THE UNIVERSITY
OF ADELAIDE

AUSTRALIA

503 cpyce LUNEY

Guiding Light in Low-Index Media
via Multilayer Waveguides

by
Kristopher J. Rowland
Supervisors:

Prof. Tanya M. Monro
Dr Shahraam Afshar Vahid

A thesis submitted in fulfillment of the
degree of Doctor of Philosophy

in the
Faculty of Sciences
School of Chemistry & Physics

December 2010






Declaration of Authorship

I, Kristopher John Rowland, declare that this thesis titled ‘Guiding Light in Low-Index

Media via Multilayer Waveguides’ and the work presented in it are my own.

I confirm that:

This work contains no material which has been accepted for the award of any other
degree or diploma in any university or other tertiary institution to Kristopher
John Rowland and, to the best of my knowledge and belief, contains no material
previously published or written by another person, except where due reference has

been made in the text.

I give consent to this copy of my thesis when deposited in the University Library,
being made available for loan and photocopying, subject to the provisions of the

Copyright Act 1968.

I also give permission for the digital version of my thesis to be made available on
the web, via the University’s digital research repository, the Library catalogue,
the Australasian Digital Theses Program (ADTP) and also through web search
engines, unless permission has been granted by the University to restrict access

for a period of time.

Signed:

Date:

iii






This work s dedicated to those who find use in its content.

I would like to think that, after all, that is its purpose.

More sentimentally, and with self-indulgence, from its conception to completion,
this work is dedicated to those who have supported and suffered me throughout:
family, friends, supervisors and colleagues;
but above all others, I dedicate this thesis, and the efforts it embodies,
to the person who has most endured, second hand, the burden of its creation,

selfless, supportive, and loving all the while.

For Christine.






... the laws of ... electric and magnetic action including radiation are the simplest of
all laws when we confine them to a so-called vacuum, but become more and more

complicated when we treat of them in space containing matter.

Henry A. Rowland—An excerpt from the presidential address to the second annual

meeting of the American Physical Society, October 28, 1899.






THE UNIVERSITY OF ADELAIDE

Abstract

Faculty of Sciences
School of Chemistry & Physics

Doctor of Philosophy

by Kristopher J. Rowland

This work relates to the theoretical and experimental analysis of light guidance within
layered waveguides whose guidance region (the core) has a refractive index equal to or

lower than the lowest of the surrounding material (the cladding).

The Thesis has two primary themes:

e The guidance behaviour of binary—layered-cladding waveguides with cores of arbi-
trary refractive index equal to or less than the lowest of the cladding;

Chapters 2, 3 and 4.

e The fabrication, analysis and simulation of single-material hollow-core microstruc-
tured optical fibres made from soft-glass via an extrusion process;

Chapters 2 and 5.

While each chapter discusses the theoretical and/or experimental analysis of distinct

phenomena, their concepts are deeply related and highlighted as such throughout.






Summary

This summary briefly covers the content of this thesis, chapter by chapter, and indicates

the author’s contribution to the work.

This work relates to the theoretical and experimental analysis of light guidance within
layered waveguides whose guidance region (the ‘core’) has a refractive index equal to
or lower than the lowest of the surrounding material (the ‘cladding’), referred to here
as depressed-core waveguides. The primary focus is toward multilayer hollow-core mi-
crostructured optical fibres made from soft-glass, but much of the analysis is shown
to be more general, applicable to similar areas of waveguide optics, fibre or otherwise.
While each chapter discusses the theory and/or experiment of distinct phenomena, their

fundamental findings are deeply related and highlighted as such throughout.

Author’s contribution to the thesis in general: All theoretical, numerical, fabrication
and experimental results are my own work, except for the few cases indicated below,
with guidance by my supervisors (who allowed me significant freedom to follow my own
intuition, for which I am very grateful). All content within has been written and, upon
regular reviews by my supervisors, edited by myself including the content, typesetting
and figure creation. All figures have been created either from numerical and experimental

data or, for diagrams, using a digital image program.

