in the photonic crystal cladding

and only can be trapped and guided along a defect [1].

FicURE 2.5: Band diagrams for a triangular PBGF for SA = 20 left and
BA = 21 right. Shaded regions are bandgaps.

An important feature of this gapmap is that some of the bandgaps cross the air line,
which is the region of the map with 8 < k. Indicating that electromagnetic waves with
frequencies within these gaps are free to propagate in air. Therefore, light propagating
in a region of air surrounded by the photonic crystal is not allowed to leave the air
region but will be evanescent in the photonic crystal cladding due to interference effects.
The presence of these bandgaps in the cladding structure opens the possibility of light
guidance in an air core. It is important to notice that the PBGs overlap the air line only
at some narrow regions. Therefore light can be guided in air only over narrow spectral
intervals. A key point of the gap map (for air-silica) is that no gap extends for all values
of BA indicating that a complete 3D bandgap gap does not exist in a 2D photonic crystal.

However a 2D bandgap is enough for bandgap guidance in the transverse direction [10].

In the case that the core is formed by a medium that has higher refractive index than
the photonic crystal cladding, i.e. the blue region of Figure 2.6, light is free to propagate
in the higher index core but will be evanescent in the lower index cladding. Therefore,
the PCF operates in a similar way as a conventional fibre, for certain incidence angles

light will be total internal reflected in the core-cladding interface.
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FIGURE 2.6: Band map for a triangular lattice of circular holes in silica with

f = 45% The blue region is where holey fibres work, in this region light is

transmitted by modified total internal reflection. Inside the bandgaps, green

regions, light could be guided by the PBG effect. The regions of the bandgaps
with 8 < k may be used to guide light in an air core

2.2 Fabrication of PCF's

Optical fibre fabrication typically involves two stages, preform fabrication and fibre
drawing. A preform is a large-scale replica of the fibre normally ~ 50 cm in length and
~ 20mm in diameter (for PCFs). A preform is drawn down to micro-scale dimensions
on a fibre drawing tower (see Figure 2.7). During the relatively short history of PCFs
they are now made in many laboratories around the world using various preform syn-
thesis methods, such as: stacking of capillaries and rods, sol-gel casting [34], ultrasonic
drilling [35], extrusion from bulk glass with low softening temperature [36] and rolling
flexible material sheets into tubes [37], each of which has advantages and disadvantages

depending on the glass used and the desired fibre geometry.

For silica PCFs, capillary stacking has become the most widely used technique mainly
due to the design flexibility it offers. In this approach, firstly, approximately half a metre
long capillaries with a typical outer diameter of ~ 1 mm are drawn from a starting tube
of high-purity synthetic silica with an outer diameter of 10 — 20 mm. The inner/outer
diameter of the starting tube determines the ratio between the hole diameter and the
lattice pitch (d/A) in the drawn fibre. The capillaries are stacked on a horizontal rig in
a close-packed arrangement which reproduces the structure that is to be obtained in the
final fibre. These package is then inserted into a jacket tube and packing silica rods of
different diameters are carefully inserted to ensure mechanical stability of the structure.
A rod placed in the centre of the stack acts as the solid core of index-guiding PCF's
and a tube is inserted if a hollow-core PBGF is to be obtained. The resulting PCF

preform is then drawn down to canes of few millimetres diameter. The top end of the
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FIGURE 2.7: Schematic diagram for a drawing tower.

capillaries can be sealed in order to create pressure gradient to balance the collapsing
effect of surface tension during drawing. Vacuum is normally used during this step to
prevent the capillaries from moving. The resulting cane is inserted into a solid jacket
tube and by applying a second drawing stage a PCF is produced. In this latest stage,
the use of vacuum, pressure and the control of the drawing parameters (tension, furnace
temperature, feed speed, fibre speed, etc.) are very important to obtain a fibre with
optimal characteristics. Figure 2.8 shows a summary of the stack and draw fabrication

process.

An amazing property of silica-air photonic crystal fibres is that the air channels in
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FIGURE 2.8: Summary of the stack and draw PCF fabrication process. Silica

capillaries and rods drawn and stacked in order to create a fibre preform. The

preform is drawn down to a cane of ~ 1 mm and finally this cane is introduced
in a jacket tube and drawn down to a fibre.

centimetre scale preforms are preserved when drawn down to the micro-scale. After
drawing, these micrometre wide channels run along fibres that can be hundreds of metres
of even a couple of kilometres long. During drawing the preform is mounted in a holding
chuck attached to a feed mechanism that lowers the preform into a furnace at the feeding
speed (V},). The furnace temperature is raised above the glass-softening temperature
about 1900° C — 2200° C. As the glass softens a “drop” forms due to gravity. The
drawn fibre is taken up by the capstan which controls the draw speed (V). A variety
of furnaces can be used to heat the preform. As turbulence around the fibre causes
unacceptable variations in the fibre diameter, the furnace must provide laminar gas flow
and must also give off no particles that might attach to the preform and degrade the fibre
strength. The most common furnaces used that meet these requirements are graphite

resistance and induction furnaces. The advantage of the induction furnace is its compact
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size compared to resistance furnaces. The furnace includes inert gas inlets to provide
laminar flow of a sufficient quantity to maximize fibre strength and minimize diameter
variations characteristic of turbulent gas flows. Furnace temperature is measured with
an optical pyrometer from either the outer surface of the heating element or directly
from the preform neck-down depending on the furnace set-up, the former being the

more typical configuration. The temperature can be controlled to within 1°C.

In order to maintain a uniform fibre diameter, the drawing process includes a diameter
control loop. The fibre diameter is monitored as it exits the furnace. The output signal
from the diameter monitor is used to automatically adjust the speed of the drawing
capstan using a PID controller to obtain a constant diameter. Before the fibre reaches
the capstan it is coated with a protective polymer. Coating is required to protect the
pristine silica surface from scratches and abrasion and it preserves the intrinsic strength
of silica. The coating usually consists of two layers of acrylate, a softer inner layer and
a harder outer layer. However, it is possible to use the second coating only. Acrylate
coating is applied in liquid phase and is solidified by UV-curing. Before coating the
fibre must be cooled below 80° C. Thus, between the furnace and the coating cup the
fibre is cooled down by the surrounding air. At high drawing speeds and with limited
tower height it may be necessary to use forced cooling using inert gases as helium. After
coating the fibre passes over a capstan onto a fibre take-up that winds the fibre onto a
spool. Prior to coating, the fibre surface is exposed to potential ambient contamination

that will reduce the fibre strength. The fibres are therefore drawn in a clean room.

2.3 Guidance mechanisms in photonic crystal fi-

bres

The “simplest” optical fibre has a step-index geometry which consists of a central doped-
silica cylinder with refractive index n., surrounded by a silica cladding whose refractive
index ng is slightly lower than that of the core, Figure 2.9(a). The refractive index
profile of optical fibres is constant along the fibre axis, z. As the system is invariant
under any translation along the z-axis, electromagnetic waves propagating along this
axis have a dependence of exp(i3z) along the propagation direction. The propagation
constant of the wave is [ [equation (2.8)] which is the z-component of the wavevector.
The propagation constant of light traveling in a medium with refractive index n is either
equal to or smaller than the absolute value of the wavevector, i.e. 8 < nlgo. Therefore,
6 must be less than or equal to n..kg to propagate in the core and less or equal to nq kg
to propagate in the cladding. The enclosed geometry of optical fibres defines resonant

conditions on 8 which forces all the possible solutions of the Maxwell equations and the
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values of (3 to be discrete. Each allowed field distribution (mode) in the fibre corresponds
to an allowed 8. Modes for which ng kg < 8 < neoko are called guided modes or core
modes, as they are propagative in the core and evanescent in the cladding. On the other
hand, modes with 8 < kgng are called cladding modes. These modes are not evanescent
in the cladding. Guided modes usually have low loss whereas cladding modes usually

experience high loss. It is convenient to define the effective mode index of a mode as

Nmode = B/kO

FIGURE 2.9: Cross sectional area and refractive index profile of (a) a conven-

tional step-index optical fibre and (b) solid core PCF. In (b) the white and grey

regions are air and silica respectively. The photonic crystal cladding is an ideal
hexagonal lattice with parameters: pitch A and hole diameter d.

Since the size of the cladding is usually much bigger than the core size, the propagation
constant of the cladding modes can be considered as continuous and to form a band. A
core mode will inevitably couple into cladding modes if its propagation constant falls
within a band of cladding modes. Therefore, in order to design optical fibres able to
guide light, the propagation constant of the desired core modes must be outside the
bands of cladding modes -this statement is not strictly valid for a certain type of PCF's,

see chapter 7.

As it has been previously described, there are two possible methods of making such an
optical fibre (see Figure 2.10). Firstly, index-guiding fibres, in which the core index is
higher than the largest possible effective mode index of any cladding mode as illustrated
in Figure 2.10(a). This is normally done either by doping the core glass so as to
increase its refractive index compared to the lower-index glass which forms the cladding

or by structuring the cladding so as to decrease its refractive index compared to the
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core index, Figure 2.9. Both, conventional fibres and index-guiding PCF's fall into this
category. Secondly, photonic bandgap fibres, in which a 2-dimensional photonic bandgap
formed by a periodic cladding divides the continuum of cladding modes into different
bands.

FIGURE 2.10: Schematic illustration of the two possible guidance mechanisms

of optical fibres. Cladding modes are represented with black lines and red

lines are the discrete guided modes. In index guiding fibres the core refractive

index is greater than the cladding refractive index (left). In bandgap fibres the

continuous of allowed cladding modes is split in two bands. The core modes are
located between these two cladding bands (right).

The following sections briefly describe some properties and applications of index-guiding
PCFs while the next chapter describes hollow-core photonic bandgap fibres which are

the main focus of this thesis.

2.3.1 Index-guiding PCF's

In conventional optical fibres, light propagation is due to total internal reflection at the
core-cladding interface. In these fibres, the maximum cladding mode index is limited
by the cladding refractive index, which must be lower than the core refractive index.
Under this condition, there can exist a core mode whose mode index is bigger than the

material index of the cladding -see Figure 2.10(a).

Index guiding PCF's guide light by means of a modified total internal reflection mech-
anism, in which light propagates in a solid core, surrounded by a structured cladding
(not necessarily periodic). In these fibres, the maximum cladding effective mode index
is reduced not by using different materials but by having micro-holes in the cladding.

The low cladding mode index is somewhere between the bulk material index and that



Chapter 2. Photonic Crystal Fibres 23

of air. This ensures the core modes to have greater mode refractive index than the
cladding modes. Thus, light incident at certain angles propagates in the high refractive
index core by a form of total internal reflection as in conventional optical fibres [12].
Figure 2.9 depicts a comparison of a typical refractive index profile of a conventional

step-index fibre and an index-guiding PCF.

Some of the basic optical properties of index guiding PCFs can be related to fundamen-
tal concepts concerning conventional optical fibres. For this, Birks et al.[13] proposed
the now well known effective index method. This method consists of interpreting the
structured cladding as a solid medium with a properly chosen effective refractive index,
neyrs. The effective index method uses a scalar model to evaluate the periodic structure
of the cladding in order to calculate n.s¢. The first step of the effective index method is
to determine the fundamental mode or fundamental space-filling mode of the photonic
crystal cladding (the cladding mode with the highest refractive mode index). This is
done by solving the wave equation (Eq. 2.5) within a cell centred at one of the holes
in the periodical lattice. The propagation constant of the resulting fundamental space-
filling mode (Brsar) is the maximum propagation constant allowed in the cladding, and
can be used to define the effective index n.rf = Brsar/ko. The red line in Figure 2.9b
indicates the effective refractive index of the cladding. The resulting waveguide consists
of a solid core and a solid cladding with refractive indices n., and n.s respectively. As
a result, some modelling elements for standard optical fibres can be applied for PCFs.
Similarly to conventional fibres, the propagation constant of any mode supported in the
core needs to be k., > 8 > Bpsy. The effective index method which is valid for small

holes provides a good qualitative description of the optical properties of index-guiding

PCF [38].

2.3.2 Properties of Index-guiding PCFs

The number of guided modes supported by a step-index fibres depends on the normalized

frequency:

V = kopy/n2, — n?, (2.17)

where p is the core radius, n., and n. are the refractive index of the core and cladding
respectively [39, 8]. The smaller this parameter the fewer guided modes supported by the
core. If at a given wavelength V' < 2.405, the fibre can only guide one pair of orthogonally
polarized modes which have the same 3, and the fibre is said to be single-moded. Either
of these two degenerated modes is know as the fundamental mode. The design of single

mode fibres requires a combination of small core size to wavelength ratio, typically core
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sizes between 8.3 to 10 um for 1550 nm operation, and a small difference in refractive
index between the core and cladding. Equation (2.17) indicates that step-index fibres

are always multi mode for sufficiently small wavelengths.

The normalized frequency of PCFs is defined as an effective value

‘/;ff()‘) = kOQA\/nzilica o nsz()‘) ’ (218)

where 2A is the core diameter. Endlessly single mode behaviour in PCFs at any wave-
length from the UV to the near infrared was observed by Birks et al. [13]. Fibres with
d/A < 0.4 do not support higher order modes as their normalized frequency remains
smaller than 2.405 for any wavelength [18]. Endlessly single-mode guidance in PCF orig-
inates from the strong wavelength dependence of the cladding refractive index. Light
of long wavelengths penetrates into the cladding region and thus, part of its energy is
concentrated in the air regions, whereas, shorter wavelengths concentrate most of the
energy in the silica core, forcing the core/cladding index difference to fall as the wave-
length gets shorter. This counteracts the usual trend towards multimode behaviour and
Verf(A) is almost kept constant. As single mode operation does not depend upon the
core size but only on the air filling fraction [18], single mode fibres with large cores can
be developed, for example a single-mode PCF at 458 nm with core diameter of 22 ym
was fabricated [40]. A conventional fibres would require a core ~ 10 fold smaller to
be single-moded at this wavelength. Large mode area single mode PCFs are able to
transmit higher power before nonlinear effects affect the beam quality. Such fibres are

desirable in laser and amplifiers [41, 42].

The optical properties of index-guiding PCF are extremely sensitive to the cladding
and core structure. By chosing the pitch, hole and core size, these fibres can present
many interesting dispersion, modal and nonlinear properties which are impossible to
obtain with standard step-index fibres. For example, PCFs can exhibit unique disper-
sion properties [21, 23], like flat dispersion covering a broad window [22, 43] and the
zero dispersion wavelength can be engineered to be below 1.28 um which is the ZDW
(zero dispersion wavelength) of conventional single-mode fibres [19]. High nonlinearity is
another interesting property of index guiding PCFs. Fibres with high air filling fraction
can tightly confine light in a small core and thus have high nonlinearity - due to small
mode area. Nonlinearities 10-50 times greater than that of conventional fibres can easily
be achived with PCF technology. Many nonlinear optical processes such as wavelength
conversion, Raman amplification [44], optical switching [45, 46], parametric processes
[47], soliton squeezing [48, 49], and supercontinuum generation [17, 50, 51, 52, 53] have

been observed in these fibres.
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The main subject of this thesis is hollow-core PBGFs therefore readers interested in
index-guiding PCF and their applications are referred to a number of comprehensive
reviews [11, 1, 2, 54]. The following chapter describes the development, applications

and modal properties of hollow-core photonic bandgap fibres.



Chapter 3

Hollow core photonic crystal
fibres

As mentioned in previous chapters, the guiding properties of hollow-core photonic bandgap
fibres rely on the existence of 2-dimensional photonic bandgaps formed in a precisely
structured cladding [14]. Light propagation within the synthetic cladding is prohibited
for well defined ranges of optical frequencies and propagation constants. A defect in
the photonic bandgap cladding forms the core of the fibre and light introduced into the
core mode is then unable to escape through the surrounding cladding material. It is
therefore well confined to the core and can be guided with low attenuation. Outside the
bandgap the light spreads out into the cladding and is lost. As PBGFs do not rely on
total internal refection for guiding, these fibres do not need a high refractive index core
to achieve light guidance, allowing the propagation to take place within a core that can

even be hollow.

In silica-air hollow-core photonic bandgap fibres light guidance is achieved by surround-
ing the core with several hundreds of smaller holes arranged in a triangular lattice, a
SEM of a HC-PBGF is shown in Figure 3.1(a). Two other types of waveguides have
been used to guide light in a hollow core: Kagome fibres Figure 3.1(b), and Bragg fi-
bres Figure 3.1(c). In 1978, Yariv and Yeh [55] theoretically proposed a fibre with a
1D-periodically structured cross-section which could guide light in a low refractive in-
dex core due to a Bragg mirror that reflects light back into the core. This type of fibre
requires a large refractive index contrast between layers for low confinement loss which
makes it difficult to find two compatible materials. A solid core version of a Bragg
fibre can be made using modified-CVD [56]. In addition, employing a combination of
polymer and chalcogenide glass, a group at MIT in the US have realized hollow-core

Bragg fibres for 10 um and near infrared wavelengths [57, 58, 59]. Recently, an all-silica

26
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Bragg fibre was demonstrated by Vienne et.at. [60], Figure 3.1(b). Kagome fibres also
have a 2-dimensional photonic crystal cladding. However, the Kagome cladding does not
present bandgaps; instead, light is guided thanks to an inhibited coupling between the
core mode and cladding modes [61, 62]. These fibres present very interesting properties
such a ultra-broad transmission windows as well as low dispersion and dispersion slope.
This chapter focused on studying the modal properties of HC-PBGF, the guiadance

mechanism of Kagome fibres is studied in chapter 7.

FIGURE 3.1: Examples of silica-air hollow-core photonic crystal fibres. (a)

Hollow-core photonic bandgap fibre fabricated at the ORC, core diameter

~13 pm. (b) Large pitch Kagome fibre, core diameter ~23 pym from [63]. (c)
Bragg fibre, core diameter 20 pm from [60].

3.1 Low-loss HC-PBGF's: applications and gen-

eral overview

Guiding light with low-loss in a hollow-core holds many promising applications such
as delivery and manipulation of high energy ultra-short pulses [64, 65, 66, 67], high
power delivery without the risk of destroying the fibre [68], gas sensing [69], particle
guidance [70] or guidance in air with lower loss than a standard single mode fibre.
Furthermore, this class of fibre has exotic properties not found in any other optical fibre.
They can have approximately 1000 times lower nonlinearity than conventional optical
fibres and due to the strong confinement, extreme nonlinear interactions between light
and matter can be achieved by filling the core with appropriate gases [70, 71, 72, 73,
74]. Additionally, HC-PBGF's are insensitive to bending and present unique dispersion

properties.

In conventional optical fibres the group-velocity dispersion of the guided mode is domi-
nated by the dispersion of the bulk material from which the core is made. Instead, due to

a negligible contribution from the core material (air), the total dispersion of HC-PBG
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fibres is completely dominated by waveguide dispersion. Since HC-PBGFs can only
confine light of wavelengths within the bandgap, their transmission spectrum can be
thought as the one of a transparent material with a transmission window expanding the
bandgap width, this is schematically shown in Figure 3.2(a). This shape of the trans-
mission spectrum gives HC-PBGFs unique dispersion curves, Figure 3.2(b); it starts
with large normal dispersion at the blue edge of the photonic bandgap, passes through
zero, and becomes anomalous towards the long wavelength bandgap edge -anomalous
dispersion values in the thousands of ps/nm/km regime are easily obtained. The zero-
GVD dispersion wavelength is always shifted towards the short wavelength bandgap
edge rather than being at the centre of the transmission window. This is due to the
anomalous contribution to the waveguide dispersion caused by the variation of the core

size/wavelength ratio which shifts the curve in Figure 3.2(b) upwards.

FIGURE 3.2: Schematic of the (a) low-loss transmission window and (b) GVD-
dispersion of a HC-PBGF.

Hollow-core PBGFs have various loss mechanisms which are different to conventional
fibres. First, if the bandgap is not wide enough then coupling from the core mode
to cladding modes due to fibre non-uniformities can easily occur. A narrow bandgap
also implies that in order to avoid direct leakage of light from the core and therefore
reduce the confinement loss, many rings of holes are required. The first HC-PBGF [14]
had a high loss and a very narrow bandgap due to the low air-filling fraction of its
cladding. Then lots of efforts were focused on improving the fabrication procedure to
increase the fibre homogenity and increase the air filling fraction of the cladding. With
these improvements just 3 years after the first demonstration of a HC-PBGF, a group
in Corning demonstrated a fibre with a loss of 13 dB/km [75]. This fibre had a very
high air-filling fraction and the transmission window extended over approximately 20%
of the central bandgap wavelength, Figure 3.3(a). At that time it was noticed that the
transmission performance of the fibre was neither limited by confinement loss (since it
incorporated enough cladding holes to suppress confinement loss) nor by the width of

the photonic bandgap, instead by a mode coupling mechanism between core modes and
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surface modes guided at the core cladding interface [76, 77]. It was shown that the
coupling with surface modes is responsible for the attenuation peaks around 1600 nm
in the attenuation spectrum of the fibre, Figure 3.3(a). Surface modes clearly limit the
transmission bandwidth of the fibre and air guidance with low attenuation is not possible
over the full bandgap of the photonic crystal cladding which for this fibre extends from
around 1400 nm to 1780 nm.

(a) (b)
FIGURE 3.3: Attenuation spectrum of low-loss HC-PBGF: (a) 7-cell core fibre
with a minimum attenuation of 13 dB/km fabricated by Corning [75] and (b)
lowest loss (1.2 dB/km) HC-PBGF with a larger 19-cell core and antiresonant
core surround fabricated by Blaze Photonics [78].

Just one year later, by making a fibre with a larger core and by adjusting the core
boundary an impressive reduction of the attenuation to 1.2 dB/km was achieved [79,
15]. On the other hand, this fibre presented several surface modes and low-loss was
only achieved over narrow spectral windows. Roberts et.al [79] realized that surface
imperfections at the glass boundaries are already limiting the loss of HC-PBGFs. The
surface roughness scatters and couples light from the core guided mode to cladding modes
that are not guided and to surface modes. These surface imperfections are due to surface
capillary waves frozen during the fibre drawing process and have thermodynamic origins
which make it impossible to be completely eliminated. Surface capillary waves exist
on liquid surfaces (such as molten glass) and as the glass solidifies they freeze leaving
fluctuations at the surface. The statistical spectral density S, (x)dk is the mean square
amplitude of roughness components with spatial frequencies along the fibre between

and k+dk. For a cylindrical hole of perimeter W [79]

T
S.(k) = Ziﬂi coth (%) , (3.1)

where T}, is the glass transition temperature, kg is the Boltzmann’s constant, and - is

the surface tension. Surface roughness with a spatial frequency x couples light from the
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fundamental mode of effective mode index ng to modes of modal index n given by

2
li:;|n—n0|, (3.2)

S.(k) and the transverse overlap of the modes at the glass surfaces determines the
strength of the coupling and the loss can be calculated from the power coupled to the
modes. Since HC-PBGF support many cladding modes, surface modes and other core
modes, an exact calculation is extremely complicate. However, to a good approximation
the overlap of the fundamental air-guided mode with the glass air/interfaces represents a
relative measure of the scattering loss due to surface roughness. The normalized interface

field intensity can be given by [79, 80, 81]

1/2 EI’
F — 6_0 fholepem’meters dl‘ ‘ (3 3)
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where E and H are the electric and magnetic fields of the fundamental mode and z is the
unit vector along the fibre. Reducing the fibre loss becomes an exercise of reducing the
F-factor. Improved fibres designs that minimize the overlap of the guided mode with the
glass boundaries reduce the scattering loss. From the transmission spectra in Figure 3.3
is also clear that the performance of HC-PBGF's can be improved by eliminating surface

modes.

3.2 Modal properties of HC-PBGF's

In general, when designing HC-PBGFs with a wide low-loss transmission window one
needs to consider the structure of the cladding and the core. Firstly, the photonic
bandgap is determined uniquely by the cladding. Therefore the maximum range of
wavelengths over which light can be guided is fixed by the cladding structure. Typi-
cally, higher air-filling fractions produce a wider bandgap [82, 83]. Claddings with high
air-filling fractions are thus required for broadband transmission and low confinement
loss [77]. Secondly, the core defect has to be chosen properly. Ideally, the hollow core
would be formed in such a way as to introduce a single core-localized photonic state
within the cladding bandgap. However, the termination of the periodic cladding to form
the core can lead to the introduction of unwanted guided modes into the bandgap. As
described in this section, surface modes exist in the same spectral range as the core-
guided air mode, but have far higher dispersion due to their large overlap with the glass.

They couple with the air mode in some wavelength ranges leading to hybrid modes,



Chapter 3. Hollow core photonic crystal fibres 31

greatly increasing the attenuation and dispersion of the air mode and reducing the use-
able bandwidth of the fibre. In practice, the core guided mode should have a gaussian or
near gaussian profile to facilitate an efficient coupling to conventional fibres. Therefore,
the cores of hollow-core photonic bandgap fibres have normally been formed by omitting

the central 7 or 19 cells from the stack, creating an almost circular void [84].

In this section the modal properties of HC-PBGF's are analyzed. Firstly, the evolution
of the bandgap structure of a triangular lattice without any core as a function of the air
filling fraction is studied. Then a defect is introduced to the periodic lattice to form the
core of the fibre and the properties of the different modes supported within the bandgap

are discussed.

3.2.1 Photonic bandgap cladding

As previously mentioned (section 2.2), hollow-core fibres are usually made by the stack-
and-draw process. Therefore, the geometry of the air-holes is limited by the shape
of the elements that can be stacked in a packed array. Although surface tension and
pressure applied while drawing the fibre can, to certain extend, modify the structure,
the design space is still very limited. Hence, many if not most of the limitations on
the design of suitable hollow-core PBGF claddings come directly from the fabrication
process. Several photonic crystals have been analyzed and proposed as possible air-
guiding structures. These structures must have at least one bandgap crossing the air
line [10, 1, 11] (Figure 2.6). Much effort has been devoted to find structures providing
the widest bandgaps, however the standard cladding design of hollow-core photonic
bandgap fibres consists of a triangular lattice of close-packed circular holes [10]. Other
lattices such as honeycomb [85, 86], modified honeycomb [87, 88|, and square [89, 90]
have been numerically studied. Although, it was shown that they present out-of plane
photonic bandgaps crossing the air line, the triangular lattice is the best alternative so
far as it provides the widest bandgaps and it is relatively easy to fabricate. Therefore,

only HC-PBGF's claddings with a triangular lattice are considered here.

It is also important to consider that the pitch of the cladding should ideally be several
times the central wavelength of the bandgap, this is simply because it is far easier to
fabricate large structures rather than small ones!. A large pitch is also better compared
to a small pitch because real fibres have a finite cladding and therefore present confine-
ment loss. As the pitch gets larger the separation between the core and the outside of

the fibre gets larger as well, which in turn reduces the confinement loss.

"When the fibre is drawn, the glass softens and surface tension collapses the holes. However,
small holes collapse quicker than large holes, which makes the fabrication of small structures a
lot more complicated.
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3.2.1.1 Triangular lattice: band structure vs. air filling fraction and

hole shape

A useful way of summarizing the dispersion relation or band structure w,(k) of the
photonic crystal cladding is by calculating the photonic density of states (DOS). The
DOS is defined by counting all allowed modes (electromagnetic states) with a given

frequency w:

POSW) =Y /B R~ () (3.4)

where n represents the band number, §(w) is the Dirac delta function, and the integral
is calculated over the irreducible Brillioun zone. The photonic bandgaps manifest as

regions of zero density of states.

Figure 3.4 shows the evolution of the band structure as a function of the air filling fraction
of a HC-PBGF cladding with a triangular lattice of circular holes with diameter d and
pitch A. The background material is silica with refractive index n = 1.44. The DOS of
claddings with different values of d/A (i.e. air filling fracion?), are plotted as a function
of normalized wavelength (A\/A) and effective mode index (G/k) in Figure 3.4(left).
The modes supported by the structures are computed using a freely available plane-
wave expansion software package [91]. And the integral of equation (3.4) is evaluated by
considering the Dirac delta function as a triangular function [82]. The calculated DOS
values are normalized to the density of states in air. Gray scale is used to represent
regions of high and low density of states. The red areas correspond to zero DOS of

states (bandgaps).

For d/A = 90% and A/A < 0.66, several bandgaps crossing the airline appear but they
are very narrow and do not extend far away from the air line 8/k = 1. The widest
bandgap is centred at a longer wavelength A/A = 0.65 and is the only one that remains
open and crossing the air line as d/A increases. As the air filling fraction increases
this bandgap is blue shifted and becomes exponentially wider. This behaviour is very
clear in Figure 3.4(right) which plots the bandgap width (A\) normalized to the central
bandgap wavelength A. as a function of d/A. A\ and A. are obtained from the points
at which the edges of the bandgap cross the air line. The maximum achievable bandgap
width for an un-supported structure with d/A =1 is ~41% of the central wavelength.

In this case the pitch is 2.5 times the wavelength of operation A..

Since wider bandgaps are obtained by increasing the air-filling fraction, much effort

has been concentrated on developing fabrication techniques allowing structures with

2The air filling fraction of a triangular lattice of circular holes is %\/%)2. The air filling

fraction of an un-supported structure d/A = 1 is ~91%
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FIGURE 3.4: Evolution of the band structure of a HC-PBGF cladding as a
function of the air filling fraction. (left) DOS plots for different values of d/A.
(right) From top to bottom: triangular lattice of circular holes in silica, band-
width as a function of d/A, and central wavelength of the bandgap as a function

of d/A.

high air filling fraction. However, this has resulted in distortion of the cladding holes
and fibres with large air filling fraction (larger than 85%) ended up having hexagonal
holes with rounded corners instead of circular shape [75, 15]. In order to describe
accurately the bandgap properties of high air filling fraction fibres, Mortensen et al. [83]
introduced a more realistic cladding structure with rounded hexagonal holes into their
model. Figure 3.5(a,b) show the parameters used to represent the cladding: hole size

d, curvature at the corners d. and pitch A. Figure 3.5(c) is a SEM micrograph of the



Chapter 3. Hollow core photonic crystal fibres 34

cladding holes of a high air filling fraction fibre. Clearly, the voids have formed an almost

perfect close packed crystal structure of hexagons with rounded corners.

FIGURE 3.5: (a) Hexagon with rounded corners used to represent the air holes

of realistic HC-PBGF cladding structures as proposed in [83]. (b) Triangular

lattice of rounded hexagonal holes with d/A = 0.98, and d./d = 0.6. (c) SEM
micrograph, cladding holes of the high air filling fraction fibre in [16].

The air filling fraction of the cladding is related to the hole parameters by [83]:
d\* m\ (d:\’
()05 ()] 0

By analysing image Figure 3.5(b,c) further, it is possible to see that between three

adjacent voids there is a glass node which is supported and joined to adjacent nodes by
thin silica struts. The cladding profiles in Figure 3.6 show that for a given value of d/A
an increase in the air filling fraction is obtained by decreasing d./d which makes the
holes more hexagonal and reduces the size of the nodes. For prefect hexagonal holes,
obtained when d./d = 0, the silica nodes vanish. Instead circular holes, obtained for

d./d =1, present the largest nodes.

Figure 3.6 also compares the evolution of the air-guiding bandgap of cladding structures
with constant d/A = 0.98 as a function of the hole shape (i.e. d./d). Hexagonal holes,
which do not present silica nodes, form a very narrow bandgap that does not extend far
below the airline. This clearly indicates that the glass nodes are required for the bandgap
formation. As the holes become more circular (d./d increases), the nodes become larger
and the bandgap widens. The bandgap position is strongly dependent on the size of
the silica node. The graphs in Figure 3.6(right) plot the calculated bandgap width and
central bandgap wavelength for different values of d./d. These results show that for a
given d/A value, the maximum bandgap width is not achieved with circular holes but
instead with a more hexagonal hole which has slightly larger air filling fraction. For d/A
= 0.98 the widest bandgap is obtained when d./d ~ 0.7.
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FIGURE 3.6: Evolution of the air-guiding bandgap of cladding structures with
d/A = 0.98 as function of the hole shape.

3.2.2 Air-guided core modes and surface modes

In the ideal case, when forming the core of a hollow-core fibre, only one photonic state
tightly confined in the air core would be introduced within the cladding bandgap. How-
ever, the termination of a periodic structure at the core cladding interface may also
introduce surface guided modes. To study this, let’s form a fibre by removing the 7
central cladding unit cells of a photonic crystal. The cross section of the resulting fibre
is shown in Figure 3.7(a). The calculated dispersion curves of the modes supported by
the fibre are plotted against normalized wavelength in Figure 3.7(b). In this figure, the
extended cladding modes are represented with black dots and an example of such a mode
shown in Figure 3.7(c). The photonic bandgap spans from A/A = 0.52 to 0.64, where no
cladding modes exist. Importantly, within the bandgap it is possible to distinguish two
very distinct dispersion curves. The first one (blue) is flat and lies below the airline while
the second (red) is much more steeper and crosses the airline. The former dispersion
curve corresponds to the fundamental core mode? which is concentrated in the air-core
Figure 3.7(d), while the later is an “unwanted” surface mode which is concentrated at
the surface separating the core from the cladding Figure 3.7(e). Finally, the green lines

close to the short wavelength bandgap edge correspond to higher order core modes.

Due to their large overlap with the glass, surface modes have higher dispersion than air-
guided modes and thus their dispersion curves cross at specific wavelengths, gray region
in Figure 3.7(b). This interaction between modes leads to hybrid modes and anticrossing
of their dispersion curves. Near the anticrossing, the fibre’s performance is severely

limited because the attenuation of the core mode becomes very high (see Figure 3.3).

3Tt fact, it is a degenerate pair which we call fundamental core mode. However, it is not the
fundamental mode of the fibre (mode with the largest effective index), but we call it fundamental
air-guided mode or fundamental mode because is the core confined mode with largest n.yy.
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(c) (d) (e)

FIGURE 3.7: (a) Cross-section of the modelled 7-cell hollow-core fibre. (b)

Calculated dispersion of modes of the fibre. Examples of intensity profiles of

a cladding mode, fundamental air-guided mode and surface modes in (c,d,e)
respectively.

To understand the effect of the coupling between surface and core modes, Figure 3.8
shows the dispersion curves of the fundamental air-guided mode and the surface mode
in the vicinity of the anticrossing together with the evolution of their intensity profiles.
At point ¢ and v it is easy to distinguish the core mode from the surface mode as the
former has little energy in the glass boundary. But when the modes get closer in n.yy
(i.e. points ii and i) the modes have a large amount of energy in the glass and it is
not possible to distinguish them as either a core-like mode or a surface-like mode. Since
surface modes have a high overlap with the cladding region perturbations along the
fibre, such as surface roughness, will easy couple light from them into the closely-spaced
cladding modes [76]. Therefore, any light that gets coupled from the core to a surface

mode will then couple to cladding modes and will be lost.

Also note that coupling light from a gaussian beam into the fibre is more efficient for
wavelengths away from the anticrossing region since the overlap of a gaussian beam and
the core-like mode is larger than its overlap with the hybrid mode at the anticrossing
wavelengths. For this reason, the transmission spectrum of a fibre that supports surface
modes presents attenuation peaks even when short pieces of fibre are used which could be
a problem for certain applications such as gas sensing where a flat transmission spectrum

is desirable.
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FIGURE 3.8: (left) Calculated dispersion of “core” modes and “surface” modes
in the vicinity of the anti-crossing. (right) Modal plots of the modes at the
indicated wavelengths.

3.3 Modelling HC-PBGF's

In the last years, various methods have been developed for the analysis of photonic
crystal fibres. Although some the fundamental concepts used in conventional fibres
modelling can still be used, the complex structure of the photonic crystal cladding
requires the employment of full vectorial methods. Specially, photonic bandgap guiding
fibres have been analyzed by novel methods which are related to the methods used for
the calculation of bandgaps in semiconductors [32]. A brief description of the numerical
methods used in this thesis to calculate the optical properties of hollow-core PBGF
is presented in the following sections. A detailed description of the most widely used

numerical methods for the analysis of photonic crystal fibres can be found in [92, 93].

3.3.1 Full vectorial plane wave expansion method

The plane wave method was the first accurate method for the calculation of band maps
in photonic crystals [94]. Prove of this is that the first structure that had a photonic
bandgap was found using this method [95], and now it is one of the most applied tools
in the analysis of photonic bandgap fibres. To understand this method recall that in
Fourier space the reciprocal lattice vectors form a complete orthogonal set and thus any
function can be expanded as a linear superposition of them [96, 97, 98, 99]. In this way

the optical modes [H(7)] can be expressed as follows:

k
=3 > e i(k+G)- ZH (k+G)-7 (3.6)

a =12

G-7

where the basis functions are e“", with G being a vector of the reciprocal lattice, k

is the wave vector, and ~ represents the two polarizations of the field orthogonal to



Chapter 3. Hollow core photonic crystal fibres 38

k + G. Substituting equation (3.6) in equation (2.5), a system of linear equations for

the expansion coefficients is obtained [92]:

5 (3.7)

where € 1(C_j) are the Fourier coefficients of ¢, 1. Equation 3.7 represents an infinite set
of equations for the eigenvectors H a- Practically the sum is truncated at some point and
the resulting finite set of equations constitutes a standard matrix eigenvalue problem
that can be solved using any conventional eigenvalue solver. Many variations of the basic
plane wave method had been realized, mainly differing in the way operations are realized

and the eigensolver algorithm but containing the same fundamental elements [99, 91].

For the analysis of photonic bandgap fibres, knowledge of a complete map of all the
modes allowed in the photonic crystal cladding is indispensable. Since Plane Wave Ez-
pansion Methods assume infinitely periodic structures they are ideal for this problem.
In this thesis the freely available version developed by Johnson and Joannopoulos at
MIT [91] is used to calculate bandgap diagrams and DOS plots. This particular imple-
mentation fixes the propagation constant 8 and solves for the frequency w, therefore it is
not possible to include material dispersion into the computation. An implementation of
the plane wave expansion method which solves for the propagation constant for a fixed

frequency has been developed by Pearce et al. [100].

To determine the existence of a photonic bandgap it is in principle required to calculate
the frequencies of the modes for all possible k vectors. This corresponds to all the points
inside and at the boundaries of the Brillouin zone. However, symmetries give rise to a
further reduction on the & vectors that need to be considered. It is widely accepted that
varying the k vectors along the periphery of the irreducible Brillouin zone is sufficient

in order to determine the existence of a bandgap?.

Since plane wave expansion results in a periodic electromagnetic field, it cannot be
directly applied to the study of defects such as that shown in Figure 3.9(a). However, for
this task the plane wave methods may still be applied if an auxiliary super structure that
contains the defect and several periods of the photonic crystal is considered as the unit
cell [101]. The real structure that is simulated with the supercell method Figure 3.9(b), is
a periodic structure in which the defect and several periods are periodically repeated, for
this reason the size of the supercell has to be large enough to guarantee that neighbour

defects do not interact with each other.

41 have been unable to find a proof of this but it is universably accepted in the literature.
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FIGURE 3.9: (a) Square unit cell and structure with a central defect. (b)

Tllustration of a supercell of size 3x3 required in order to simulate the central

defect. In the structure considered using the supercell approximation the defect
is repeated periodically.

A drawback of the PWEM is the high number of terms needed to accurately repre-
sent small features. This is particularly important when considering PBGF with strut
thicknesses being less than one tenth of a wavelength while the core is tenths of wave-
length across. For example Steel found that they needed 2'7 terms to model a standard
PCF [102]. Another draw-back of PWEMSs is that they required a structured mesh
therefore in order to accurately model complicated geometries a large number of terms
is required. Hence, in this thesis I adopted the finite element method (FEM) described
below to model the modes of HC-PBGFs.

3.3.2 Modelling realistic HC-PBGF's using finite element
methods

3.3.2.1 Introduction

The finite element method for the solution of a boundary value problem is based mainly

Oon:

e The variational or weak statement of the problem
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e Approximation of the solution of the variational equations by means of the finite

element functions

The starting point of this method is the strong or classical formulation of the boundary
value problem, but in order to obtain approximate solutions we would need to express
this formulation in a different way. To accomplish this, we use some type of func-
tions called the trial and weighting functions. The former are functions that satisfy the
boundary conditions and also that their derivatives shall be square integrable, while the
latter are similar to the trial functions but now they satisfy the homogeneous part of
the boundary conditions.

The weak or variational form of the boundary value problem is obtained when multiply-
ing the strong formulation by the weighting functions and integrating over the domain.
The next step is to approximate the weak formulation in a discretized domain, so the
requirement is to approximate the collections of infinite trial and weighting functions
by means of convenient collections of finite element functions. Then the variational
equations are solved using these functions in the discretized region. The choise of the
convenient trial and weight functions is free, the most widespread finite element method
is based on the Galerkin method, where the same collection of functions is used to define

the trial and weighting spaces.

The Galerkin method converts a partial differential equation into a system of ordinary
differential equations. In order to exemplify this, we consider the boundary-value prob-

lem defined by a set of boundary conditions and the differential operator D:

Du=f in Q (3.8)

If u is an approximate solution of equation (3.8), its deviation from the exact solution
is defined as:
R=Du-f (3.9)

Clearly, a small residual R will correspond to a good approximate solution of equa-

tion (3.8) and R will be zero only for the exact solution.

Then @ is expressed as a discrete sum of a collection of functions

u= Zai@' = {a}" {0} (3.10)

where ¢; are the basis functions, and «; are the expansion coeflficients. The basis func-

tions are defined over the entire domain, and have to form a complete set that can
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represent any function but do not need to be orthogonal. At this point, the approx-
imate solution of equation (3.8) has been reduced to finding the coefficients «; that
minimize R in some average sense. As R is a continuous function over 2, it is com-
mon to minimize a weighted integral of R calculated over the entire domain. A set of

weighting functions w; is chosen to use in evaluating the residual

/ Ruw; d2=0 i=1,23,.. (3.11)
Q

for the Galerkin method, the weighting functions are the same functions used for the

expansion of the approximate solution equation (3.10)

Therefore, equation (3.11) can be written as

N
Zai/gbjmsidfz—/qujda:o j=1,2,3,..,N (3.13)
=1 79 Q

which can be written as a matrix equation

[ S ] {a) = (b} (3.14)
where the elements of the N x N matrix [ S ] are
Sy = [ o;Ro:d0 (3.15)
Q

and the elements of the vector {b} are

b = /Qf¢j Q=0 (3.16)

Up to now, the techniques presented here have not said anything about finite elements,
we have only transformed the original continuous problem equation (3.8) into a linear
system with a finite number of integral equations and the method can be applied to
any collection of basis functions. However, to obtain a good approximate solution, the
basis functions have to be properly selected. Generally, global functions cannot fit the
solution locally and functions satisfying the boundary conditions are extremely difficult
to find. The FEM solves this problem by discretizing the domain into smaller regions

(called finite elements) in which the expansion functions are defined and are zero outside
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these regions. In order to accurately approximate u, these local functions do not need

to be complicated and for example, can be defined as simple polynomials.