These same comments apply to all publications and conference presentations resulting

from this work (detailed in the Publications section).

Chapter 1: Beginning with the basics of depressed-core step-index slab and cylindrical
waveguide theory, the first chapter highlights the importance of the obstacles to coerc-
ing the guidance of light in low refractive indices and the guidance mechanisms and
waveguides structures identified and demonstrated to date that achieve this goal. This
review and discussion sets the conceptual groundwork for the remaining chapters. The

‘spider-web’ fibre, forming the basis of Chapter 5 is also introduced.

Author’s contribution: Review of the literature, its interpretation and presentation as
shown in the text (including the relationships between all of the discussed guidance phe-

nomena), and the conceptualisation of the spider-web fibre and its potential behaviour.

xi
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Chapter 2: The second chapter presents a theoretical analysis of a level-core Bragg
fibre (a multilayer-cladding fibre with a core refractive index equal to the lowest of the
cladding layer indices). The existence of novel higher-order, low-loss, bandgaps in such
waveguides is demonstrated numerically and explained. The exploitation of such gaps

for confinement loss reduction is analysed.

Author’s contribution: As per the general comment above, save for the implementation

of the cTMM model which was based upon code written by Mr Michael Oermann.

Chapter 3: The third chapter discusses the relationship between bandgap and anti-
resonance waveguidance phenomena in depressed-core 1-D layered-cladding waveguides.
A new model, coined the Stratified Planar Anti-Resonant Reflecting Optical Waveguide
(SPARROW) model, is presented. It is demonstrated how the analyticity of the model
can be exploited to produce analytic expressions for various nontrivial bandgap proper-
ties and phenomena, while also giving an intuitive explanation of the physical mecha-
nisms responsible for various guidance properties in such waveguides. Various theoretical

tool are used in the resulting analysis.
Author’s contribution: As per the general comment above.

Chapter 4: The fourth chapter details the experimental investigation into a phe-
nomenon discussed in the previous chapter, namely the shifting of bandgaps as the
core refractive index is varied. An experimental demonstration of this effect is presented
where the transmission spectrum of a hollow-core Bragg fibre is examined after being
systematically filled with liquids of various refractive indices. The effect is sufficiently
strong enough such that, for refractive index changes of up to about 50%, the transmis-

sion spectrum is shifted across almost the entire visible spectrum.

Author’s contribution: As per the general comment above, save for the supply of the
Bragg fibre and material ellipsometric results from the Photonic Bandgap Fibers and
Devices Group, Massachusetts Institute of Technology, Cambridge, Massachusetts, US;
in particular Prof. Yoel Fink and Mr Alexander Stolyarov.

Chapter 5: The fifth chapter documents what was initially the primary motivation for
this body of work: the design and fabrication of a soft-glass hollow-core microstructured
fibre via the extrusion method. In step with the work’s earlier chapters, the fibre design
is based on a layered (annular) structure: concentric glass rings supported by connective
radial struts, coined a spider-web fibre (a somewhat generalised air-Bragg fibre). The
fabrication trials are discussed, beginning from the initial step of preform extrusion
through to the transformation of the preform into fibre via the fibre drawing process.
Experimental observation of guidance within these fibres is experimentally demonstrated

and later compared to theoretical models, from simple anti-resonance or bandgap models



xiii Summary

to full-vectorial finite-element solutions to Maxwell’s equations evaluated over waveguide

geometries derived from scanning electron micrographs of the fabricated fibre.

Author’s contribution: As per the general comment above, save for the significant guid-
ance and education with respect to the fabrication facilities from Dr Heike Ebendorff-
Heidepriem. All fabrication processes (preparation and execution) were conducted by
myself, save for the fibre drawing which was conducted by Mr Roger Moore (with my

assistance for by-the-minute microscope fibre structure diagnosis).

Chapter 6: The final chapter concludes the thesis, providing some general discussion

and suggesting possible promising future work.