A detailed description of the FEM is not the objective of this thesis (for a more com-
prehensive discussion of its application to electromagnetics the reader is refered to [103].
Here the FEM was used as a tool to analyze PCFs. Comsol Multiphysics [104] a powerful
commercially available package was adapted to the specific problem of HC-PBGF. Com-
sol is a commercial implementation of the FEM for modelling engineering and scientific
problems based on partial diferential equations. The software package incorporates all
the tools required for the FEM modelling process. It contains CAD tools for structural
design, mesh generation tools, a vast range of optimized solvers for sparce matrices and
visulization and postprocessing tools. It can also be integrated with Matlab allowing for
the control of the modelling process. Some details of the FEM used in this thesis are

discussed in the following section.

3.3.2.2 Simulation settings

The accurate description of the fibre’s transverse profile is essential to obtain reliable
simulation results and in our model we have tried to resemble fabricated fibres as close
as possible. The structural model used in this thesis for the numerical computation of
the optical properties of hollow-core PBGF's is presented in Figure 3.10. As described in
section 3.2.1 the cladding of fabricated fibres can be accurately represented by hexagonal
holes with rounded corners arranged in a triangular lattice. The width of the hexagons
is d, and the corners are rounded with circles of diameter d.. The distance from hole
centre to hole centre is A. The cladding holes form complete rings surrounding the core,
as in Figure 3.10(a,b). The core is formed by the omission of 7 or 19 unit cells. The
hollow-core is then surrounded by a thin silica wall. The computations in chapters 77
demonstrate that the specific geometry of the core wall has a large influence on the
optical properties of the fibres. Therefore, the exact details of the core/cladding interface
in the model have to be controlled. In the model of Figure 3.10, the core is defined by a
non-circular ring of nearly constant thickness ¢, at the boundary with the cladding, and
a core radius R.. The corners of the pentagons surrounding the core are rounded using

circles of diameter d,,.

HC-PBGFs based on a triangular lattice, as the ones shown in Figure 3.10 belong to
the Cg, point group and therefore have six fold rotation symmetry and mirror sym-
metry [105, 106, 107, 108]. The modes supported by the fibre either exhibit the full
waveguide symmetry and are nondegenerate, or appear in degenerate pairs that sup-

port this symmetry only in combination. The fundamental mode is HEq;-like and so
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FIGURE 3.10: Structural model of realistic HC-PBGF, the cladding is a trian-
gular array of rounded hexagons and the hollow core is formed by (a) 7 and (b)
19 missing holes. (c) Parameters used to define the structure.

it is two-fold degenerate and can be computed by using a /2 sector of the fibre struc-
ture, Figure 3.11. By calculating the optical modes only in this fibre sector many higher
order modes which are not relevant for most of the studies in this thesis, since they
are less concentrated in the hollow-core and experience much higher attenuation, are
directly excluded from the computation. Non-degenerate eigenmodes of the fibre can be

obtained by computing the field in just a /6 fibre sector.

FIGURE 3.11: Fibre cross section surrounded by PMLs. (a) Subdomain defini-
tion, and (b) setting of the boundary conditions.

Contrary to the assumption of the plane wave expansion method, photonic crystal fibres
have a finite crystal cladding and all propagating modes are leaky. It is therefore possible
to calculate the confinement loss -the losses due to the finite size of the cladding- of
the propagating modes by surrounding the fibre structure by Perfectly Matched Layes
(PML) [109, 110, 77], as in Figure 3.11. However, it has been demonstrated that hollow-
core photonic bandgap fibres with large air-filling fractions, as the fibres of interest in
this thesis, require no more than 6 to 7 rings of cladding holes in order to reduce the
confinement loss to a negligable value [109, 77]. The numerical simulation of hollow-core
PBGF's presented in this thesis considers enough ring of holes to ensure low confinement

loss, and therefore confinement loss is neglected to evaluate the performance of the fibres.
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In the model, Perfectly Matched Layes [gray regions in Figure 3.11(a)] are intoduced to
limit the computational domain and avoid reflections from the outer boundaries. PMLs
absorb electromagnetic radiation independently of the angle of incidence, polarization
and wavelength of the incoming wave [111, 112, 113, 114]. The initial PML technique,
proposed by Berenger [111], involves a local modification of Maxwell’s equations based
on the splitting of the field components into two components. Alternatevely a much
easier implementation which defines the material in the PML regions as anisotropic and
complex without the need of field splitting was proposed in [112]. The PML regions, are

defined as anisotropic materials whose permittivity and permeability tensors [112, 110]

are:
e =¢gon’s, (3.17a)
w= oS (3.17b)
with
Sy/Sa 0 0
S = 0 s4/sy 0 (3.18)
0 0 sgsy

where g9 and pg are the permittivity and permeability of free space, n is the refractive
index of the region adjacent to the PML (glass in this case). The PML parameters s,

and s, are given in table 3.1 for regions 1, 2, and 3 in Figure 3.11(a).

PML PML region
parameter 1 2 3
Sg 1 S9 S9
Sy S1 1 S1

TABLE 3.1: PML parameters.

The values of s; (i =1, 2) are:

2

si=1— joy <ﬁ> (3.19)
d;

where p is the distance from the beginning of the PML, d; is the PML width in the

vertical and horizontal direction, and the attenuation of the field in the PML regions

can be controlled by appropriately choosing «;.

At the edges of the computational domain Figure 3.11(b), the following boundary condi-

tions are set: short circuit (zero tangential electric field) or open circuit (zero tangential
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magnetic field). The particular combination of boundary conditions allows to distin-
guish between the different modal classes that can be calculated in the analyzed fibre
sector. The horizontally polarized mode is calculated with the boundary conditions
shown in Figure 3.11(b), while for the vertically polarized mode the boundary condi-

tions are exchanged.

Within Comsol several parameters can be ajusted to generate a triangular mesh. In
order to sample the complicated structure of HC-PBGFs, a fine grid is needed at the
core/cladding interface where high accuracy is needed, and around curved boundaries.
Comsol also includes adaptative grid refinement algorithms that automatically refine the
mesh at certain parts of the geometry. The convergence behaviour with respect to the
number of triangles and the mesh parameters has been studied in order to validate the
solutions of the FEM solver. Comsol includes several linear system solvers which enable
a fast computation of the modes by exploiting the sparseness of the matrices resulting
from the finite element formulation of the wave equation. The direct linear system solver
UMFPACK has been used because it generally provides the fastest solution. Once all the
paremeters are set, eigenvalues and mode fields around a user defined guess eigenvalue

are computed.

During this PhD project, Matlab scripts that generate the fibre geometry, control the
mesh, and set the boundary conditions and solver parametres have been developed.
Using these scripts it is possible to find and track a specific mode across wavelength
for the calculation of dispersion curves, and the evolution of various fibre parameters
as a function of wavelength. The scripts automatically modify the structure if the
fibre properties as a function of the fibre geometry are studied, as reported in the next

chapters.



Chapter 4

Design of low-loss, broadband
hollow-core PBGF's free of surface

modes

In previous chapters it was shown that the existence of high-attenuation surface modes
localized to the core cladding interface is a major limitation for the development of low
loss hollow-core PBGFs with broad transmission spectra. In current state-of-the-art
fibres, these surface modes couple with the core guided mode in specific spectral ranges
inside the bandgap, decreasing the effective bandwidth of the fibres and also increasing
the dispersion and dispersion slope. In this chapter, hollow-core PBGFs incorporating
realistic core designs are systematically studied in order to identify new design regimes
that are robust in eliminating surface modes. New hollow-core PBGFs designs that
do not suffer from surface mode coupling within the photonic bandgap formed in the
cladding are proposed. The absence of surface modes enables low attenuation over the
full spectral width of the photonic bandgap - for the particular fibre analyzed here, 17%
of the central bandgap wavelength is achieved. As a result of the increased bandwidth,
these new fibre designs also present reduced dispersion and dispersion slope. These
properties are important for several applications of hollow-core PBGFs to high-power

ultrashort pulse compression and delivery [115, 67, 66, 116, 65].

Furthermore, the analysis presented in the following sections provides physical argu-
ments for understanding ways to remove the impact of surface mode on the guidance
of hollow-core PBGFs. In order to remove surface modes, one needs to design fibres in
which the cladding structure terminates as naturally as possible at the core/cladding
interface. Although in this chapter, only fibres featuring a core size of seven unit cells

and moderately high air-filling fractions in the cladding are analyzed, extension of this

46
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understanding to fibres with larger or smaller core sizes, and higher cladding air-filling
fractions promises a new range of hollow-core fibres free of surface modes with improved

performance compared to those previously reported.

4.1 Introduction

Currently, the wavelength range over which state-of-the-art hollow-core PBGFs can
guide light is not limited by the size of the photonic bandgap formed in the cladding
but by the existence of surface modes [76, 78, 75, 15]. As has been previously presented,
the coupling of energy between these high-attenuation surface modes and core modes
result in absorption peaks in the measured attenuation spectrum of all reported fibres
[76, 78, 75, 15, 80]. Moreover, these interactions can drastically reduce the fibre’s
transmission bandwidth, making the presence of surface modes the major limitation for
the development of air-silica PBGF's with a broad transmission spectrum. In a hollow-
core fibre the photonic bandgap is determined uniquely by the cladding and therefore
the maximum achievable bandwidth is fixed by the cladding structure. However, the
fibre’s useful bandwidth is determined by the core shape and in particular whether or not
surface modes are supported and the density of these surface mdoes. Therefore, one way
of increasing the transmission spectrum of previous hollow-core photonic band gap fibres
is to design and fabricate fibres with new core structures that do not support surface
modes or at least by “moving” them towards the bandgap edges so as to minimize their

impact on the air-guided mode.

The problem of minimizing the impact of surface modes in the guidance has attracted
much attention and several studies have been carried out in order to understand their
nature and ways to eliminate them [117, 118, 119, 77, 76, 120, 121, 122]. For example,
Digonnet et al. proposed that cores formed by terminating the periodic photonic crystal
cladding with a perfectly circular hole can suppress the presence of surface modes if
the core radius is chosen properly [118, 119]. This study has provided insights to the
physical origin of surface modes which have helped to understand how the core defect
can introduce strong perturbations to the cladding bulk modes and introduce surface
modes. They have showed that when the core cuts only through the thin silica struts
of the photonic crystal, no surface mode is induced and a simple geometric criterion to
predict the existence of surface modes was proposed [119]. Figure 4.1 shows a periodic
array of holes and highlights the range of core radii that should produce surface mode
free fibres. In this figure, the grey regions represent the ranges of core radii that intersect
the silica nodes of the photonic crystal cladding, and thus support surface modes, and

the white regions between them are the surface mode free bands. These results obtained
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by Digonnet’s group are very important, however, they do not address the problem in

real fibres.

FIGURE 4.1: The grey regions represent the ranges of core radii that intersect
rods, and thus support surface modes, and the white regions between them the
surface-mode-free bands. After [119].

After having identified surface mode free designs, the same authors studied the effects
that adding a circular silica ring around the hollow-core has on the guidance properties of
these surface mode free fibres [117], Figure 4.2 shows a cross-section of the fibre studied
in [117]. It was suggested that the addition of a circular silica ring at the core-cladding
interface always introduces surface modes. However the impact of these surface modes
can be reduced if the thickness of the wall is properly chosen [117]. Yet even with
the addition of the silica ring, these core designs do not resemble those ones of real
fibres and cannot be readily fabricated with the current fibre manufacture technology.
In contrast fabricated fibres always have a non-circular silica ring at the core-cladding
boundary, and similarly variations in the core size deform the ring of holes immediately
surrounding it. Consequently a proper investigation resembling realistic structures of
the critical core-cladding interface region is needed to successfully address the problems
of surface modes in feasible fibres [123, 121].

In this chapter a detailed study of idealized but realistic silica hollow-core PBGFs struc-
tures is presented. Realistic means that it should be possible to fabricate them by
stack-and-draw method. The impact that key structural parameters have on the fibre’s
transmission performance is investigated and a new design regime of fibres with a fun-
damental core mode robustly free of anticrossings with surface modes for all frequencies

within the bandgap is identified.
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FIGURE 4.2: Cross-section of an air-core photonic-bandgap fibre with a thin
silica ring around the core. After [117].

4.2 Fibre structure and design space

This study targets the design of realistic silica 7-cell core hollow-core PBGFs with a
low-loss broad transmission spectrum. Firstly, it has to be considered that the width of
the optical bandgap is strongly correlated with the air filling fraction of the cladding and
the maximum achievable transmission bandwidth will be fixed by the cladding structure.
Then it should also be considered that the core defect has to resemble that of fabricated
fibres. Therefore, the cladding of the analyzed fibres is an array of hexagonal holes with
rounded corners in a silica matrix with a moderately high air filling fraction and the core
is formed by seven missing unit cells surrounded by a non-circular silica ring of radius
R, and a constant thickness ¢,. The fibres analyzed here have been represented via the

7-parameter model in Figure 3.10.

During the fabrication of hollow-core PBGFs, the shape of the central air-guiding defect
can be (to certain extend) independently controlled from the cladding. Indeed, while
maintaining the cladding structure unchanged, it is possible to modify the size (R.) of
the hollow-core and the thickness of the “core wall” -the silica ring surrounding the core-
(t;). For example, the core can be expanded or compressed relative to its original size
in the preform by modifying the drawing conditions -one way of doing this is by directly
applying different pressures to the core and cladding. The thickness of the core wall
will be determined by the thickness of the central core tube used in the stack. However,
if required, very thin core walls could be achieved by a subsequent chemical etching
step before the final draw to fibre. Hence it is obvious to investigate the effects of the

variations of these two structural parameters on the fibre’s transmission performance.

In order to accurately model realistic fibres of different core sizes, compressions and

expansions of the core were modelled considering that only the first ring of holes is



Chapter 4. Design of hollow-core PBGF's free of surface modes 50

Wl
T

\

()

FIGURE 4.3: (a) and (c) SEM images of hollow-core PBGFs with compressed
and expanded cores respectively - the fibres were fabricated at the ORC by Dr.
Marco Petrovich. (b) and (d) modelled structures that resemble the fabricated
fibres, with parameters d/A = 0.95, d./A = 0.55, d,,/A = 0.317, normalized ring
thickness 7' = 1, and expansion coefficient of 94% for (b) and 106% for (d).

affected while the rest of the cladding is kept unchanged. This assumption was justified
based on experimental observation, as shown by SEM micrographs of PBGF's fabricated
at the ORC with expanded and compressed cores in Figure 4.3. The SEM of the fibre
with a compressed core in Figure 4.3(a) presents a minimal distortion of the cladding
structure beyond the first ring of holes. For the fibre with an expanded core a certain
degree of distortion is observed for the second ring of holes. However this distortion
should have little/or no impact on the surface modes since they are tightly confined to
the silica ring around the core. Therefore it is reasonable to believe that considering

this distortion would not change the conclusions of the study.

The idealized representations of the fabricated fibres, obtained from the model are shown
in Figure 4.3(b)(d). The modelled fibres strongly resemble the fabricated fibres suggest-
ing that the designs obtained from this study are feasible targets for in-house fabrication.
Note that changes on the thickness of the ring do not affect the parameter R, since it
is measured from the centre of the fibre to the boundary of the first cladding hole.

Normalized variations of R, were considered by defining an expansion coefficient E:
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R,

E = B Ad (4.1)
2 2

where values of E < 1 (100%) correspond to fibres with compressed cores and values
larger than 1 to fibres with enlarged cores. It is also useful to normalize the thickness of
the core boundary with respect to the thickness of the thinnest features in the cladding
(the thin silica struts in the cladding):

(4.2)

Figure 4.4 shows some of the different fibre structures that can be generated by modifying
the structural parameters 7' and E. In Figure 4.4(a) the core size is fixed to an ideal
value (E = 100%) and the thickness of the core wall is modified. Figure 4.4(b) shows
fibres for different core expansion coeflicients and a constant core wall thickness of T' =
1.

(a) (b)

FIGURE 4.4: Idealized fibre structures genereted with the model with: (a) £ =
100% and different 7" values; and (b) 7' = 1 and different values of E.

4.3 Evaluation of the fibre’s transmission perfor-

mance

Once that the design space has been selected and the core geometry has been param-

eterised in terms of F and T, the cladding parameters that will be used throughout
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the study were selected. According to detailed structural analysis performed by SEM
on fibres fabricated by Dr. Marco Petrovich at the ORC, typical cladding parameters
are d/A = 0.95 and d./A = 0.55. Therefore, in this study those cladding parameters
were chosen and should be realistic targets for in-house fabrication. A hole-to-hole dis-
tance A = 4.3 pm was chosen to obtain a bandgap centred at =~ 2 um, although the
results presented here are more general and can be transposed to other wavelengths
by simply scaling the structure, and modifying the refractive index via the Sellmeier

equation (A.2).

As described in previous sections, an increase in the fibre’s attenuation is always ob-
served at wavelengths near to an avoided crossing with surface modes [76]. Thus each
time that surface modes interact with a core guided mode, an attenuation peak in the
fibre’s transmission spectrum appears, and the fibres useful bandwidth is correspond-
ingly reduced. Initially the fibre with an un-optimized core wall of normalized thickness
T = 1 shown in Figure 4.5 was modelled. The optical modes within the bandgap were
calculated and are presented in Figure 4.6. Blue curves in Figure 4.6(a) show the ef-
fective index of the fundamental air-guided mode as a function of wavelength while red
curves correspond to a surface mode of the same symmetry class, and the green shaded

region represents the photonic bandgap of the caldding.

FIGURE 4.5: Cross section of a modelled PBGF with d/A = 0.95, d./A = 0.55,
d,/A =0.317 and t, /(A — d) = 1, (b) geometric parameters used to define the
structure.

This un-optimized fibre supports one surface mode that couples to the fundamental
mode within the bandgap at A\ = 2.13 um. As has already been discussed, away from
the avoided crossing point (i), the fundamental mode localizes most of the optical power
in the hollow-core whilst the surface mode [eg. point (iv)] is tightly confined in the
glass region surrounding the core, as clearly seen from the modal field profiles in the
lower panel of Figure 4.6. Near to the anticrossing [eg. point (ii)] the modes hybridize
and cannot be differentiated as “true” air-guided modes or as “true” surface modes
since at these wavelengths both modes concentrate energy in the hollow-core and in the

core wall [76, 77]. Hence, the impact of the modal interaction can clearly be seen as a
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dip/peak in the percentage of power in the core/F-factor of the fundamental core mode
Figure 4.6(b). Furthermore, near the bandgap edges, where the cladding is no longer
able to confine the mode in the hollow-core, the power in core and the F-factor sharply
drop and rise respectively!. Therefore the fraction of core confined energy/F-factor of
the fundamental core mode against wavelength provide a useful qualitative estimation
of the fibres transmission/attenuation spectrum and thus can be used to approximate

the fibre’s operational bandwidth.

Away from anticrossing wavelengths, the loss in PBGF's is ultimately limited the scat-
tering at the glass/air interfaces due to surface roughness [79, 80, 81]. Even though this
loss is unlikely to be completely eliminated, it can be reduced by decreasing the overlap
of the fundamental mode with the glass. This surface scattering loss is proportional to
the F-factor, and thus reducing F-factor implies a reduction of the fundamental limit of
loss in HC-PBGPFs. In the following sections, the transmission performance of the fibres
as a function of the core shape will be evaluated by using the energy confined by the
fundamental mode in the core region and the F-factor since these two parameters suffice
to identify low-attenuation designs, and since both factors critically depend on whether

or not surface modes exist and provide a simple way to estimate the useful bandwidth.

In the following calculations a full-vector finite element method was used to accurately
and efficiently solve Maxwell’s equations described in section 2.1. The dielectric proper-
ties of silica were directly included in the model through the Sellmeier equation (A.2).
Since this study only focuses in the fundamental air-guided mode and surface modes
belonging to the same symmetry class only one quarter of the fibre was modelled (note
that modes of different symmetry classes do not strongly interact due to realistic per-
turbations to the fibre structure). It also should be noted that the fibres studied here
support higher order core modes however these modes are not relevant to the study since
they are orthogonal to the fundamental core mode and do not interact with it. In order
to accurately calculate the interactions between surface modes and the core mode, the
mesh size was adapted to obtain convergence of the propagation constants of both core
and surface modes. Typically meshes with ~ 10 elements within the core wall have been

used, as in Figure 4.7.

Summarizing, the aim of this study is to design core structures that suppress surface
modes. By eliminating the effects of surface modes on the guidance, the fibre’s opera-
tional bandwidth is increased and the attenuation due to mode coupling mechanisms is
reduced [76]. An increased bandwidth will also mean that the variation of other fibre
parameters (such as group velocity dispersion) with wavelength will be slower. In addi-

tion, in order to reduce the dominant loss factor at wavelengths where the interactions

L The F-factor is defined as the overlap integral of the fundamental air-guided mode with the
silica surfaces equation (3.3).
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(i) (i) (iif) (iv)
FIGURE 4.6: (a) Effective index of modes (blue for FM and red for SM). (b)
Fraction of core-confined energy of the FM (blue) and factor F' (black) of the
FM wvs. wavelength for a fibre with 7" = 1 and E = 0. Plots of the axial
component of the Poynting vector: (i), (ii), and (iii) are of the FM “far” from
the anticrossing, at the anticrossing point and near the long wavelength bandgap
edge respectively, and (iv) is for the SM.

FI1GURE 4.7: Typical mesh used for the calculations.
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with surface modes is weak, these designs should ideally minimize the F-factor at the
same time [79, 80].

4.4 Results

4.4.1 Impact of variations in the thickness of the core ring

on the guidance

A systematic investigation of the impact that variations in the thickness of the silica ring
surrounding the hollow-core have on the fibre’s transmission properties is conducted in
the first part of this study. For a fibre with an ideal core size E = 100%, the normalized
ring thickness is scanned in the range 0.175 < T < 3.5. This range has been chosen
to reflect the range of possible fibres that can be fabricated with current technologies.
For example, fibres with 7" > 0.6 can be obtained by stacking an extra tube to form
the core, while fibres with 7" ~ 0.5 by simply omitting the extra core tube in the stack,
and extremely thin core walls (T" < 0.4) could in principle be formed by an additional
chemical etching step to the canes. The modes of the resulting fibre geometries are solved
for wavelengths within the photonic bandgap and near to the bandgap edges (1.9 pm
< A < 23 pm) in small wavelength steps (5 nm), in order not to miss out narrow
surface modes crossings. In order to assess the performance of the various designs, the
percentage of power in the core and the F-factor of the fundamental air-guided mode
are calculated. The results of the numerical computations are presented as a function of
the normalized ring thickness T and of the wavelength X in the two dimensional design
maps of Figure 4.8. Note that in these design maps each horizontal line corresponds
to a particular core design (a different fibre). For the power in the core map shown
in Figure 4.8(a), red areas (power in the core > 90%) correspond to regions where the
fundamental mode is tightly confined in the core and therefore presents low confinement
loss; the yellow diagonal lines, where the mode presents lower core confinement (power in
the core =~ 60%), correspond to anticrossings between the fundamental mode and surface
modes - some lines appear dis-continuous in the graph due to the discrete number of
T values considered; green regions (PinC ~ 50%) correspond to wavelengths where
the fundamental mode is outside the bandgap and extends into the cladding, i.e. it
coexists with cladding modes as shown in Figure 4.6.(iii). Finally, the regions where the

fundamental air-guided mode is no longer supported are shown in blue.

Similarly, the map in Figure 4.8(b) shows the normalized field intensity at the air-
glass interfaces, plotted in dimensionless units F'A. In this map blue areas (FA < 1)

correspond to regions of high confinement of the fundamental mode, cyan lines (F'A
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FIGURE 4.8: (a) Fraction of core-confined energy and (b) factor F' of the fun-
damental core mode ws. normalized ring thickness and vs. wavelength, for
un-expanded cores (E = 0).

~ 3) to anticrossings points with surface modes and therefore high loss regions, and
red to areas are represent points where a fundamental air-guided mode is no longer
supported. As expected, both maps in Figure 4.8 provide very similar information: high
power in the core areas correspond to low F-factor areas, while weakly confined modes
present low values of power in core and large F-factor values. The main objective of
this study is to identify designs that suppress surface modes and reduce the fibre’s loss.
In the maps of Figure 4.8, designs with those characteristics will appear as continuous
horizontal regions with either high power in the core or low F-factor that are not crossed

by diagonal lines.

From the maps in Figure 4.8 it is clear that the thickness of the core wall is a critical
design parameter since it has a great influence on the density and frequency of surface
modes which appear in the bandgap. For example, it can be immediately noticed that
the fibre with a core ring of thickness 7" = 0.175 (the lowest value considered in this
study) supports two surface modes that couple with the fundamental core mode near
the long wavelength bandgap edge at A = 2.1 ym and A = 2.19 pm, while near the short
wavelength edge of the bandgap this fibre does not support surface modes. Similarly,
for most values of T" multiple surface modes appear within the photonic bandgap in all
cases reducing the operational bandwidth of the fibres. In clear contrast, Figure 4.8
also shows that there are two important design regions for which the spectral range over
which the fundamental air-guided mode is free from anticrossings with surface modes is
maximized. The first one occurs for core surrounds of thickness 7' =~ 0.5 and the second

for T ~ 1.15. However, fibre designs with 7" around 0.5 provide a higher confinement of
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the core mode, a smaller overlap of the fundamental mode with the glass-air interfaces
and seem to provide the widest possible operational bandwidth. Remarkably, the silica
glass wall around the hollow-core in the thin core wall fibre (7" = 0.5) is just around 100
nanometres thinner than for conventional designs (T' = 1). However, this tiny structural

change completely removes surface modes from the bandgap region.

In order to understand why fibres with T =~ 0.5 reduce the impact of surface modes,
Figure 4.9(right) shows the evolution of the dispersion curves of the fundamental and
surface modes as the thickness of the core boundary increases from T' = 0.175 to T' =
0.7. Solid lines correspond to the effective mode index of the fundamental air-guided
mode while dashed lines correspond to surface modes. As it can be observed from
Figure 4.9(a), the addition of glass to the core-cladding interface (modifying 7" from 0.175
to 0.4) produces an increase in the effective mode index of the surface modes. Indeed,
this increase in effective index is larger for surface modes than for core modes as they are
localized in the silica ring. Thus the anitcrossing points between the fundamental mode
and surface modes are shifted towards the long wavelength edge of the bandgap which
in turn increases the fibre’s operational bandwidth. Additionally, as the separation in
effective index between the interacting modes decreases, the strength of the coupling
should be weaker [124]. If T increases still further, the surface modes are progressively
shifted beyond the long wavelength edge of the bandgap, see Figure 4.9(b) where they
remain as bulk modes of the photonic crystal cladding and do not affect the guidance.
However, when the thickness of the core surround is just half the thickness of the thinnest
features (struts) in the cladding, i.e. T" = 0.5, only one weak anticrossing event occurs
inside the bandgap and the fundamental mode of a PBGF with T" = 0.6 is completely
free of anticrossings with surface modes for all wavelengths within the photonic bandgap.
Increasing the thickness still further results in a structure that supports a new surface
mode appearing on the short wavelength edge of the bandgap along with a corresponding
decrease in the operational bandwidth of the fibre [the mode profile of this new surface

mode is shown in Figure 4.9(b)].

The shift in the position of the surface modes can also be seen in Figure 4.10 which
plots the F-factor (top) and the power in the core (bottom) for fibres with 7' = 0.175,
0.5 and 0.7. The fibre with T = 0.175 presents distinct peaks in F'A and dips in the
power in the core indicating coupling to surface modes. By increasing the ring thickness
to T = 0.5 these surface modes are “pushed” beyond the bandgap edge. As a result,
neither the F-factor nor the power in the core of the fibre with T = 0.5 present signs of
surface modes anticrossing resulting in smooth curves right across the bandgap. Again
as before, the reduction of useful bandwidth due to a new surface mode appearing on

the high frequency edge of the bandgap is clearly observed for the fibre with T' = 0.7.
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FIGURE 4.9: Dispersion curves of the fundamental mode (solid lines) and
surface modes (dashed lines) for fibres with (a) 7' = 0.175 and 0.4, (b) 7" = 0.5,
0.6 and 0.7. (right) Mode profiles of the surface modes located by arrows.

The appearance of this design region free of surface modes can be explained as follows.
Termination of the cladding periodicity to create the air core without adding a silica
ring (T = 0), perturbs the photonic crystal in such a way that only surface modes with
intensity maxima located at the nodes of the photonic crystal are supported (i.e. thicker
dielectric parts between three adjacent holes), as described by Kim and Digonnet et
al. [119, 118]. The intensity profile of a surface mode localized at the nodes of the
photonic crystal is shown in Figure 4.9 (a), which corresponds to the mode supported
by a fibre with 7' = 0.175 and pointed by an arrow. When a thick enough silica ring (T
= 0.7) is added, the structure is perturbed strongly enough to support a new type of
surface mode, which concentrates energy at the thin silica struts of the core boundary,
see Figure 4.9(b). However, within this study it was found that between these two
fibre designs there is an intermediate design regime that induces a perturbation that is
too weak to support surface modes of the second type but strong enough to increase
the effective mode index of surface modes of the first type and shift them outside the

photonic bandgap. Therefore, if the thickness of the silica ring is properly chosen (i.e.



Chapter 4. Design of hollow-core PBGF's free of surface modes 59

FIGURE 4.10: Plots showing the shift in the position of the surface modes as T’
varies. (top) F-factor and (bottom) power in the core vs A for fibres with 7' =
0.175, 0.5 and 0.7.

T ~ 0.5) surface modes do not appear across the bandgap.

As previously mentioned, much effort in designing hollow-core PBGFs has been focused
towards reducing the fibre attenuation, and impressive experimental progress has been
reported by the group at the University of Bath and Corning Inc. [15, 78, 75]. However,
optimizing the attenuation has relied on engineering the core wall - so as to minimize the
overlap of the guided mode with the glass surfaces thus reducing surface scattering [80].
But in doing so extra glass has always been added at the core cladding interface and
surface modes have been introduced into the bandgap and the spectral windows within
which the loss is low become narrow. On the other hand, the fibres proposed here are
different to those previously reported since this study found that in order to remove the
impact of surface modes on the guidance, one needs to design and fabricate a fibre in
which the cladding structure terminates as naturally as possible at the core-cladding in-
terface. And one way to do this is to simply form the core by terminating the cladding at
the natural edge of a unit cell (7" = 0.5) without the addition of extra glass. Figure. 4.11
shows a periodic arrangement of unit cells, if the periodic structure is terminated at the
edge of the unit cells around the core (i.e. red unit cells are removed to create the core),
then the thickness of the glass left at the core boundary is just half the thickness of the
struts in the cladding. This This understanding of the mechanisms that remove surface
modes from the bandgap will be applied to different fibre structures in chapter 5. It is
expected that extension of this design to fibres with different core shapes promises a new
range of hollow-core fibres free of surface modes with improved performance compared

to those previously reported.
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FIGURE 4.11: Periodic arrangement of unit cells, if the periodic structure is

terminated at the edge of the unit cells around the core (i.e. red unit cells

are removed to create the core), then the thickness of the glass left at the core
boundary is just half the thickness of the struts in the cladding.

4.4.1.1 Transmission bandwidth vs ring thickness

In order to measure the useful transmission bandwidth of the different fibre designs,
it was noticed that (F-factor - A) of the fundamental mode of a fibre with 7" < 0.5 is
approximately equal to unity in the vicinity of the short wavelength edge of the bandgap
(A ~ 1.88 pm), see Figure 4.9(b) and Figure 4.10. Furthermore it remains less than one
across most of the bandgap when there are no surface modes present. Therefore a
threshold of FA < 1 is set to be the condition for measuring the useful bandwidth of the
fibres and the operational bandwidth is defined as the maximum continuous wavelength
range for which this condition is satisfied within the bandgap. Using this definition
the operational bandwidth as function of the normalized core ring thickness is shown
in Figure 4.12. In Figure 4.12(a) the operational bandwidth has been normalized with
respect to the central bandgap wavelength A\, = 2.05 pym while in Figure 4.12(b) the
results are normalized with respect to the bandgap width measured at the airline, equal
to 330 nm. As expected, hollow-core PBGF's with core walls of thickness in the range
0.45 < T < 0.65 are optimal for broadband transmission providing a wide operational
bandwidth of more than 15% of the central bandgap wavelength. Figure 4.12(b) shows
that fibres in this new design regime have an operational bandwidth of over 90% of the
bandgap width at the airline. The maximum operational bandwidth is 17% of A\. (105%
of the bandgap width at the airline) for a fibre with a core ring of 7" = 0.575. This new
design regime drastically reduces the impact of surface modes as compared with a more

conventional core design of T' = 1 which has an operational bandwidth of only 9% of A..
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FIGURE 4.12: (a) Operational bandwidth normalized with respect to the central
bandgap wavelength A\. = 2.05 pm, and (b) normalized with respect to the
bandgap width measured at the airline, equal to 330 nm.

It is important to mention that fibres with a thickness of the silica ring close to the
optimum value, T = 0.5, are indeed feasible and can be realized simply by removing the
7 central capillaries from the stacked preform without the need to add an extra element

to create the core.

4.4.1.2 Mode confinement and loss vs ring thickness

The two design maps in Figure 4.8 have been summarized in the plot of Figure 4.13
as follows: for each different core surround thickness (7') the minimum F'A value and
maximum percentage of power in the core across all wavelengths within the bandgap
are plotted against the ring thickness. Three design regimes where the confinement
of the fundamental mode and the F-factor are maximized and minimized respectively
have been identified. These correspond to the thin ring region centred around 7' = 0.5,
an intermediate region around 7' = 1.15 and the antiresonant region, studied in detail
by Roberts et al. [80, 78], around 7" = 2.5. Note that for this particular fibre design
(E = 100%), antiresonant core surrounds are not particularly noticeable and do not
offer advantages over thin core surrounds. However, for other fibre designs it offers the
possibility of reducing the scattering loss - see Section 4.4.2, chapter 5 and references
[80, 78]. Of these three regimes which one is best depends on the applications of the
fibre, however the new thin core design regime offers in all cases the widest operational
bandwidth and should thus be preferred when fabricating fibres for broadband operation.
Also for this particular core size thin core ring designs (7" around 0.5) do present the
lowest scattering loss (F-factor) in the bandwidth and are thus the preferred targets for

fabrication.
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FIGURE 4.13: (blue) Maximum of the core-confined energy and (black) mini-
mum F' factor of the fundamental core mode vs. normalized ring thickness.

4.4.1.3 GVD and GVD-slope vs ring thickness

As previously mentioned, the group velocity dispersion (GVD) in hollow-core photonic
bandgap fibres always goes from normal to anomalous within the transmission band, in-
creasing near the bandgap edges and in the vicinity of a surface mode crossing. Therefore
at the centre of the transmission band, fibres with wide transmission bands exhibit lower
GVD and GVD-slope than fibres with narrow bands (i.e. fibres that support surface
modes). This can be seen from Figure 4.14 that shows the calculated group velocity
dispersion for the thin core wall fibre with a wide transmission spectrum (7" = 0.5) and
for a fibre with a reduced transmission band due to a surface mode crossing (7' = 1).
The dispersion curve for both fibres crosses zero on the short wavelength side of the
bandgap. However, the fibre with 7" = 0.5 presents a much flatter dispersion curve in-
dicating a lower GVD-slope than the thicker core ring fibre. The minimum GVD-slope
across the low loss transmission region for each fibre design has been calculated and is
plotted as a function of 7" in Figure 4.15. The trend of this curve closely follows the
useful bandwidth vs T curve shown in Figure 4.12 - minima of the GVD-slope are found
each time the operational bandwidth peaks and the GVD-slope presents a peak each
time the bandwidth is minimized. The minimum GVD-slope for the fibre with T = 0.5
is equal to 1.391 ps/nm?/km which represent a factor of five reduction compared to a
more conventional design with 7' = 1. Due to their low GVD-slope these new thin core
wall designs are convenient for soliton compression of high-power ultrashort pulses since
the high order dispersion of previous hollow-core PBGFs has been a profound limitation

on their performance in that important application [67, 66, 116].
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FIGURE 4.15: Minimum GVD-slope value within the bandgap for the different
fibres, plotted against the normalized core ring thickenss (7).

4.4.2 Impact of variations in the size of the core on the

guidance

After having identified designs that eliminate surface modes from the bandgap region,
it is important to study fibres with expanded or compressed cores to check if they still
present a wide transmission spectrum or if changes in the core size introduce new surface
modes into the bandgap. Furthermore, fibres with a larger core should better confine the
fundamental core mode and therefore should present lower loss than the fibres studied in
the previous section. In order to understand the effects that compressing or expanding
the core have on the fibre’s transmission properties, the core has been modified by
scanning the expansion coefficient E from 94% to 106% in 1.5% intervals. For each core
radius the thickness of the core boundary (7') was varied in the same range as before and
the F-factor and percentage of power in the core for the fundamental core mode were
calculated. Contour maps of the percentage of power in the core of the fundamental

air-guided mode as a function of E are shown in Figure 4.16. As the core is enlarged,
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the fundamental core mode becomes more tightly confined in the central air region (red
regions of the contour maps become darker as F increases) and therefore these designs
should present lower scattering loss. Figure. 4.16 clearly shows that the transmission
properties (number and position of surface modes) in fibres with thick core surrounds
(T > 2) are strongly dependent on the size of the core. Conversely, surface modes
supported by fibres with thin core surrounds (7" < 0.6) are almost independent on the
core size, therefore these fibres should be more robust against structural perturbations
in fabricated fibres. This behaviour is more evident when comparing the contour maps
for the fibres with the smallest (E' = 94%) and largest (E = 106%) core analyzed, shown
in Figure 4.17(a)(b) respectively - which show that the lower parts of the maps remain
almost unchanged while the upper parts present major differences. Independently on
the size of the core all thin core wall fibres (T ~ 0.5) are free from surface modes crossing
on the high frequency edge of the bandgap, relaxing the precise control of variations on
the core size along the fibre length. However, for too expanded cores (E = 106%) one
surface mode starts moving into the bandgap on the low frequency edge, reducing the

fibre’s transmission spectrum.

FIGURE 4.16: Contour maps of the percentage of power in the core of the
fundamental air-guided mode for fibres with different core size (i.e. expansion
coefficient E).

The maximum fraction of core confined energy, minimum F'A and useful bandwidth
of fibres with different core radius are presented as a function of the normalized ring
thickness in Figure 4.18(a),(b) and (c) respectively. Importantly, these changes in the
core radius do not drastically shift the position of the three design regimes that maximize
the mode confinement and minimize F' that were found for £ = 0. These plots also
show that antiresonant core surrounds (7" around 2.5) significantly assist the photonic

cladding in confining core modes only for large core fibres and thus become important
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FIGURE 4.17: Contour maps of fraction of power in the core of the fundamental
air-guided mode for fibres with the (a) smallest £ = 94% and (b) largest F =
106% core analyzed.

for E > 103%. Despite the presence of surface modes, fibres with large cores and
antiresonant core surrounds are expected to present the lowest loss although only over
very narrow spectral windows are seen in Figure 4.18(a)(c). Moreover, for these fibres
the minimum achievable value of F-factor strongly depends in the exact core size. In
contrast, the transmission properties of fibres with thin core surrounds (7" around 0.5) are
robust against variation in the size of the hollow-core. Therefore, unintentional changes
of the core size during fabrication should not drastically affect their guidance. This is
important as it is difficult to precisely control the size of the core of fabricated fibres.
The inset in Figure 4.18(c) shows that variations in £ produce rather small variations in
the useful bandwidth of fibres in the thin core ring design regime. Finally, for all the core
sizes studied, thin ring designs show superior performance than antiresonant core designs
in terms of bandwidth and also present low loss. Indeed, for not too expanded cores (i.e.
E < 103%) thin ring designs present lower F' values than designs with antiresonant core

surrounds.

4.5 Conclusions

Through numerical computations it has been demonstrated that when defining the core
of a HC-PBGF, the thickness of the core wall is a critical design parameter since it has
a great influence on the density and frequency of surface modes which appear in the

bandgap. Remarkably, it has been shown that by carefully selecting the thickness of the
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FIGURE 4.18: (a) Maximum of the core-confined energy, (b) minimum F'A, and
(c) operational bandwidth normalized with respect to the centre of the bandgap
Ae = 2.05 pm vs. normalized core thickness for E = 4+6.33%, +3.16% and 0.

core wall and the size of the core, it is possible to design realistic high air filling fraction
HC-PBGFs whose fundamental air-guided mode is free from anticrossings with surface
modes at all wavelengths within the bandgap. The range of wavelengths that can be
guided in a HC-PBGF is currently limited by the presence of surface modes and not by
the width of the photonic bandgap formed in the cladding, therefore it is expected that

the new fibre designs reported in this chapter will overcome this limitation.

This study found that in order to remove the impact of surface modes on the guidance,
one needs to design and fabricate a fibre in which the cladding structure terminates as
naturally as possible at the core-cladding interface. One way to do this is to simply
form the core by terminating the cladding at the natural edge of a unit cell without
the addition of extra glass. Therefore, it has been identified that fibres incorporating a
silica core surround of just half the thickness of the thinnest features in the cladding,
present the best transmission performance. It is important to mention that although in
this chapter only a particular cladding structure was considered, these results are more

general and are valid for fibres with different cladding and core designs -see chapter 5.
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It has been shown that thin core wall designs (T" ~ 0.5) offer the widest operational
bandwidth and simultaneously reduce the overlap of the optical mode with the core wall.
Thin core wall designs should thus be preferred when fabricating fibres for applications
where broadband, low dispersion, and reduced higher order dispersion are required. Due
to the absence of surface modes, this new fibre design broadens the range of wavelengths
which can be transmitted in a hollow-core PBGF compare to previous designs. Also as
a result of the increased bandwidth the dispersion and dispersion slope is reduced. It
has been calculated that the GVD-slope can be reduced by a factor of five compared
to previously studied fibre structures. Due to their superior performance, it can be
anticipated that realizing these design could find applications in important areas of fibre
laser technology since the high third order dispersion of previously available hollow-core
PBGF's has been a profound limitation on their performance for soliton compression of

high-power ultrashort pulses.

Furthermore, it was demonstrated that these new hollow-core PBGF designs are robust
in eliminating surface modes and variations in the size of the core do not drastically
affect their transmission performance, which eases the tolerances required for their fab-
rication. Although, only fibres operating at 2 um were studied here, these results can

be transposed to other wavelengths by simply scaling the structures.

Finally, these structures seem to be feasible targets for fabrication. It should be possible
to fabricate them since they strongly resemble the fibres previously fabricated at our
facilities. Indeed, the optimum thickness of the core surround (7" = 0.5) can be obtained
simply by removing the 7 central capillaries from the stacked preform without using
an extra element to create the core. It is expected that extension of these designs to
fibres with different core shapes promises a new range of hollow-core fibres free of surface

modes with improved performance compared to those previously reported.