Publications

Journal publications and conference presentations based on the research for, and written

within the duration of, this Thesis:
Journal papers

e K. J. Rowland, S. Afshar V.and T. M. Monro, ‘Bandgaps and antiresonances in
integrated-ARROWS and Bragg fibers; a simple model’, Optics Express, Vol. 16,
Issue 22, pp. 17,935-17,951 (16 pages in total), published October 21, 2008.
Co-published in The Virtual Journal for Biomedical Optics, Vol. 3, Issue 12, De-
cember 1, 2008.

e K. J. Rowland, S. Afshar V. and T. M. Monro, ‘Novel low-loss bandgaps in all-
silica Bragg fibers’, Journal of Lightwave Technology, Vol. 26, Issue 1, pp. 43-51 (8
pages in total), 2008. Invited, Special Issue (post-deadline sessions—OFC 2007).
The paper was an elaboration of the below OFC 2007 post-deadline conference

presentation.
Conference papers/presentations

e K. J. Rowland, H. Ebendorff-Heidepriem, S. Afshar V. and T. M. Monro, ‘Ex-
truded soft-glass hollow-core microstructured optical fibres; Fabrication and light
guidance properties’, The Australian Conference on Optical Fibre Technology

(ACOFT) 2009, Adelaide, Australia. Oral Presentation.
Winner of the Wanda Henry Prize for ‘Best student presentation’.
e K. J. Rowland, S. Afshar V., A. Stolyarov, Y. Fink and T. M. Monro, ‘Spectral

Properties of Liquid-Core Bragg Fibers’, Conference on Lasers and Electro-Optics
(CLEO) 2009. Oral presentation.

This work was a collaboration with the Photonic Bandgap Fibers and Devices

Group, Massachusetts Institute of Technology, Cambridge, Massachusetts, US.
Recipient of the OSA /Incubic Milton Chang student travel grant.

XV



Publications xvi

e K. J. Rowland, S. Afshar V. and T. M. Monro, ‘A novel approach to Bragg fibre
bandgap analysis: Stratified planar anti-resonant reflecting optical waveguides’,
The Australian Conference on Optical Fibre Technology (ACOFT) 2008, Sydney,

Australia. Poster presentation.

e K. J. Rowland, S. Afshar and T. M. Monro, ‘Reducing confinement loss in all-
silica Bragg bandgap fibres’, Optical Fibre Communications Conference and Exhi-
bition (OFC) 2007, Anaheim, California, US. Presented in Post-Deadline Session
E ‘Fibers and Optical Propagation Effects’, paper PDP41. Oral presentation.

Post-deadline sessions are competitive and reserved for the latest research com-
pleted close to the conference proceedings (after the deadline for conventional

paper submissions).

Journal papers (in progress)

e K. J. Rowland, S. Afshar V., and T. M. Monro, ‘Binary Layered Optical Media;
Phase Order Analysis’. An extension of the work of Chapter 3.

e K. J. Rowland, S. Afshar V., A. Stolyarov, Y. Fink and T. M. Monro, ‘Liquid
Filled Bragg Waveguides’. Based on the contents of Chapter 4 and an extension
of the work of Chapter 3. Almost complete.

e K. J. Rowland, H. Ebendorft-Heidepriem, S. Afshar V., and T. M. Monro, ‘Soft-
Glass Hollow-Core Microstructured Optical Fibres via Extrusion’. Based on the

contents of Chapter 5.

e K. J. Rowland, S. Afshar V.and T. M. Monro, ‘Guidance Properties of Air-Bragg
Hollow-Core Fibres; the Influence of Structural Features’. Partially based on the
contents of §§ 2.7 and 5.5.

e K. J. Rowland, S. Afshar V., and T. M. Monro, ‘Resonance and Reflectance Phe-

nomena in Binary Layered Optical Media’. An extension of the work of Chapter 3.

e K. J. Rowland, S. Afshar V., and T. M. Monro, ‘Low-Index Guiding Fibres and
Waveguides’. A review of the current state-of-the-art in low-index guiding (hollow-,

filled- and solid-core) fibres and waveguides, based on Chapter 1.