The next chapter extends the study presented here to bres featuring a larger core (19

cell) and a wider airguiding bandgap.



Chapter 5

Advanced designs of HC-PBGF's
for low-loss, broadband and

dispersion controlled operation

In the previous chapter it has been shown that by properly designing the core surround
of HC-PBGFs featuring a 7 cell core and a moderately high airfilling fraction in the
cladding, unwanted surface modes can be completely removed from the bandgap. In
the following sections the modal properties of feasible hollow-core photonic bandgap
fibres with cores formed by omitting either 7 or 19 central unit-cells and a wider air-
guiding bandgap - cladding with a very high airfilling fraction of 94.2%, are studied.
Firstly, fibres with thin core surrounds are analyzed and it is demonstrated that even
for large cores sizes these core structures are optimum for broad-band transmission. The
performance of these novel structures is compared with fibres which incorporate antires-
onant core surrounds which repel the optical field from the core/cladding interface and

therefore have low-loss. Trade-offs between loss and useful bandwidth are presented.

Finally, the effects that small modifications to the core surround have on the fibre’s group
velocity dispersion are analyzed numerically. This analysis shows that it is possible to
control the group velocity dispersion of HC-PBGF's by slightly modifying the properties

of the glass ring surrounding the core without incurring large loss penalties.

68
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5.1 Introduction

As it has been previously discussed, the fundamental limiting factor for loss in hollow-
core PBGFs is light scattering from surface capillary waves frozen during the fibre draw-
ing process [79]. Thus if low-loss fibres are to be fabricated, mechanisms to reduce the
light intensity at the silica interfaces must be investigated. Roberts and Mangan et al.
showed that silica core surrounds whose thickness satisfies an antiresonant condition,
repel the optical field at the core/cladding interface producing low-loss fibres [80, 15],
antiresonant core surrounds which incorporate elliptical features have also been pro-
posed [125]. However, the main drawback of these designs is that the reduction of loss
comes with an increase in the number of undesirable surface modes. These surface modes
exist at the same wavelength range as the core-guided air mode, but have far higher dis-
persion due to their large overlap with the glass. They interact with the air mode across
some discrete spectral ranges, greatly increasing the attenuation and dispersion of the

air mode and reducing the useable bandwidth of the fibre [76].

In chapter 4, moderately high air-filling fraction HC-PBGFs whose core is formed by
omitting the 7 central unit cells were numerically studied, and it was found that in
order to remove surface modes, one needs to design and fabricate fibres in which the
cladding structure terminates as naturally as possible at the core/cladding interface.
Therefore, feasible core surrounds that maximize the wavelength range over which the
air-guided mode is free from anticrossings with surface modes should incorporate thin
silica walls surrounding the core, in these structures the width of the core wall is around
half the thickness of the thin silica struts of the cladding. Furthermore, it was shown
that these fibre designs also offer low loss [121]. The need of designing feasible fibres
with large cores and free from surface modes comes from the fact that enlarging the
core is a straightforward way of reducing the overlap of the optical field with the glass
structure and therefore the scattering loss, nonlinear response and GVD. Within this
chapter, the study presented in chapter 4 is extended to examine 19-cell core hollow-core
fibres and it is shown that the design regime identified previously for 7-cell core fibres
is also valid for larger core defects, leading to novel wide bandwidth low-loss fibres.
Furthermore, the fibres studied in this chapter incorporate a cladding structure with a
much larger airfilling fraction in the cladding. This cladding structure is based on an
idealized representation of the cladding of the low-loss fibre fabricated by the group at
Corning [75, 76], which presents a very large air-guiding photonic bandgap of almost 450
nm centred at a wavelength of 1550 nm, this value is close to the maximum bandgap

that can be achieved with a triangular lattice, see chapter 3.

The transmission band of HC-PBGF's always presents wavelength ranges of normal and
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anomalous dispersion, due to this and their nonlinear properties, there has been a grow-
ing interest in using HC-PBGF's for re-compressing pulses in chirped pulse amplification
systems [42, 126, 127, 128]. In the second part of this chapter ways of modifying the
dispersion of HC-PBGF's are discussed. It is shown that it is possible to control the fibre

dispersion over a reasonable wavelength range without incurring a large loss penalty.

5.2 Design of wide bandwidth low-loss HC-PBGF's

Cross sections of the analyzed 7-cell and 19-cell core air-guiding photonic bandgap fibres
are shown in Figure 5.1(a)(b) respectively. These structures are idealized representations
of fibres that can be manufactured by the stack-and-draw method, omitting the central
capillaries to create the core and are parametrized using the model presented in Fig-
ure 3.10. The cladding parameters have been chosen to match those of the low-loss fibres
reported in [75] and studied in [76, 77, 120]: relative hole size d/A = 0.98, curvature at
the corners d. = 0.44A, and distance from hole centre to hole centre A = 4.7 pym. The
cladding’s air-filling fraction is 94.2%. The silica ring surrounding the hollow-core has a
normalized thickness T defined in equation (4.2), with corners rounded using circles of
diameter d,, = 0.2A.

(b)

FIGURE 5.1: Cross section of the analyzed hollow-core PBGFs: (a) 7-cell core,
(b) 19-cell core. The structural parameters are: d/A = 0.98, d./A = 0.44,
dy/A =022, T =1, and A =4.7um.

For the 7 and 19-cells core fibres shown in Figure 5.1(a)(b), the thickness of the core
surround was varied in the range 0.15 <T' < 4.5. Thicknesses at which the core surround
becomes antiresonant can be approximated by considering it as an annular tube. In this

case, antiresonance takes place for:

(27 + 1A

4y/n2 =1’

t, = (5.1)
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where A is the wavelength, n, is the glass index, and 7 = 0,1, 2, ... For the particular
cladding studied here, antiresonance at wavelengths within the bandgap is achieved for
T in the range 3 to 4.5. It is important to mention that the analysis of fibres incor-
porating antiresonant core surrounds is not the objective of this thesis and a complete
study can be found elsewhere [80, 78, 125, 129, 130, 131]. The main objective of this
chapter is to identify fibre designs with wide transmission spectra. Although broadband
transmission cannot be achieved by using antiresonant core surrounds, these designs

have been included in the calculations as a reference for low-loss fibres.

5.2.1 Transmission performance vs core design

For each T value the optical modes are numerically calculated for wavelengths within
the bandgap and near the bandgap edges. Material dispersion is not considered, and
the refractive index of silica and air are ng = 1.45 and n, = 1, respectively. Again as
in chapter 4, this study only focuses on the modal properties of the fundamental air-
guided mode (HEj;-like) and surface modes of compatible symmetry. Therefore, some
higher-order modes are excluded and the computational time reduced by considering
only one quarter of the fibre structure [108]. For the fundamental core mode, the power
fraction in the core and the F-factor equation (3.3) as a function of wavelength are
calculated. The transmission performance of the fibres as a function of the core shape

will be evaluated by using these two parameters.

The calculated normalized interface field intensity of the fundamental air-guided mode
for the various fibres is presented as a function of the normalized ring thickness and
wavelength in Figure 5.2. The contour map in Figure 5.2(a) corresponds to fibres with a
7-cell core, while Figure 5.2(b) is for the large 19-cell core. In these maps, each horizontal
line represents a different fibre design. The large values of the F-factor at wavelengths
within the bandgap, diagonal yellow lines, are due to anticrossings between the funda-
mental air-guided mode and surface modes. At wavelengths near the anticrossing, the
fundamental core mode couples to a particular surface mode and its overlap with the
core surround increases and therefore the associated scattering loss also increases. Dark
blue, eg. (F-factor A) < 1, corresponds to regions where the fundamental air-guided
mode is well confined in the air-core, has low overlap with the silica interfaces and there-
fore represents low-loss fibres. Finally, the rapid increases of the F-factor near 1350 nm

and 1800 nm, correspond to the edges of the photonic bandgap.

From the maps in Figure 5.2 it is clear that the dependence of the transmission properties
on T is very similar for both core sizes. However, as expected, 19-cell fibres achieve lower
F-factor values (darker blue zones) and support more surface modes. Figure 5.2 clearly

indicates that for both core sizes, fibres with core surrounds of normalized thickness
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(b)

FIGURE 5.2: Normalized interface field intensity of the fundamental air-guided

mode vs. wavelength for different values of the normalized ring thickness T'. For

the (a) 7-cell core fibre and (b) 19-cell core fibre. The colour scale is the same
for both maps

T ~ 0.5 are almost free from surface modes anti-crossings and therefore maximize the
wavelength range over which the light can be guided in the fibres, and at the same

time provide a good confinement of the mode. These results show that thin core wall
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designs should present a low-loss broadband transmission window independently of the
core size. In contrast, fibres with any other thickness of the core wall support one or
multiple surface modes and the useful bandwidth is reduced accordingly. Figure 5.2
also shows that fibres with thick antiresonant core surrounds, 7" in the range 3.5 - 4.5,
present multiple surface modes and low attenuation transmission can only be achieved

over narrow wavelength ranges.
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FIGURE 5.3: Calculated useful bandwidth vs. normalized ring thickness, (a) for
the 7-cell core, and (b) 19-cell core fibres.

In order to obtain an estimation of the fibre’s operational bandwidth, (F-factor A < 1)
was set as the condition for maximum allowed “scattering loss” and the operational
bandwidth is defined to be the maximum continuous wavelength range for which this
condition is satisfied within the bandgap, see section 4.4.1.1. Using this definition, the
calculated operational bandwidth as a function of 7" is shown in Figure 5.3(a)(b) for 7 and
19-cell core respectively. From these results it is possible to observe that for both core
sizes, designs with core rings of thickness in the range of approximately 0.4 <T < 0.7 are
optimal for broadband transmission providing a wide low-loss usable bandwidth of more

that 360 nm, which corresponds to ~ 23% of the central wavelength of the bandgap?.

2For clarity, designs with core walls T = 0.5 are refereed to as thin core wall designs.
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The low-loss wavelength range for fibres with 7' = 0.5 is 404 nm and 380 nm for 7 and
19-cell core respectively. This result is a clear indication that terminating the cladding
at the natural edge of a unit cell (T' = 0.5) induces a weak perturbation to the cladding

structure and surface modes are only introduced near the long wavelength bandgap edge.

The main guidance properties of 7 and 19-cell core fibres with a thin core wall T' = 0.5
are summarized in Figure 5.4. Figure 5.4(a,b,c,d) show the percentage of core confined
energy, (F-factor A), effective mode area and the GVD of the fundamental core mode
for both core sizes. From these plots it is clear that neither the 7-cell nor the 19-cell
core fibre support surface modes on the high frequency edge of the bandgap. Although
the peaks seen close to the low frequency bandgap edge are due to anti-crossings with
surface modes, both fibres present a broad spectral range free from surface modes. Due
to its larger core, as expected, the 19-cell core fibre presents lower (F-factor A), GVD

and GVD-slope across the low-loss spectral range as compared to the 7-cell core.

After having identified fibre designs that provide wide band transmission, the perfor-
mance of these fibres is compared in terms of loss and mode confinement against an-
tiresonant designs. In order to do this, for each ring thickness the minimum F-factor
value and maximum value of the power fraction in the air-core were obtained, and are
plotted in Figure 5.5(a)(b) as a function of T" for 7 and 19-cells core fibres respectively.
These plots clearly point out that the minimum scattering loss (F-factor) is achieved
by fibres incorporating antiresonant core surrounds. However the thicker silica core wall
has led to more surface modes and the reduced loss come at the price of a reduced
operational bandwidth. In contrast, thin core wall designs present somewhat higher loss

but drastically improve the bandwidth of operation - see Figure 5.3.

The minimum normalized interface field intensity value achieved by the 7-cell core fibre
is (F-factor A) = 0.1, for a ring thickness 7' = 3.8. This value is about 2.6 times lower
than for a fibre with 7' = 0.5. For the larger core fibre (19-cells) Figure 5.5(b), the an-
tiresonant regime becomes more important and the lowest value of (F-factor A) = 0.02
is obtained for T" = 4.25, which is 3.3 times lower than for a fibre with 7" = 0.5. There-
fore, it is expected that fibres incorporating antiresonant core surrounds should present
approximately 2 to 3 times lower loss than thin core wall designs but only over narrow
spectral ranges. In contrast, thin core wall designs should present higher loss but light

can be transmitted with low-loss over more than 400 nm.

Comparing the normalized interface field intensity of fibres with T' = 0.5 of different
core sizes it is found that that the F-factor is typically about 3.2 times lower for the
19-cell fibre than for the 7-cell core, implying that the loss will be reduced by a similar

factor [79], leading to novel wide bandwidth low-loss fibres.
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FIGURE 5.4: Main guidance properties of 7 and 19-cell core fibres with a thin

core wall T' = 0.5. Percentage of core confined energy, (F-factor A), effective

mode area and the GVD of the fundamental core mode of both fibres in (a,b,c,d)
respectively.

The minimum GVD-slope across the low-loss spectral range for each fibre design has
been calculated and is plotted as a function of T in Figure 5.6 for the 7 and 19 cell
core. As expected, due to their increased bandwidth, thin core wall designs minimize

the GVD-slope of the fundamental mode.
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FIGURE 5.5: Maximum of the power fraction in the core (solid) and minimum
of the normalized field intensity F' (dashed) vs. normalized ring thickness, (a)
for the 7-cell core, and (b) 19-cell core fibres.
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bandgap against the normalized core ring thickenss.

5.3 Tailoring the dispersion of hollow-core pho-

tonic bandgap fibres

5.3.1 Group velocity dispersion vs. ring thickness

In this section, a method of controlling the group velocity dispersion (GVD) in 7-cell core
HC-PBGFs via small changes to the geometrical parameters of the core is presented. In
this study only fibres with thin core surrounds are considered since these designs present
low loss and support less surface modes and therefore should ease the precise control of
the fibre properties during fabrication. In the mode calculations, material dispersion was

considered and silica’s refractive index was obtained from the Sellmeier equation (A.2).

minimum FIA
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FIGURE 5.7: (a) Group velocity dispersion of the fundamental mode for a 7-cell

core fibre with 7" = 0.45, 0.5, 0.55, 0.6, and 0.65. (b) Plot enlarged to show

the zero-GVD wavelengths. (c) Zero-GVD wavelength as a function of the ring
thickness.

Figure 5.7(a)(b) illustrates the calculated group velocity dispersion of the fundamental
air-guided mode as a function of wavelength for the 7-cell core fibre for different thick-
nesses of the silica ring: T varying in the range 0.45 - 0.65. Although the changes to
the core structure are rather small, tens of nanometres-scale, the effect on the GVD is
quite noticeable. This is in good agreement with earlier reports of important changes in
the fibre’s nonlinearity [132] and birefringence [120] due to small alterations of the core
boundary. Particularly interesting is that as the thickness of the core surround increases,
the zero-GVD wavelength (A\g) can be precisely shifted over ~100 nm wavelength range:
Ao = 1.412 nm, 1.427 nm, 1.454 nm, 1.488 nm, and 1.523 nm for T = 0.45, 0.5, 0.55, 0.6,
and 0.65 respectively. Moreover, as Ag is shifted towards longer wavelengths, larger
normal dispersion values are obtained for wavelengths on the short wavelength side of
Ao. The origin of the change in the GVD can be attributed to the interaction of the
fundamental air-guided mode and a surface mode that moves into the bandgap and
anticrosses with the fundamental air-guided mode when the ring thickness is increased,
Figure 5.2(a). This anticrossing can be easily recognized in the effective mode index
against wavelength plot shown in Figure 5.8. Here, solid lines correspond to the funda-

mental air-guided mode, while dashed lines indicate surface modes that anticross with
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the air-mode, and the shaded region represents the bandgap. The fibre with T = 0.45
(red), does not support surface modes guided near the short wavelength edge of the
bandgap. In clear contrast, when 7" = 0.65 (black) one surface mode is guided near the
short wavelength bandgap edge. This “new” surface mode and the core mode anticross
and in the transition region the core mode rapidly changes it effective mode index - at
around 1.38 pum the black curve presents larger dispersion than the red curve. This rapid
change in refractive index produces strong GVD near the anticrossing wavelength and
also the zero-GVD wavelength is shifted towards the centre of the bandgap Figure 5.7.
It is important to mention that a similar shift in the anticrossing wavelength can be

achieved by keeping the core wall thickness constant and slightly changing core size®.

FIGURE 5.8: Calculated modal index vs. wavelength for T = 0.45 (red) and
0.65 (black). Solid lines correspond to the fundamental air-guided mode, while
dashed lines correspond to surface modes.

As modifying the fibre’s GVD properties involves controlling the position of surface
modes within the bandgap, it is important to evaluate the increase in loss. Figure 77
shows the normalized interface field intensity of the fundamental air-guided mode against
wavelength for different thicknesses of the core surround. Black circles indicate A for
each fibre design. The normalized interface interface field intensity at the zero-GVD
wavelength for the fibre of T = 0.65 is only 1.23 times larger than that for the design
with T' = 0.45. Implying that shifting Ay from 1.412 nm to 1.523 nm can be achieved
at the expense of ~ 23% increase in loss [79]. Furthermore, the wavelength range over
which the fibres have normal dispersion and the condition F'/A < 1 is satisfied has been
calculated. The calculated low-loss, normal dispersion wavelength ranges are: 40 nm,
55 nm, 82 nm, 113 nm, and 111 nm for 7" = 0.45, 0.5, 0.55, 0.6, and 0.65 respectively.
It is important to mention that the zero-GVD wavelength can be progressively shifted
towards longer wavelengths as T is increased still further. However, this will imply an in-
crease on the fibre loss and a reduction of the transmission bandwidth, [see Figure 5.5(a)
and Figure 5.3(a)].

3Chapter 4 showed that by enlarging the core of an idealized 7 cell fibre, surface modes are
introduced on the long wavelength bandgap edge while collapsed cores support surface modes
on the short wavelength edge.
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FIGURE 5.9: Normalized interface field intensity of the fundamental mode for
a T7-cell core fibre with T' = 0.45, 0.5, 0.55, 0.6, and 0.65. The black circles
indicate the zero-GVD wavelength for each design.

5.3.2 Group velocity dispersion vs. refractive index of the

core surround

An alternative way of modifying the fibre’s transmission properties is by increasing or
decreasing the refractive index of the glass region surrounding the core. It is reasonable
to expect that by doing this, surface modes will be more affected than air-guided modes
since these modes tightly confine energy in the core surround. Consequently, in this way
it is possible to increase or decrease the effective mode index of surface modes and thus
move their position inside the bandgap. In this section the effect that changes in the
refractive index of the core surround have on the group velocity dispersion of HC-PBGs
is studied. Figure 5.10(a) shows the cross section of the analyzed fibre: red represents
the glass region for which we varied the refractive index, black corresponds to pure silica
and white to air. A stack of capillaries that could be used to fabricate this kind of
fibre is presented in Figure 5.10(b). For the following simulations we have calculated
the refractive index of silica ns using Sellmeier equation (A.2), and the refractive index
of the silica ring (red region) is obtained by increasing the refractive index of silica as:

Ng = Ns ( 1+nincrease) .

For the 7-cell core fibre, while keeping the core thickness constant T = 0.5, the refractive
index of the core surround is increased up to 5% in 1% intervals. Figure 5.11(a)(b) show
the effect of this perturbation on the fibre’s GVD. Similarly to the previous case, as
the refractive index of the core surround increases, the zero-GVD wavelength is shifted
towards long wavelengths. An increase in the refractive index of 5% produces a shift in
Ao of 100 nm, from 1.427 nm to 1.527 nm. In addition, larger normal dispersion values

are obtained for wavelengths on the short wavelength side of .
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FIGURE 5.10: (a) Schematic cross section of fibre with core surround of mod-

ified refractive index. (b) Stack of capillaries that can be used to fabricate the

proposed fibre. Red represents glass of different refractive index, black is for
silica and white air.
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FIGURE 5.11: (a) Group velocity dispersion of the fundamental mode for a 7-

cell core fibres with different refractive index of the core wall. (b) Plot enlarged

to show the zero-GVD wavelengths. (c) Zero-GVD wavelength as a function of
the change in the refractive index of the core surround.

Surprisingly, although the changes seen in the fibre’s GVD [Figure 5.11(c)] are compa-

rable to what can be achieved by increasing the thickness of the ring [Figure 5.7(c)],

Figure 5.12 shows that in this case shifting the zero-GVD wavelength 100 nm can be

achieved with less increase in loss. The normalized interface interface field intensity at
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the zero-GVD wavelength when the refractive index of the core surround is increased
by 5% is only 1.055 times larger than that for the original fibre, see black circles in
Figure 5.12. This implies that a shift of 100 nm in Ag will only increase the loss at the
fibre’s zero-GVD by ~ 5.5% [79]. A drawback of this method is that the increase in
refractive index (5%) needed to achieve a shift in Ay of 100 nm, is quite big and might
be difficult to fabricate. However, it has been showed that the use of doped elements in
HC-PBGFs can be used to control the GVD properties without drastically affecting the

loss.
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FIGURE 5.12: Normalized interface field intensity of the fundamental mode for
a 7-cell core fibre with T' = 0.45, 0.5, 0.55, 0.6, and 0.65. The black circles
indicate the zero-GVD wavelength for each design.

Finally, the GVD in the thin core wall 19-cell fibre is similar to the GVD in the 7-cell
fibre but with A\ shifted to even shorter wavelengths and a smaller value of anomalous
dispersion in the middle of the bandgap, Figure 5.13. The strategies for tailoring the
GVD presented here are applicable also to the 19-cell core case as seen in Figure 5.13

which plots the dependance of the GVD on the thickness of the core wall.

5.4 Conclusions

In chapter 4 it was demonstrated that 7-cell air-guiding PBGFs with a thin core wall
are optimal for maximising the useable bandwidth while maintain low loss [121] by
reducing the impact of surface modes. In this chapter the work done on 7-cell fibres
has been extended to the case of larger core fibres 19-cell and showed that this design
regime is robust and the principles developed for the 7-cell fibres apply here as well.
In particular the bandwidth of operation of HC-PBGFs is maximized if the thickness
of the silica ring surrounding the core is about half the thickness of the thin struts

of the cladding independently if the core is formed by removing the central 7 or 19



Chapter 5. HC-PBGF's for low-loss, broadband and dispersion controlled operation 82

50

—0.45

—05
0.55
0.60

—0.65

dispersion [ps/ nm/ km]
o

1.45
wavelength [um]

FIGURE 5.13: Group velocity dispersion of the fundamental mode for a 19-cell
core fibre with T' = 0.45, 0.5, 0.55, 0.6, and 0.65.

cells. For the cladding configuration analyzed here, the confining ability provided by
fibres with antiresonant core surrounds is superior than thin core surrounds and should
thus be preferred for applications requiring low-loss and low-nonlinearity over narrow
wavelength ranges. However, for applications requiring relatively low-loss over a wide
wavelength range, low dispersion, and low dispersion slope, a fibre featuring thin core

walls and 19-cell core is to be preferred.

For core surrounds of normalized thickness T' = 0.5, the 19-cell core fibre typically has
~3.2 times lower loss than the 7-cell core fibre over a comparable bandwidth, leading to
novel wide bandwidth low-loss fibres. Fabricating these designs would greatly extend the
useable bandwidth of the fibres. The transmission spectra of previously-reported 19-cell
fibres have been completely dominated by surface mode crossings, and it is anticipated
the larger core size and greatly reduced dispersion slope in the new fibres would enable
a new regime of ultrashort-pulse solitons and high-power beam delivery. Furthermore,
since these designs are free of surface modes across a wide wavelength range, they should

be more insensitive to fabrication errors.

Simulations presented here show that it is possible to control the fibre’s group velocity
dispersion by slightly modifying the properties of the glass ring around the core without
incurring large loss penalties. Two strategies are analyzed: the first one consists of mod-
ifying the thickness of the core surround, and the second changing its refractive index.
Particularly interesting is the possibility of shifting the zero dispersion wavelength over
~ 25% of the bandgap width. Although, the position of the zero dispersion wavelength
can also be shifted by scaling the whole structure (moving the bandgap) the techniques
studied here are important since there is no need of changing the outer diameter of
the fibres. This should therefore facilitate the integration of HC-PBGF's to other fibre
components in an optical system, [for example if a particular fibre outer diameter is

required].



Chapter 6

Control of surface modes in

low-loss hollow-core PBGF's

The work presented in this chapter has been carried out at the Centre for Photonics
and Photonics Materials at the University of Bath in collaboration with Dr. Frédéric
Gérome, Dr. Sergio Leon Saval, Prof. Jonathan Knight and Prof. Tim Birks. The author
would like to thank Steve Renshaw and Alan George for their help in the fabrication
and assistance for this work. The fibres presented here are based on the numerical
calculations presented in previous chapters which show that if the core walls have just
half the thickness of the thinnest features of the cladding, then surface mode interference

can be suppressed.

In the following sections the fabrication and characterization of hollow-core photonic
bandgap fibres that do not suffer from surface mode coupling within the photonic
bandgap of the cladding is presented. The elimination of surface modes enables low
attenuation over the full spectral width of the bandgap - a minimum loss of 15 dB/km
and less than 50 dB/km over 300 nm for a fibre operating at 1550 nm has been measured.
Thanks to these developments it is for the first time possible to achieve core-confined
guidance with low attenuation over the full bandgap of the photonic crystal cladding. As
a result of the increased bandwidth, the fibre has reduced dispersion and dispersion slope
- by a factor of almost 2 compared to previous fibres. These features are important for
several applications in high-power ultrashort pulse compression and delivery. Realizing
these advances has been possible due to development of a modified fabrication process
which makes the production of low-loss hollow-core fibres both simpler and quicker than

previously.
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6.1 Fibre fabrication

HC-PBGFs with a core formed by the omission of seven unit cells which presents no sign
of surface modes interactions within the bandgap have been fabricated. As a result of the
absence of surface modes crossings, the fibres have wider bandwidth and approximately
halved dispersion and dispersion slope compared to previous fibres. The fibre design
is based on the numerical computations presented in chapter 4 and chapter 5 which
show that if the core walls have just half the thickness of the thinnest features of the
cladding, then surface mode interference can be suppressed [121, 122]. The hexagonal
stack of capillaries represented schematically in Figure 6.1 shows that when the central
7 capillaries are removed and no extra elements are added to form the core, then the
cladding terminates at the edges of complete unit cells and the thickness of the core wall
is half the thickness of the cladding struts. Fabricating such a structure represents a
challenge which has been overcome using a modified fabrication procedure that allows

for the production of low-loss HC-PBGF's from scratch within a single day.

FIGURE 6.1: Hexagonal stack of capillaries where the central 7 capillaries are
removed to form the central defect.

The fibres reported here were fabricated entirely from high-purity synthetic silica glass
(F300 from Heraeus Quarzglas) using the stack-and-draw technique. Previous low-loss
hollow-core fibres [79] were formed using a two-dimensional array of tubes stacked around
a thin-walled core tube. The core tube replaced the several capillaries omitted during
the stack, preventing the cladding capillaries from falling into the core. The cladding
tubes fuse together and their bores become the cladding holes needed in the final fibre.
In order to end up with the required cladding structure that presents wide bandgaps,
the capillaries used need to be thin-walled. However, this means that there is not
enough glass at the joint between three cladding tubes and additional solid rods (in the

form of thin fibres) were inserted into the interstitial holes in the stack to create the
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required array of strands of glass, joined and supported by thin silica webs in the final
fibre [83] - see section 3.2.1.1 and Figure 6.2 which shows an example of a cladding
unitcell that supports a wide bandgap. Then when drawing the stack down to canes
(see section 2.2), the spaces between capillaries were evacuated and the relative scale of

the whole structure was roughly preserved in drawing the preform down to a fibre.

FIGURE 6.2: Example of a cladding unitcell required to form a bandgap. In the
final fibre an array of glass nodes are joined and supported by thin silica webs.

In contrast, the fibres being reported here were drawn from a stack with neither core
tube nor the addition of extra glass in the interstitials. Circular capillaries with thicker
walls (relative to their diameters) than required in the final fibre were used to form a
stack in which the core was created by simply omitting 7 central capillaries without
using an extra tube. Short capillaries were used at both ends of the stack to support the

core defect which is unsupported in the middle, as schematically shown in Figure 6.3.

FIGURE 6.3: Schematic of a stack of capillaries in which the core is formed by
simply omitting the 7 central capillaries and is supported at each end of the
preform using much shorter capillaries, and is unsupported in the middle.

Omitting the core tube resulted in a core wall thickness just half that of the struts in the

cladding, as required to suppress surface modes. The stack was drawn to fibre in two
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drawing stages, with pressure applied at the top of the preform being used to inflate the
structure to a high air fraction during the final draw. During drawing, inflation leaves
bigger strands at the interstitial sites joined by thinner webs - without the need of filling
the intertitials holes with thin rods. A typical SEM image of one of the canes before the
final draw to fibre is shown in Figure 6.4. Comparing Figure 6.1 it is clearly seen that

the deformation at the core boundary of the fabricated cane is small.

This process allows for easy and very rapid fabrication of fibres with a core wall thickness
close to the thickness required to eliminate surface modes, and having both broadband
operation and state-of-the-art attenuation. The simplicity of the process makes it pos-

sible to draw a hollow-core fibre from scratch, within a single day.

FIGURE 6.4: Typical SEM image of a cane used to draw the fibres. The outer
diameter shown is 3.3 millimetres, and an addition silica jacket has yet to be
added during the final draw to fibre.

6.2 HC-PBGF free from surface modes

An optical microscope image and a scanning electron microscopy (SEM) image of the
fabricated thin core wall fibre are shown in Figure 6.5 (a)(b) respectively. The thin
core wall fibre features a 7-cell core surrounded by 6 rings of cladding holes plus one
incomplete ring to facilitate the stacking. Detailed structural analysis was performed
by SEM which allowed verification that the thickness of the core wall was within the
regime for eliminating surface mode resonances within the bandgap. The core geometry
of the fibre is slightly different to the core designs previously studied in chapter 4 and
chapter 5 and [121, 122], because during the fabrication process the fibre’s core and the
ring of holes immediately surrounding it have further been experimentally optimized in

order to reduce loss and maximize the transmission bandwidth.
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FIGURE 6.5: (a) Optical microscope image of thin core wall 7-cell HC-PBGF.
SEM micrographs of 7-cell HC-PBGF designed to operate at 1550 nm, to the
same scale: (b) Fibre incorporating a thin core wall, and (c) conventional HC-
PBGF similar to that available commercially. Scale bars correspond to 10 pm.

For comparison, Figure 6.5(b) shows an SEM image of a fibre similar to those commer-
cially available and designed for 1550 nm transmission - in what follows it will be referred
to as “old fibre”. Note that although the size of the microstructured region is almost
the same for the two fibres, the thin core wall fibre has two fewer rings of cladding holes
than the old fibre.

The photonic crystal cladding of the thin core wall fibre has a pitch A = 5.2 ym and an
air filling fraction of ~ 96% that give rise to a photonic bandgap centred approximately
at 1550 nm. The high air-filling fraction in the cladding enables the formation of a
wide photonic bandgap crossing the airline, which covers around 22% of the central

bandgap wavelength. The cladding pitch of previously-reported HC-PBGFs designed
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for transmission at 1550 nm has typically been between 4 pym to 4.8 pym [75, 79, 15].
Due to its large pitch, the thin core fibre features a larger core than previous designs
(see Figure 6.5), which in general can be expected to result in reduced interaction of the
air-guided mode with the core-cladding interface, reduced effect of waveguide dispersion
and lower nonlinear response. The core diameter of the thin core wall fibre is ~ 16.3 pm

in contrast to ~ 10.9 um for the old fibre.

6.2.1 Attenuation spectrum

The optical attenuation of the thin core wall 7-cell HC-PBGF was measured using the
cut-back technique. A sample of 270 m was cut back to 50 m and a fibre-based super-
continuum was used as the light source. The measured attenuation spectrum is shown
in Figure 6.6(red curve). Remarkably, the loss remains low over a wide bandwidth and
there are no sharp peaks indicating the presence of surface modes anticrossings. The
sharp increases in loss below 1450 nm and at around 1750 nm indicate the edges of the
photonic bandgap and are not due to surface mode coupling. Consequently, low loss is
achieved over a broad spectral range; from 1450 nm to 1750 nm, covering the full spec-
tral width of the photonic bandgap formed in the cladding. The minimum attenuation
is 15 dB/km and remains below 50 dB/km over approximately 300 nm. This is the first
time to our knowledge that light can be transmitted in a HC-PBGF with low loss over

such a wide spectral window.
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FIGURE 6.6: Measured attenuation spectrum of (red) our thin core wall fibre,
and (blue) old fibre. (top) Near field images of the “fundamental” air-guided
mode after 50 m of our fibre at different wavelengths within the bandgap.
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The near field images shown at the top of Figure 6.6 were recorded after 50 m of the thin
core wall fibre by using 10 nm bandpass filters in the wavelength range from 1440 nm
to 1700 nm. These mode images confirm that light propagates in a single mode which
does not couple to surface modes. In addition, the mode field patterns do not vary

significantly across the transmission window.

In contrast, the attenuation spectrum of the old fibre (Figure 6.6 blue curve) shows that
while both the thin core wall fibre and the old fibre have a photonic bandgap centred at
almost the same wavelength, the attenuation spectrum of the old fibre is not a smooth
curve but presents distinct attenuation peaks. These high loss regions are due to surface
mode anticrossings occurring near the short wavelength edge of the bandgap, at around
1450 nm and at around 1480 nm. At these wavelengths surface modes couple with the
core-guided mode increasing the loss and thus decreasing the effective bandwidth of the
fibre [76]. Therefore, by eliminating surface modes it has been possible to increase the

effective bandwidth by approximately 70 nm.

6.2.2 Group velocity dispersion

The variation of group index with wavelength was measured by low-coherence interfer-
ometery on 25 cm of fibre. Light from a supercontinuum source was launched into the
fibre while ensuring that only the fundamental core mode was excited. The group veloc-
ity dispersion (GVD) for one polarization of the thin core wall fibre, together with the
transmission spectrum of 50 m of the fibre, are given in Figure 6.7(a). For the second
polarization similar dispersion values were found, indicating the very good structural ho-
mogeneity of the fibre. The inset Figure 6.7(a) shows the calculated modal field profile

which is almost constant for all wavelengths within the low-loss transmission window.

Again as before, neither the transmission spectrum nor the GVD of the thin core wall
fibre present signs of surface modes anticrossings, resulting in smooth curves right across
the bandgap Figure 6.7(a). The chromatic dispersion goes from normal to anomalous
with 20 ps/nm/km at the central bandgap wavelength. The dispersion slope is found to
be approximately 0.3 ps/nm?/km over a broad 200 nm spectral range from 1490 nm to
1690 nm. This is the lowest dispersion slope yet reported for a HC-PBGF and represents
a factor of almost two reduction compared to the previous state-of-the-art. For the old
fibre, dispersion at the central wavelength is equal to 52 ps/nm/km with a steeper GVD-
slope of 0.54 ps/nm?/km over less than 130 nm, as can be seen from Figure 6.7(b). It
is worth noting that the third order dispersion of previously available HC-PBGF has
been a profound limitation on their performance for at least one important application:

soliton compression of high-power ultrashort pulses [67, 66].
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(b)

FIGURE 6.7: Group velocity dispersion measured on 25 c¢m of fibre and normal-

ized transmission through 50 m of fibre. (a) Thin core wall fibre, and (b) Old

fibre. Insets show results of numerical simulations for the modal field profiles in
old and new fibre designs
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6.3 Low attenuation (9.5 dB/km) in thin-core-
wall 7-cell HC-PBGF

Figure 6.8(a) shows an SEM image of a different thin-core-wall fibre, designed for trans-
mission at wavelengths around 1650 nm. Note that the differences between this fibre and
the fibre shown in Figure 6.5(a,b) are very small and difficult to dertermine even from
SEM images. However the fibre presented in this section should have a lower air-filling
fraction in the cladding which results in a shift of the bandgap towards longer wave-
lengths as the pitch size for both fibres is almost the same. The measured attenuation
spectrum in Figure 6.8(b) shows that the low loss transmission window starts at around
1560 nm. The long wavelength edge of the bandgap region could not be determined due
to the limited spectral range of the optical spectrum analyzer used for the measurements.
The minimum loss is 9.5 dB/km, and is almost constant over more than 100 nm. This is
the lowest loss value ever reported for a 7 cell hollow core fibre (although still somewhat
above the 1.2 dB/km reported in 19-cell fibres [79]). The apparent increase in loss after
1720 nm is due to the limitations of our measurement equipment and not due to surface
mode anticrossings nor to the bandgap edge, and it is expected that the low loss trans-
mission window should extend to around 1800 nm. The reduced attenuation compared
to previous 7-cell fibres is at least partly due to the use of a longer wavelength and the
larger core size, but the thinner core wall is expected to reduce the scattering loss, see
4 and Chapter 5. The low attenuation is strong evidence that the revised fabrication

process can produce structures with sufficient regularity and integrity to compare with

the previous state-of-the-art.

(b)

FIGURE 6.8: (a) SEM image of a low attenuation 7-cell HC-PBGF designed

for transmission at around 1650 nm, (bar, 10 pum). (b) Attenuation spectrum

obtained from a cut-back measurement using a sample of 300 m cut back to
100 m.
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6.4 Conclusions

In this chapter the fabrication and characterization of a 7 cell HC-PBGF with a novel
core geometry incorporating a thin core/cladding interface has been presented. Exper-
imental studies indicated that the fibres are able to guide light over a broader spectral
window and with comparable or lower attenuation than previous state-of-the-art HC-
PBGEF. This is a consequence of the elimination of surface mode resonances within the
bandgap. The fibre also presents the lowest dispersion slope yet reported for a HC-
PBGF - a factor of almost two reduction compared to the prior state-of-the-art. The
fibre design is based on the numerical computations presented in previous chapters which
show that by presicely controling the thickness of the core wall and the size of the core

surface mode interference can be suppressed [121, 122].

In addition, the revised fabrication process enables the production of low-loss HC-PBGF's
in less than a day and offers flexibility for further optimization of the cladding structure
for the formation of broader bandgaps. From the results of chapter 5 it is expected that
a low loss transmission window of approximately 350 to 400 nm for a bandgap centred
at 1550 nm can be obtained [122].

Although all the fibres presented here were designed to operate around the 1550 nm
telecommunications window, due the ease of comparison with commercially available
fibres, several fibres with operational wavelengths from 1064 nm to 1750nm which, like
the fibres reported here, also do not exhibit surface modes crossings have been fabricated.
This technique could also be applied to the fabrication of 19-cell HC-PBGFs, where it
would greatly extend the useable bandwidth of the fibres. The transmission spectra
of previously-reported 19-cell fibres have been completely dominated by surface mode
crossings, and so it can be anticipated that the larger core size and greatly reduced
dispersion slope in the new fibres would enable a new regime of ultrashort-pulse solitons

and high-power beam delivery.



Chapter 7

Guiding mechanisms in Kagome

photonic crystal fibres

In this chapter a numerical analysis of Kagome hollow-core photonic crystal fibres is
presented. It is shown that although the Kagome structure does not present significant
bandgaps crossing the airline, it can be very efficient at confining and guiding light in a
hollow-core over a extremely broad spectral range. This is due to a strong isolation of
the core guided modes from the cladding modes which inhibits the coupling of energy
from the core to the cladding. A key aspect of the guidance in these fibres is the
weak modal overlap between core modes and cladding modes due to rapid field spatial
oscillations of the cladding modes. Two different types of cladding modes have been
identified, the first type concentrates most of its energy in the cladding air regions while
the second are in the silica struts. Core modes do not strongly couple to these two kinds
of cladding modes either because of their large propagation mismatch or their small
spatial overlap. However, for certain wavelength ranges hybrid cladding modes, whose
energy is extended into both regions, exist. These modes have a high spatial overlap
and small propagation constant mismatch with the fundamental core mode (they can
have the same propagation constant), enabling the coupling of light from the core to
the cladding and thus increasing loss. Therefore, only when anticrossings exist between
the different cladding modes which leads to the existence of hybrid cladding modes can

coupling between the core mode and cladding modes occur.

7.1 Introduction

Essentially there are two single material fibre geometries that have successfully demon-

strated light guidance in a hollow core. The first kind, hollow-core photonic bandgap
93
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fibres, have a synthetic photonic bandgap material surrounding the hollow core. Light
introduced into the core is then unable to escape from it thanks to the bandgap that
prohibits the propagation of light in the cladding region under certain conditions. In
the previous chapters of this thesis the fabrication, design, and linear properties of
HC-PBGFs have been extensively discussed. Since the first demonstration of a HC-
PBGF [14], they have become increasingly important in many areas of optical fibre
research. Hollow-core bandgap fibres can have very low loss, for example 1.2 dB/km at
1550 nm has been demonstrated for a fibre with a 19-cell core [79] and a fibre with 9.5
dB/km at 1600 nm and a 7-cell core was fabricated within this PhD project. However,
the widest bandgap of the cladding of a HC-PBGF and therefore the maximum trans-
mission bandwidth of these fibres is ~ 40% of the central wavelength of the bandgap (see
chapter 3). Furthermore, interactions between the core mode and surface modes which
lead to enhanced loss over particular spectral ranges reducing the useful bandwidth of
most fabricated fibres. The fibres presented in chapter 6 demonstrate for the first time,
core-confined guidance with low attenuation over the full bandgap of the photonic crys-
tal cladding and with improvements to the cladding structure it should be possible to
further increase the transmission bandwidth of new HC-PBGFs to 450 nm for fibres
operating at a central wavelength of 1550 nm. However, for several nonlinear gas-phase
optics experiments, fibres which are able to guide light in a hollow-core over a extremelly

broad spectrum are desirable -even if the losses are higher compared to HC-PBGF.

A second fibre structure which guides light in a hollow-core is the Kagome fibre. In
fact, the first demonstration of nonlinear propagation hollow-core PCF were carried out
by Benabid et al. [70], who generated Raman Stokes and anti-Stokes sidebands in an
hydrogen filled Kagome fibre. Recently Couny et al. improved the fabrication process of
Kagome fibres and demonstrated air-guidance over more than 1000 nm [63, 133] which
is a much broader transmission spectral range than that theoretically possible in a trian-
gular HC-PBGF. In a very impressive result Couny et al. [133] used a high performance
Kagome fibre to generate a Raman comb spanning from UV to IR wavelengths. Clearly
this result would not have been possible to obtain in a HC-PBGF'. It is also important to
mention that Kagome fibres present attenuation on the order of 1 dB/km for UV /visible
wavelengths [63, 133] which is similar to the minimum loss value that has been achieved
with HC-PBGF for the same wavelengths [79, 84]. Although Kagome fibres have been
around for several years [70], the mechanisms by which they guide have not been fully

understood until very recently [134, 61, 133].