Acknowledgements

Unerringly, and without intention of platitude, I give most professional (and some per-
sonal, I'm pleased to say) acknowledgment to my supervisors, Prof. Tanya Monro and

Dr Shahraam Afshar Vahid, without whom this thesis would not have been possible.

Professor Monro’s arrival at the University of Adelaide coincided with the time at which
I was to choose a supervisor for my honours year. Her infectious enthusiasm made my
choice, when the opportunity presented itself, an easy one. I was one of the first two of
Tanya’s student as she established the Centre of Expertise in Photonics (CoEP), which
has since essentially evolved into the Institute for Photonics and Advanced Sensing
(IPAS). To have been one of the first members of a fledgling research group, when I
was just a fledgling researcher myself, provided me with experience, skills and abilities
I am certain I would not have otherwise obtained. For this experience, and for her
ever present sharp mind and incisive comments and guidance, I give Tanya my sincerest
appreciation. I must also thank her for the opportunity of employment as a post-doctoral
researcher within the CoEP/IPAS during this last year; while working a ‘real job’ with
the constancy of an unfinished thesis in wait has rarely been trivial, the experience has
undoubtedly helped my growth as a research scientist. Given this, I must most of all
give Tanya my appreciation for the patience, understanding, guidance and support she
has given me throughout my PhD candidature, particularly this year just past, as my

efforts have been variably focused on work, study and personal life.

I am afraid my appreciation for Shahraam’s supervision and friendship cannot be ad-
equately expressed in such a small space. Shahraam’s enthusiasm for his research is
rivalled only by his remarkable ability to reduce the complex to the tangible. His humil-
ity, humour and patience have been a significant stabilising factor for me throughout;
often ready with a Persian parable or life story alongside his considered comments and
guidance. The mentorship and friendship I have had in Shahraam has been unique,

enjoyable and, in retrospect, cherished, as it is still today and hoped for for the future.

I thank both Tanya and Shahraam not just for their guidance but also for their willing-
ness to often let me follow my own nose, as it were, when it came to research—mnever

letting me stray too far from reality.



So much of my PhD experience was made easier and more enjoyable thanks to one
of CoEP/IPAS’s most integral members: Dr Heike Ebendorff-Heidepriem; few CoEP
members could complete their research without her. Heike’s approach to research seems
at the same time both tireless and effortless, and always with a smile. Her knowledge and
skill in glass chemistry and fibre fabrication has made the fabrication components of this
work not just easier than they would otherwise have been, but possible (in particular,
the fabrication processes in Chapter 5). Heike’s guidance in the particulars of all steps
of the fabrication process, from extrusion die design to glass chemistry and optics, as
well as her willingness to listen to and comment on ideas and understanding, has been

indispensable and is greatly appreciated.

For his technical ability and sometime artistry, Mr Roger Moore is acknowledged for
turning my fibre preforms into countless spools of fibre, some of the most successful of
which are shown within. If nothing else, working with Roger has been an enjoyable and

memorable experience, thanks in no small part to his character.

The Photonic Bandgap Fibers and Devices Group, particularly Prof. Yoel Fink and
Mr Alexander Stolyarov, is acknowledged for the supply of their hollow-core Bragg
fibre used for the liquid filling experiments of Chapter 4. They are also acknowledged
for providing the ellipsometric refractive index data for the material dispersion—based

bandgap analysis of the same chapter.

Asahi Glass are acknowledged for providing the Bismuth Oxide glass used for the initial
fabrication trials of the spider-web fibre demonstrated in Chapter 5.

My colleagues, past and present (of too great a number to mention here), are acknowl-
edged for both their professional and personal input into my experience over the last
few years. In particular, my appreciation goes to Mr Michael Bammann (half of the
first couple of CoEP students), for his friendship and humour, as well as professional
insights, during the early stages of my Honours year and PhD. Looking back, it was a

unique and memorable time for us both.