In a Kagome fibre the cladding is a periodical arrangement known as a Star of David
which does not have bandgaps crossing the air line [61]. Air guidance has previously
been attributed to a low density of photonic states in the cladding [61, 134, 135] and

low overlap of the core mode and cladding modes [134]. Here, the cladding modes of
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hollow-core kagome fibres are examined and it is shown that they fall into three distinct
categories, only one of which can effectively couple to the core mode and so the core

mode is effectively isolated and thus exhibits low loss.

Before discussing the modes of a Kagome fibre it is worth revisiting HC-PBGF's to look
at possible loss mechanisms there and understand the differences with Kagome fibres.
HC-PBGFs support three distinct mode classes: core modes, surface modes and a broad
continuum of cladding modes. For the first two classes energy is localised near or in the
core while the continuum modes are delocalized and energy coupled into these modes is
effectively lost during propagation. Core modes can only exist for particular wavelength
ranges and values of the propagation constant (i.e. within the bandgap region). Within
the bandgap region, the cladding does not support modes at all and therefore light
from the core cannot couple to the cladding directly. Although ideally all modes are
orthogonal and do not couple, the presence of surface imperfections can lead to mode
coupling which is highest between the surface modes and cladding modes. Thus any
light which get coupled from the core mode to a surface mode quickly couples to the
cladding modes and is lost [76]. This two fold coupling process (core mode — surface
mode — cladding modes) is a dominant loss mechanism within the bandgap of the
fibres and can be seen experimentally as sharp peaks in the loss spectrum of fabricated
fibres [76, 15]. Instead a Kagome structure does not present a bandgap, therefore one
would expect that light introcuded into the core will rapidly couple to the continium
of cladding modes. However, as we will see, Kagome fibres have a variety of cladding
modes which importantly present very rapid spatial oscilations. Conversely core modes
are localized and present slow spatial variations thus light launched into the core mode

will not strongly couple to these cladding modes leading to guidance.

In the next section the modes of a uniform Kagome structure are analyzed before in-
troducing a low refractive index defect (hollow-core) and looking at its effects on the
mode structure. Finally, the results and understanding obtained are compared to those
published by Argyros et al. [134] and Pearce et al. [61] who have looked at the guidance

mechanisms in Kagome fibres.

7.2 Uniform Kagome structure

The unit cell for the Kagome lattice is shown in Figure 7.1(a). In this diagram, black
regions are silica with refractive index n = 1.45 and white regions are air. For the study
presented here the period is A = 10 pm while the strut thickness is 7'= 0.5 ym. These
parameters closely match the cladding of the fibres fabricated by Couny etal. [63]. Note

that this structure does not support a bandgap in the wavelength range studied here



Chapter 7. Kagome Fibres 96

(04 pm < A < 1.8 um) [61] and instead, to understand the guidance mechanism, it is
required to analyze the different classes of cladding modes. In order to investigate the
modes of the infinitely periodic structure, Maxwell’s equations were solved on a unit cell
with periodic boundary conditions using a finite element technique. The finite element
approach is particularly suited for these fibres since the mesh size can be adapted to
provide high resolution within the struts where the field present rapid variations. Since
this study focuses in the coupling between the core mode and the continuum of cladding
modes we have only looked at modes with an effective index close to one (n.fr ~ 1)
since these are the only ones that could be expected to couple to the core mode given

realistic perturbations.

Typical results of the simulations are shown in Figure 7.1(b)-(f) which shows several
different modes. These can be classified into three distinct classes. Firstly there are the
“airly modes” which have the power concentrated in the central hole Figure 7.1(b). The
second class of modes have their energy concentrated in the silica struts and importantly,
present rapid transverse variations of the optical field [see Figure 7.1(c)]. Finally, the
third class of modes are hybrid modes which are a combination of both modes and are
due to anticrossings between strut and airly modes. A range of these modes can be seen
in Figure 7.1(d)-(f). Importantly it needs to be noted that for a particular wavelength
the unit cell may not support all three mode classes. In particular, the hybrid modes

only occur over limited wavelength bands.

The main argument for this study is as follows - if the cladding supports no modes
that can couple to core guided modes then light could be effectively isolated from the
cladding and guided with relatively low confinement loss even if their propagation con-
stant mismatch (AB = kAngys) is small. Therefore, for this study the important aspect
of the unit cell modes is their probability of efficiently coupling to core guided modes
in a fibre. Light from the core can only be effectively coupled to cladding modes due
to realistic perturbations if the interacting modes spatially overlap and present small
mismatch in their propagation constants. Strut modes exist both above and below the
airline and it is expected that they will present small (or even zero) propagation constant
mismatch with core modes. However, these modes have rapid transverse variations of
intensity along the struts [see Figure 7.1(c)(f)] resulting in a very low spatial overlap
with core guided modes so light from the core can only weakly couple to these modes.
Then, it is expected that airly modes would be separated from core modes in n.y since
the cladding holes are smaller than the core. Therefore, the coupling from core to airly
modes will also be weak due to the large AS mismatch. Finally, hybrid modes are spa-
tially extended and could have small AS with core modes which as we will see enables

them to couple effectively to the core mode.
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FIGURE 7.1: (a) Kagome unit cell. Examples of modes with n.rr ~ 1 of an
infinitely periodic Kagome structure for different wavelengths: (b) airly mode,
(c) strut mode, and (d, e, f) hybrid modes.

Thus from our knowledge of the mode structure of the unit cell we can make the following
prediction about the loss structure of Kagome fibres. Such fibres could only have low
loss in the frequency regions where no hybrid modes exist and should exhibit high loss
in the regions where hybrid modes do exist. Note that this argument is different from
the low density guidance [61, 134] in which regions where the density of states of the
cladding modes are low correspond to low loss regions. To see if this argument is valid

now fibre with a core defect will be studied.

7.3 Defect modes in a Kagome lattice

Turning now to the actual fibre structure itself, the single cell Kagome fibre with two
rings of air holes shown in Figure 7.2(a) has been modelled, with A = 10 pm and
T = 0.5 pm. As before a finite element technique with perfectly matched layers (PML)
has been used to simulate the effects of a finite structure rather than a periodic boundary.

We use the percentage of power in the core as a useful measure for determining the
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wavelength range over which such fibres can guide light since for HC-PBGF's this has
been shown to be well correlated with the loss. Unlike a HC-PBGF the guidance of a
Kagome fibre does not depend on the presence of a bandgap and thus we only need to

consider structures with a few rings of holes.

FIGURE 7.2: (a) Cross section of the analyzed single cell-core kagome fibre. (b)
Mode profile of fundamental core mode. Examples of cladding modes: (c) airly
mode, (d) hybrid airly mode, (e) strut mode, and (f) extended strut mode.

Figure 7.2(b)-(f) shows the variety of modes that can exist in the fibre with an effective
index close to the air line. By convention the mode in Figure 7.2(b) is called fundamental
core mode whilst the other modes are all cladding modes. Again there are distinct
cladding modes types corresponding to the mode classes identified for the unit cell.

Again as before not all of these mode types exist for a particular frequency. In order to
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look at the effect of these modes in Figure 7.3(a) the different mode classes are shown
in different colours: the fundamental mode in blue (solid line), airly modes in red, strut
modes in black, hybrid cladding modes in green, and higher order core modes blue
(dotted lines). As expected the airly cladding modes have an effective index below the
air line (nefs = 1) while the strut modes with most of the power in the silica regions
extend above and below the airline. This plot shows that there are no bandgaps formed
in the cladding (there are no regions without cladding modes). However, there are broad
wavelength ranges where the fundamental mode only intersects with spatially complex
strut modes (black): A = 0.55 pm to 0.8 ym and 1.1 gm to 1.8 pm. Although in these
regions, the propagation constant mismatch (AB = kAn.ss) between core and strut
modes is small, light cannot effectively couple from the core to strut cladding modes
due to their low spatial overlap. Also it is important to notice that in these regions
(mainly for high frequencies) the calculated percentage of core confined energy of the
fundamental mode is very large which indicates that the core mode does not extend into

the cladding as shown in Figure 7.3. This is in part due to the large A and large core

size.
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FIGURE 7.3: Calculated effective mode index vs wavelength the solid blue line

corresponds to the fundamental mode, (blue dots) higher order core modes,

(black) strut cladding modes, (green) hybrid cladding modes, and (red) airly

cladding modes. (b) Percentage of power in the core of the fundamental mode
vs wavelength.

Since the cladding air regions are smaller than the core, for most of the scan the airly
cladding modes are well separated in effective index from the fundamental mode. How-

ever, at particular wavelength ranges airly modes anticross with strut modes. Such
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interaction increases the effective mode index of airly modes, reducing the propagation
constant mismatch with the fundamental mode. From Figure 7.3(a) we can clearly see
that these anticrossings between cladding modes occur at two frequency ranges: the first
one in the range 0.8 um to 1 um and the second at around 0.5 pum. This interaction
between mode is seen as bends in the dispersion curves of the airly cladding modes.
In Figure 7.2(c) we show an airly mode well before the anticrossing i.e. A = 1.4 pym
and Figure 7.2(d) shows the same mode near the anticrossing A = 1.1 pm. This shows
that airly modes away from anticrossing regions are well confined in the cladding holes
therefore the fundamental core mode has a low probability of coupling into airly cladding
modes due to a large AS mismatch. However, when anticrossings occur, airly modes
extend into the glass struts. This certainly increases their effective index and thus the
probability of coupling with the fundamental mode increases. Similarly hybrid modes
as the one shown in Figure 7.2(d) represented with green dots in Figure 7.3(a) also have
a high overlap with core modes and small AZ mismatch. Thus in a real fibre we would
expect higher losses in the frequency region with the hybrid modes (green dots) due to
the enhanced coupling there. There are two high-loss regions found in this way: from A
= 0.48 um to 0.55 um and from 0.9 pm to 1.05 pm this is in very good agreement with
transmission spectra of the fibres fabricated by Couny et.al. [63].

In conjunction with Figure 7.3(a), Figure 7.3(b) shows the percentage of light in the
core for the fundamental mode. Importantly as expected the power in the core remains
high except for frequencies where hybrid modes exist. In these wavelength regions the
percentage of power in core of fundamental mode presents sharp drops that are due
to mode anticrossings. Also compared to a HC-PBGF the power in the core remains
high over a wide bandwidth and there is no sharp drop-off indicating the presence of a

photonic bandgap.

7.4 Conclusions

In this chapter the loss mechanisms of a Kagome fibre in relationship to the presence or
absence of particular cladding modes have been discussed. By looking at the different
types of cladding modes it is possible to predict the frequency regions where a Kagome
fibre will be able to guide light. The results are in very good agreement with transmission

measurements of fabricated fibres [63].

The broad guidance in Kagome fibres is due to the particular structure of the modes
of the cladding which are either highly spatially structured and present high frequency
spatial oscillations within the thin glass struts or are well separated in propagation

constant from the fundamental mode and so cannot effectively couple to the fundamental
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core mode. Only when anticrossings exist between these two different cladding modes
which leads to the existence of “hybrid” cladding modes, can coupling between the core

mode and the cladding occur.

Recently Pearce et al. examined the loss properties of Kagome fibres using two simplified
models and a Kagome fibre structure [61]. They were able to predict the frequencies over
which a Kagome fibre can guide. However, they did not look at the structure of cladding
modes which is fundamental for understanding why these fibres can guide light. Here
an explanation of the cladding modes structure that allows the guidance is presented.
Our understanding of the guidance in Kagome fibres is very similar to that of Couny et
al. [133]. Combining these results one can thus gain a more complete understanding of

the guidance mechanism of Kagome fibres.



Chapter 8

Bandgap guided modes in large

mode area photonic crystal fibres

Differently to previous chapters, the work presented in this chapter focuses on the study
of silica photonic crystal fibres in which light is guided in a solid core. Although most
solid core PCF guide light by a modified form of total internal reflection, it has recently
been shown that the periodic structure of the cladding of these fibres can lead to the
guidance of additional higher-order core modes due to bandgaps formed in the cladding.
Numerical calculations presented here show that these additional modes have effective
indices below the average cladding index and are located within bandgap regions. Ad-
ditionally, it is demonstrated that these higher-order core modes can exist even when
the cladding does not present a bandgap. In this case, the modes lie in regions with
low density of optical states in the cladding. Remarkably, such modes can be present in
silica PCFs with d/A < 0.4 that would be considered to be single-mode by index guiding

considerations alone.

Excellent agreement between theoretical predictions and experimental observations is
demonstrated. These higher-order modes can be visible in metre lengths of fibre with
input power of few mW. The fraction of power propagating in these higher-order modes
can be effectively minimized by optimizing the coupling conditions for the fundamental
mode and also by bending the fibre. However, the presence of these bandgap guided
modes may detrimentally impact the application of standard PCF designs where control
over the fibre input is limited and where mode quality is important, such as modal
filtering [136].

The work presented here was carried out in conjunction with Dr. Joanne Flanagan, my
contribution to this work was on the calculation of the optical DOS used for understand-

ing the guidance of these additional modes.
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8.1 Introduction

Several studies have shown solid core silica photonic crystal fibres to be an attractive
alternative to conventional step-index designs in the large core single-mode regime, with
particular advantages in applications such as wide bandwidth data transmission, dual-
wavelength single-mode power delivery and broadband wavefront filtering [136, 137,
138, 139]. However, in the vast majority of previous work on large mode area photonic
crystal fiibres, only a subset of the core modes guided by these fibres has been considered.
Here it is demonstrated that the periodicity of the cladding structure itself can lead to

additional higher-order modes with relatively low losses.

The optical properties of index guiding PCFs (at any given wavelength) are generally
assumed to be analogous to those of step-index fibres; i.e. the guided core modes possess
effective indices (nefs) that lie between an average cladding index (n¢qq) and the core
index (ncore), 1-€. Netad < (Neff = B/k) < Neore , where § is the propagation constant of
the mode, A is the wavelength of light and k = 27 /A [12] (see chapter 2).

However, index-guided PCFs typically possess a cladding defined by a highly regular
triangular lattice of air holes with a hole-to-hole spacing (A) and a relative hole size
(d/A). It is well known that large air holes (d/A > 0.8) in this configuration can be used
to create bandgaps that permit guided modes to be trapped with low loss within a hollow
core [14]. It is perhaps less well remembered that this cladding structure also gives rise to
bandgaps at smaller hole sizes more typically associated with single-mode index-guiding
photonic crystal fibres (for which d/A is typically in the range of 0.4 - 0.5) [10]. However,
theoretical work has clearly shown that silica PCFs with high-index defect cores and
d/A = 0.5 — 0.6 are capable of supporting core localized modes with n.fr < nggqq via
bandgap effects, in addition to index-guided modes with ngqq < neffr < Neore [140, 141].
So far, these studies have only considered PCF's with small structure scales relative to
the wavelength of light (A/\ = 1.0) and the additional bandgap modes in this instance
are predicted to have extremely high confinement losses (in excess of 500dB/m for 8
rings of air holes) [141]. However, since the confinement losses of guided modes in PCFs
are known to decrease as A/\ increases, these studies raise important questions about
the nature of true single-mode guidance at larger structure scales: i.e. in large mode

area silica PCFs, where A/\ is roughly an order of magnitude larger.

Furthermore, it is also known that a bandgap is not necessary in order to create relatively
low loss guidance (as for the Kagome fibre [63, 61, 134] analyzed in Chapter 7); defect
modes with relatively low propagation losses can be localized within a region of low
density of cladding modes [142, 61, 134, 133]. Here it is demonstrated that it is necessary
to consider the DOS and not just those regions where the DOS is zero (i.e. the bandgaps)

in order to explain all the modes guided in large mode area solid core PCF's.
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The aim of the study presented here is to investigate both numerically and experimen-
tally the guidance properties of large mode area silica PCFs (with A/X =~ 10), looking
specifically at core localized modes whose guidance mechanism results directly from the
presence of bandgaps and regions of low DOS in the cladding. All the fibres considered
here comprise a triangular lattice of air holes in silica glass with a core formed by the
omission of a single air hole. Within the following sections numerical and experimen-
tal evidence for core localized modes with n.fs < neqq in index-guiding single-material
PCFs is presented. These bandgap guided modes can be observed over a broad range of
wavelengths and are sufficiently well confined to be apparent in metre lengths of fibre.
In addition, similar modes in solid core PCFs that do not result from a bandgap are

also observed. These modes exist in regions of low DOS formed in the cladding.

8.2 Numerical methods

A brief description of the numerical methods used here to evaluate guidance properties
in large mode area holey fibres is presented in this section. The key properties considered
here are: the density of states (DOS) in the infinite cladding, the effective index of the
fundamental space filling mode (FSM) of the infinite cladding and the modal properties
of the defect states (i.e. the core modes) for a finite structure. The effective index of
the FSM (npsas) can be thought of as an ‘average’ cladding index, such that all modes
with nerr > npgy are defined to be index-guided modes. The density of states (DOS)
is the number of allowed modes of the infinite cladding with a given frequency w and is

defined by the integral in equation 3.4.

In order to evaluate the integral in equation 3.4 the linear tetrahedron method in its
corrected symmetry form, presented in [142] was used. The values of w, (k) were calcu-
lated using a full vector FEM with periodic boundary conditions, at 66 k£ points in the
irreducible Brillioun zone. The DOS presented here are normalized against the vacuum
DOS. Note that the DOS are mapped onto plots of wavelength vs. effective mode index
as these are most relevant parameters in terms of intuitively understanding the guidance
properties of PCFs. Example DOS maps for an infinite triangular lattice of circular air
holes in silica glass (n = 1.44) are shown in Figure 8.1 for four different values of d/A,
where the dotted black line in each case corresponds to the npgas (also calculated using
the same full vector FEM). The values of A\/A shown here correspond to the large mode
area regime for visible to near-infrared wavelengths. Index-guided modes of the core are
located within the white region above nggys, while all cladding modes are located below
npsy- The plots in Figure 8.1 clearly show that there are several bands of zero, or near
zero values of DOS, in which core modes could potentially be localized, even for very

small values of d/A.
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F1GURE 8.1: DOS maps for an infinite triangular lattice of circular air holes in
silica glass (n = 1.44) with (a) d/A = 0.20, (b) d/X = 0.33, (c¢) d/A = 0.40 and
(d) d/A = 0.48.

The modes supported by the different fibres are modelled using the FEM modal solver
described in section 3.3.2, using PMLs to allow the confinement losses (Cj,ss) to be
evaluated. When considering real fibres, idealized refractive index profiles with the
parameters A, d/A and N extracted from SEM images are used - where N is the number
of rings of air holes. In all the following calculations, no material dispersion is consider
and the refractive index of silica is assumed to be 1.44 at all wavelengths. Core localized
modes are identified by evaluating the percentage of power in the core (P.ye), defined

as the percentage of power within the first two rings of air holes.

8.3 Results

In this section the guided modes of the two large mode area PCF's shown in Figure 8.1
are studied. Based on index-guiding considerations alone, the first fibre is defined as
endlessly single mode (fibre A) and the second is defined as effectively singlemode (fibre
B). The term ‘endlessly singlemode’ is historically associated with values of d/A < 0.40
and is based upon considerations of the cut-off of the LPj;-like mode [13, 143]. Fibres
with a d/\ slightly larger than this value (up to d/A = 0.5) are also generally considered
to be effectively single-mode in practice. Indeed, most commercially available large mode
area PCFs described as single-mode have values of d/A slightly larger than the strict
theoretical minimum [143, 84]. The justification for this is that the higher-order modes
tend not to be observed in practice, particularly in applications involving several metres
of curved fibre with a near-Gaussian input beam. In such cases, low coupling efficiency
to the higher-order modes combined with a greater susceptibility to bend induced loss
(relative to the fundamental mode) typically results in an output beam with a negligible

higher-order mode component. The larger values of d/A are prefered as they lessen the
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effects of bend induced attenuation, which represents the main limiting factor on mode

size in the single-mode (and near single-mode) regime [144].

FIGURE 8.2: Top: SEM micrographs of fibre A: scale bars are 100 pm (left

hand side) and 20 pm (right hand side), A = 11.7um, d/A = 033, N = 7.

Bottom: SEM micrographs of fibre B: scale bars are 100 pm and 10 pm (right
and left image respectively) A = 10 ym, d/A = 0.48, N ~ 8.

Both fibres A and B are made entirely from a single grade of synthetic silica glass (F300
from Hereaus) and were fabricated at the ORC using the stack-and-draw approach. The
cladding region in these fibres is formed by a triangular lattice of air holes and the solid
core is surrounded by at least 7 complete rings of holes. SEM images of these fibres are
shown in Figure 8.2. Theoretical predictions of the modal properties of these two fibres
are shown together with the results from experimental characterization in the following

sections.
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8.3.1 Modal properties of fibres A and B
8.3.1.1 Fibre A: A =11.7um, d/A =0.33

The guidance properties of fibre A, calculated using the techniques outlined in Section
8.2, are summarized in Figure 8.3. The main property map in Figure 8.3 shows the
DOS plotted as a function of n.rr vs. A. Red shading indicates regions where the
periodic cladding has a high density of modes, while regions of pale yellow correspond
to low density of modes of the periodic cladding. White areas correspond to photonic
bandgaps in which the cladding does not support modes at all (i.e. DOS = 0). Grey
shaded regions indicate parameters outside the computational domain. The dotted
black line shows ngpgys and the dashed blue lines correspond to core localized modes
with P.ore > 25% - modes that satisfy this condition will be refereed as core (defect)
modes. Intensity profiles typical of each distinct mode group are shown on the right
hand side of the main plot (size of computational box shown = 50 x 50 um). These
results show that in addition to the fundamental mode fibre A supports at least five
distinct core localized mode groups with n.ry < npsas, labelled i, i, a, b and 7i7. This
nomenclature has been chosen to reflect the fact that modes a and b become located

within a bandgap as d/A increases. See Section 8.3.1.2 for more details.

Via symmetry arguments it was found that all modes except those of type a consist of
a degenerate pair, while the modes in group a comprises two non-degenerate modes and
one degenerate mode pair. Note that core modes with n.rs < npgps are located near a
local minimum in the DOS, which demonstrates that the DOS is a useful technique for
predicting the general location of defect modes. It should also be appreciated that DOS
> 0 for all modes with n.r; < npgy in this fibre.

Selected properties for the defect modes shown in Figure 8.3 are presented in table 8.1
for A = 1.064 pum, where n,,;, is an estimate of the minimum coupling loss it is possible
to achieve with a Gaussian input. This value is calculated by evaluating the field overlap
for an input Gaussian beam that is centered on the highest peak in the modal intensity
profile, scaled to a similar width. T4, is the theoretical maximum power transmitted
over 50 cm length, assuming loss contributions from mode confinement and coupling
efficiency only. By considering the properties shown in Table 1, it can be seen why
certain modes are visible in practice, while others are not. For example, it is clearly
seen that with such large values of (.55, modes ¢, it and a will almost certainly be
undetectable for the length scales (50 — 100 cm) and input power levels (few 100 mW
maximum) considered here. However, the values of 1,4, for modes of type b and iii

suggest that these modes may be visible in practice.
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FIGURE 8.3: Main plot: colour shading shows the density of states for a tri-
angular lattice of air holes with A = 11.7 ym and d/X = 0.33 in silica glass (n
= 1.44). Dotted black line corresponds to npgas. Dashed blue lines indicate
positions of core localized (defect) modes, shown to the right of the main plot
for A = 1.064 pm.

Mode Type Neff Pcore% Closs [dB/m] Nmin [dB] Tmaa: %o Observed
(50 cm)
1.43960 9
FM 1.43960 100 ~ 10 0.13 ~ 97 Yes
. 1.438219 ) s
7 1438217 58 10 11.3 10 No
) 1.437362 ) o
1 1.437359 36 10 11.5 > 10 No
1.436563
1.436565 -8
a 1436565 90 ~ 140 11.0 ~ 10 No
1.436567
1.436504
b 1.436500 63 ~ 7 14.4 ~ 2 No
1.435816
111 1436500 90 ~ 8 9.9 ~ 4 Yes

TABLE 8.1: Mode parameters for A = 11.7um, d/A = 0.33 at 1.064 ym

(n=1.44)

Experimental characterization was performed at A = 1.064 ym using a single-mode

Nd:YAG laser with an output power of ~ 100mW, coupled into a short length of fi-

bre A (= 50cm) using a single input lens. The various different modes guided were
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explored by varying the launch conditions (i.e. input beam width, choice and position
of input lens) and were recorded by imaging the near-field output of the fibre onto a
CCD camera. As expected, characterization reveals core localized modes with spatial
profiles far more complex than the FM of the fibre. Detailed investigation shows that
intensity profiles with similar spatial structure to that of mode i can be clearly isolated
for certain off-axis launch conditions [shown in Figure 8.4(a)]. However, no contribution
from mode type b was detected (despite similar values of T},,4, to mode 4ii). There are
several possible reasons for this; in this fibre mode b is significantly larger than mode %73,
with > 40% of power distributed beyond the second ring of holes. In addition, the DOS
surrounding mode b is also larger than that around mode #i¢ in this instance, see Fig-
ure 8.3. As a result, one would expect that losses from coupling to highly leaky cladding
modes due to perturbations (i.e. micro and macro bends and fibre irregularities) to be

larger for mode b than mode %i:.

FIGURE 8.4: Example near-field output intensity profile from a 50 cm straight

length of fibre A at A = 1.064 um for (a) optimized (on-axis) launch conditions

and (b) detuned (off-axis) launch conditions. Corresponding predicted mode
profiles are shown in inset.

Example near-field intensity profiles observed in this fibre for A = 1.064 pm are shown
in Figure 8.4. The corresponding predicted intensity profiles (shown inset in (a) and
(b) for mode i and the F'M, respectively), demonstrate excellent agreement between
theoretical calculations and observations. This fibre was also characterized at a range
of wavelengths between A = 457 and 633 nm by launching collimated light from tunable
single-mode Argon-ion and helium-neon lasers (output power in the range of 5—70 mW).
Mode 797 was observed at all wavelengths within this range and, other than the F M, is
the only mode observed in this fibre. Using a singlemode input beam, we find that it
is only possible to isolate mode iii (shown in Figure 8.3(a)) by reducing the beam size
far below that which is optimal for coupling into the F'M and by using off-axis launch
conditions. From this study, it is estimated that it is possible to couple < 5% of the

incident power into mode i7i in isolation (which agrees well with theoretical estimations,
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shown in table 8.1). For single-mode launch conditions that are well matched to the
fundamental, it was found that it is not possible to detect any higher-order component
in the fibre output (based solely on visual inspection of the near and far-field output
beam profile). Furthermore, bend induced losses of the fundamental mode and mode i
are sufficiently disparate to enable an effectively single-mode output to be achieved for

certain bend conditions, independent of the launch parameters.

8.3.1.2 Fibre B: A =10.0 um, d/\ = 0.48

As before, the main property map for this fibre (shown in Figure 8.5) shows the DOS,
together with the dispersion curves for the fundamental space filling mode (dotted black
line) and core localized modes (dashed blue lines) as a function of ne¢s vs. A. There is a
large degree of similarity between this plot and the one shown in Figure 8.3 for fibre A.
At first glance, the main differences are that a photonic bandgap (DOS = 0) has opened
up around the position of modes a and b and that additional higher-order modes are

present, both above and below npgy;.

FIGURE 8.5: (a) Colour shading shows the density of states (DOS) for a tri-

angular lattice of air holes with A = 10.0 ym and d/A = 0.48 in silica glass.

Dotted black line corresponds to nggys. Dashed blue lines indicate positions of
core localized modes, shown to the right of the main plot for A = 1.064 um.

The calculations presented in Figure 8.5 show that within the domain of index-guidance,

fibre B supports the first higher-order multiplet (HOM), in addition to the fundamental
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mode (FM) pair. These modes are equivalent to the HE1;, TEy, TMy and HFEy
modes of a step index fibre. These calculations also show that fibre B supports at least
seven additional mode groups for n.rs < npsy. Representative intensity profiles for all
modes indicated on the property map in Figure 8.5 are shown to the right hand side of
this plot (size of computational box shown = 50 x 50 um) and selected properties for
these defect modes at A = 1.064 um are presented in table 8.2. Once again, based on
symmetry analysis, it was found that sets i, i and b comprise a degenerate mode pair
while sets a, ¢ and iv each comprise two non-degenerate modes and one degenerate mode
pair. The first two mode groups with n.rs < npgy (modes of type i and i), possess
similar properties to those seen previously in fibre A, with a relatively low degree of core
localization and high values of confinement loss. As such, these modes are not expected
to be observed for the length scales (50 — 100 cm) and input powers (few 100 mW
maximum) considered in this study. The same is also true for mode type iv. However,
as can be seen from table 8.2, the predicted values of T},q; for mode groups a, b, ¢ and
i1 are of similar magnitude to those modes with n.rs < npgayr observed in fibre A, and
thus it is expected these modes to be visible in practice. Note that modes a, b and c lay

on zero density of state regions, thus these modes are defined as bandgap guided modes.

By comparing the maps in Figure 8.3 and Figure 8.5 it is possible to understand some
differences between modes of type a and b for both fibres. The cladding of fibre A does
not present a bandgap around the position of core modes a and b exist. However, as
d/A increases to 0.48 (as in fibre B), a bandgap opens up and these core modes are more
isolated from cladding modes. As the bandgap opens up it also prevents core modes
from extending into the cladding and results in a large increase in the core confined
energy for modes of type b (from 63% in fibre A to 98% in fibre B) and a decrease in
leakage loss for both mode types.

Again as before, characterization of the guided modes at A = 1.064 pm reveals the
presence of modes with spatial profiles far more complex than the F'M or the first HOM
of this fibre. On more detailed investigation it was found that output intensity profiles
with similar spatial structure to the modes of type a, b and ¢ can be observed, and
in some cases isolated, for certain off-axis launch conditions. However, no contribution
from mode type 17 was detected - the possible reasons for this are discussed later in
this section. A selection of the various near-field intensity profiles observed in this
fibre for A = 1.064 ym are shown in Figure 8.6. Comparison with the intensity profiles
shown previously in Figure 8.5 demonstrates that there is good agreement between the
observed fibre output and the predicted mode shapes, particularly in Figure 8.6(a,b,c),
which clearly correspond to the F'M, type a and type b modes respectively. The intensity

profiles shown in Figure 8.6(d,e) are not as simple to classify as these profiles probably
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Mode Type Neff Pcore% Closs [dB/m] Nmin [dB] Tmaa: %o Observed
(50 cm)

1.439230 12 .
FM 1.439230 100 ~ 10 0.10 ~ 98 Yes

1.438148

1.438149 4 .
HOM 1.438151 99 ~ 4 x 10 4.5 ~ 36 Yes

1.438152

. 1.436823 ) s
i Uineso0 | 67 2 x 10 11.9 10 No

.. 1.435875 9 _50
i 1 435873 24 ~ 4 %10 12.6 > 10 No

1.434402
1.434404
a 1434406 98 ~ 8 9.0 ~5 Yes
1.434408
1.433826
b 1.433819 99 ~ 0.001 12.9 ~5 Yes
1.433800
1.433795
c 1433791 97 ~ 10 10.6 ~3 Yes
1.433319
2017 1.433393 96 ~1 10.1 ~9 No
1.429828
) 1.429827 3 _50
X 1499814 65 1 x10 15.6 > 10 No

1.429794

TABLE 8.2: Mode parameters for A = 10.0 um, d/A = 0.48 at 1.064 um
(n=1.44)

result from a superposition of multiple modes. However, symmetry similarities between

these intensity profiles and the type ¢ mode shown in Figure 8.5 are present.

As seen previously for fibre A, it is only possible to observe contributions from bandgap
modes by reducing the beam size far below that which is optimal for coupling into the
fundamental and by using off-axis launch conditions. However, for single-mode launch
conditions that are well matched to the fundamental mode, it is not possible to detect
any higher-order component in the fibre output (based solely on visual inspection of the
near and far-field output beam profile). Furthermore, the bend induced losses of the
fundamental mode and all other modes of fibre B are sufficiently disparate to enable an
effectively single-mode output to be achieved for certain bend conditions, independent

of the launch parameters.

This fibre was also characterized at a range of wavelengths between A = 543 and 633

nm by launching collimated light from a tunable helium-neon laser (output power in
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FIGURE 8.6: Experimental observations at A = 1.064 um: near-field intensity
profiles of fibre B for varying launch conditions. (a) bend radius ~ 20 cm, length
~ 1m, (b) straight fibre, length ~ 1m, (c) - (e) straight fibre, length ~ 25cm.

the range of 1 - 5 mW). Similar results to those at 1.064 yum were achieved: while
contributions from modes of type a, b and ¢ were apparent at all wavelengths considered,
no spatial similarities with mode type #ii were observed in the fibre output profile. A
possible reason for this becomes apparent by looking at the detail of the DOS for this

type of structure close to the position of mode 7i:.

Figure 8.7 shows the DOS around A\/A = 0.1 (wich correspond to A 1064 pm for fibres
A and B) for an infinite triangular lattice of circular air holes in silica glass (n = 1.44)
with four different values of d/A. The blue dashed lines on each plot indicate the
position of mode type iii. As can be seen from these plots, both the position of mode

i1t and the pattern of the DOS in this region change with hole size; as d/A increases,
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the neyy of mode 74 falls, while the local minima in the DOS moves to higher values of
nefs. Mode i is positioned in lower DOS regions for values of d/A between 0.33 and
0.40. For values of d/A either side this of range the DOS increases at the position of
mode #i¢, which suggests that this mode may only be apparent under the experimental
conditions considered here from a narrow range of structures. This is in agreement with
observations; mode 47 has not been observed in large-mode-area photonic crystal fibres
with d/A < 0.2 or in those with d/A < 0.46 (i.e. fibre B) but has been observed in fibre
A (d/A=0.33).

FiGURE 8.7: DOS maps for an infinite triangular lattice of circular air holes

in silica glass with (a) d/A = 0.20, (b) d/A = 0.33, (¢) d/A = 0.40 and (d)

d/A = 0.48 (shown on a smaller scale than in previous figures). Dashed blue
lines correspond to mode type 4.

8.4 Conclusion

The effects of the cladding periodicity on the defect modes guided by large-mode-area
silica microstructured fibres (PCFs) were investigated. The results presented here show
that when the dielectric structure of the fibre cladding forms a photonic crystal (in this
case, from a triangular lattice of air holes), additional defect modes whose guidance can
not be explained by average index effects can be localized in the fibre core. Numerical
calculations show that these additional modes have effective indices below the average
cladding index and are located within bandgap regions and local minima in the density
of states (DOS). This theoretical work also shows that such modes can be present to a
significant degree in silica PCFs with d/A < 0.40 that would be considered to be single-
mode by index guiding considerations alone. Experimental observations presented here
confirm this, demonstrating that these higher-order modes can be visible in metre lengths
of fibre with moderate input power (few mW). The fraction of power propagating in these
higher-order modes can be effectively minimized by optimizing the coupling conditions

for the fundamental mode and also by bending the fibre (with a moderate loss penalty
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in the latter case). However, it is important to note that the presence of higher-order
modes guided by periodic effects may detrimentally impact the application of standard
PCF designs where control over the fibre input is limited and where mode quality is

important, such as modal filtering [136].



Chapter 9
Summary and future directions

This thesis targets the design and fabrication of silica hollow-core photonic bandgap
fibres free from coupling with surface modes. A detailed numerical study on the impact
of the core geometry on the transmission performance of realistic hollow-core fibres
designs was carried out. It was found that when defining the core of HC-PBGFs, the
choice of the core wall thickness is critical due to its influence on the surface modes.
Core surrounds incorporating a thin core wall were proposed as to reduce the impact
of surface modes. A modified fabrication technique which allows for the fabrication of
these new core designs was developed. These developments resulted in the fabrication
of fibres which does not present surface mode crossings over the full spectral width of

the photonic bandgap and present state-of-the-art attenuations.

9.1 Summary of results

This research has identified that in order to remove surface modes, one needs to design
and fabricate fibers in which the cladding structure terminates as naturally as possible
at the core/cladding interface. One way to do this is to form the core by terminating
the cladding at the natural edge of a unit cell without the addition or removal of extra
glass. Therefore, it has been identified that fibres incorporating a silica core surround
of just half the thickness of the thinnest features in the cladding, are able to remove
surface modes form the bandgap, improving the performance of the fibre in several
ways. Most obviously by eliminating surface modes the range of wavelengths which can
be transmitted with low attenuation is increased. As a result of the increased bandwidth,
the rate that the properties of the core mode change with wavelength is decreased, so

the group velocity dispersion and dispersion slope also decrease.

116



Chapter 9. Summary 117

Firstly, the evolution of surface modes as a function of the core wall thickness of a
HC-PBGF with a 7 cell core was numerically studied. Contour plots summarizing the
transmission properties of the fibre with the different core surrounds were produced.
These contour plots are an original way of analyzing bandgap fibres and clearly show
the changes on the density of surface modes and their frequency shift as a function
of the design parameter. It was found that for most values of the core wall thickness
multiple surface modes appear within the bandgap. However, if the thickness of the
core/cladding interface is just half the thickness of the thinnest features in the cladding,
then surface modes are eliminated. This design offer the widest operational bandwidth
and should therefore be targeted when fabricating fibres for broadband operation. Thin
core wall surrounds at the same time reduce the optical overlap with the glass boundaries
and therefore the fibre attenuation is also reduced. However, the precise control of
the thickness of the core wall is fundamental because if the core wall becomes thinner
(thicker) than the optimum value, new surface modes appear close to the low (high)
frequency bandgap edge reducing the transmission bandwidth of the fibre. The effects
of slightly expanding and compressing the core where studied and it was demonstrated
that the suggested thin core wall designs are robust in eliminating surface modes, as

variations in the core size affect their operational bandwidth only marginally.

The work on T7-cell core fibres was extend to the case of fibres with a larger 19-cell
core, and showed the thin core wall surround design regime is robust and the principles
developed for the 7-cell fibres apply here as well. In particular, the density of surface
modes is minimized independently if the core is formed by removing the central 7 or 19
cells. Clearly by enlarging the core, the attenuation of the fundamental is reduced; from
the numerical computations, it is expected that the 19-cell core fibre should have ~3
times lower optical loss than the 7-cell core fibre over a comparable spectral bandwidth,
leading to novel wide bandwidth low-loss fibres. Although different core shapes were not
studied, these results suggest that thin core wall designs should reduce the impact of
surface modes on the guidance of hollow-core fibres. Possibly, different core shapes could
be used to tailor the nonlinearity, dispersion or polarization properties of HC-PBGFs

improving the performance of the fibres for particular applications.

The fabrication of thin core wall fibres was then targeted. However, the core walls
required are around 100 nm thick, making it difficult to fabricate such structures. In
order to overcome the problems on forming such a thin core wall, a modified fabrication
process was developed, which allows for the production of low-loss HC-PBGFs a lot
quicker than before. Experimental confirmation of the theoretical results has come after
characterizing the fabricated thin core wall fibres. Experimental studies indicated that
the fibres do not present signs of surface mode crossings and are able to guide light

over a broader spectral window and with comparable or lower attenuation than previous
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state-of-the-art HC-PBGF. The elimination of surface modes enables low attenuation
over the full spectral width of the bandgap - a minimum loss of 15 dB/km and less than
50 dB/km over 300 nm for a fibre operating at 1550 nm has been measured. Also as
predicted numerically, the fibres present the lowest dispersion slope yet reported for a

HC-PBGF - a factor of almost two reduction compared to the prior state-of-the-art.

In a second part of this thesis, the mode structure of a Kagome fibre was modelled
in order to understand why these fibres are able to guide light in a hollow-core. It
was shown that although the Kagome structure does not present significant bandgaps
crossing the airline, it can be very efficient at confining and guiding light in a hollow-core
over a extremely broad spectral range. It has been identified that this is due to a strong
isolation of the core guided modes from the cladding modes which inhibits the coupling
of energy from the core to the cladding. A key aspect of the guidance in these fibres
is the weak modal overlap between core modes and cladding modes due to rapid field
spatial oscillations of the cladding modes. Two different types of cladding modes have
been identified, the first type concentrates most of its energy in the cladding air regions
while the second are in the silica struts. Core modes do not strongly couple to these two
kinds of cladding modes either because their large propagation mismatch or their small
spatial overlap. However, for certain wavelength ranges hybrid cladding modes, whose
energy is extended into both regions, exist. These modes have a large spatial overlap
and small propagation constant mismatch with the fundamental core mode (they can
have the same propagation constant), enabling the coupling of light from the core to the

cladding and thus increasing fibre loss.

Finally, index guiding photonic crystal fibres were studied in order to understand some
experimentally observed higher order modes. Although most solid core PCF guide light
by a modified form of total internal reflection, it has been demonstrated that higher-order
core modes can be guided due to bandgaps of the periodic cladding structure. Numerical
calculations presented here show that these additional modes have effective indices below
the average cladding index and are located within bandgap regions. Additionally, it is
demonstrated that these higher-order core modes can exist even when the cladding does
not present a bandgap. In this case, the modes lie in regions with low density of optical
states in the cladding. Remarkably, such modes can be present in silica PCFs with d/A
< 0.4 that would be considered to be single-mode by index guiding considerations alone.
Excellent agreement between theoretical predictions and experimental observations is

demonstrated.
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9.2 Future work

Further improvements to the fibre fabrication technique presented in this thesis will
certainly be required for realizing fibres with lower attenuation. Improved fibres are also
envisioned by further optimization of the cladding and core designs. Fabricating 19-cell
HC-PBGFs free of surface modes would greatly extend the useable bandwidth compared
to previous 19-cell fibre designs. The transmission spectra of previously-reported low-
loss 19-cell fibres have been completely dominated by surface mode crossings, and so it
can be anticipated that the larger core size and greatly reduced dispersion slope in the
new fibres would enable a new regime of ultrashort-pulse solitons and high-power beam

delivery.

Hollow-core photonic bandgap have unique transmission properties that make them
ideal for a range of applications such as delivery of ultrashort pulses, soliton pulse
delivery, and re-compression of pulses in chirped pulse amplification laser systems. The
ability of fabricating fibres with tailored nonlinear response and dispersion properties
will definitely have a great impact on all these areas. Although a numerical investigation
of ways of modifying the dispersion properties of HC-PBGF's has been presented in this
thesis, more detailed studies analyzing fibres with different core shapes will be carried

out in the near future.



Appendix A

Sellmeier Dispersion Formula

The refractive index of optical materials can be accurately fitted by the Sellmeier for-

mula, which is given by
2
n2:1+§:’4j7)‘ (A.1)
— A2

where n is the real part of the refractive index, and wavelengths of maximum absorption
are denoted by A;. The refractive index of silica glass is normally fitted to the three-term

Sellmeier equation [8]

AN Ax\? A3 \?
DL VLR VI VLD R P

for bulk fused silica these parameters are:

(A.2)

A; = 0.6961663,
Ay = 0.4079426,
Az = 0.8974794,
A1 = 0.0684043 pm,
Ao = 0.1162414 pm,

As = 9.896161 pm.
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