Finally, my sincerest gratitude goes to my family and friends for their Herculean patience
with me as I have focused almost exclusively on work and study for the last year or so in
order to complete this thesis while meeting my responsibilities as a (not quite technically)
post-doctoral researcher. Working while completing this thesis has not been a trivial
affair as far as personal relationships go, but it has definitely been made easier in the
knowledge that I have had, and continue to have, the unique support that comes from

such unspoken affections.

Most of all, my everlasting gratitude, admiration and love goes to my partner, Christine—

the one person to whom I am certain I cannot adequately express my feelings in print.









Contents

Declaration of Authorship iii
Abstract ix
Summary xi
Publications Xv
Acknowledgements Xix
Table of Contents xxiii
List of Figures xxvii
List of Tables xxXi
Abbreviations xxxiii
Physical Constants XXXV
Symbols XxxVii
1 Introduction 1
1.1 Low-index Guiding Waveguides . . . . . . . . . .. .. ... ... ..., 2
1.2 Low-index Guiding Waveguides—Review . . . . . . . . . .. ... ... .. 9
Tube . . . . . . 9

1.2.1  Waveguidance Concepts . . . . . . . .. .. .. ... .. 10

1.2.2  Effectively 1-D Structures . . . . . . . . .. ... ... 15
Hollow-Core Bragg Fibre . . . . . . . ... ... .. ... .. 15

Filled-Core Bragg Fibre . . . . . .. ... ... ... .... 19

Integrated-ARROW . . . . . .. . ... . L. 21

Average-Index Bragg Fibre . . . . . . .. .. ... ... .. 22

Air-Bragg Fibre . . . . . . . ... o oL 23

1.2.3  2-D Structures . . . . . . . . . ... 26
Hexagonal-Lattice Fibre . . . . . .. ... ... ... ... 26

(2-D) ARROW Fibre . . . . . . ... ... ... . ... ... 30

Honeycomb-Lattice Fibre . . . . .. ... ... ... ... 38

Kagomé-Lattice Fibre . . . . . .. ... ... ... ..... 42

Square-Lattice Fibre . . . . . . . . ... ... ... 48

xxiii



Contents xxiv
Sub-Wavelength Holes . . . . . . ... .. ... ... .... 49
1.3 Summary . . . ... 51
1.4 Spider-Web Fibre . . . . . . . . ..o 55
1.5 Thesis Structure . . . . . . . . ... 57
1.6 Concluding Remarks . . . . . . . .. ... o o 59
2 Silica Air-Bragg Fibres 61
2.1 Chapter Structure . . . . . . . . . .. 64
2.2 Fibre Parameters . . . . . . . ... Lo o 65
2.3 Background Theory . . . . . . .. . .. L 66
2.3.1 Tube. . . . .. 68
2.3.2 Infinite Periodic Multilayer Stack . . . . . .. ... ... ... ... 71
2.3.3 Resonance of a Single Layer—ARROW Model . . . ... ... .. 76
2.3.4 Multilayer Cylindrical Waveguide . . . . . . . . .. ... ... ... 77
Cylindrical Transfer Matrix Method . . . . . .. .. .. .. 7
Finite Element Method . . . . ... ... ... ... .... 79
2.4 Bragg Fibre Guidance and Low-Loss Bandgaps . . . . . . ... ... ... 83
2.4.1 Core Mode and Bandgap Calculations . . . . ... ... ... ... 83
2.4.2 Phenomenology . . . . . . . ... Lo 86
2.4.3 Comparison with a Homogeneous Cladding . . . . . . . ... ... 91
2.4.4 Antiresonance Approximation . . . . . .. ... 94
2.4.5 Practical Considerations . . . . . . . . ... ... ... ... .... 95
2.5 Analysisof Bandgaps. . . . . . . . ... 97
2.6 Reducing Confinement Loss . . . . . . . . . ... ... ... .. ...... 99
2.7 Struts and Polygonal Geometries—Modal Analysis . . . . . . . ... ... 103
2.7.1 Fibre Structures and Model Parameters . . . . . ... ... .... 103
2.7.2 Numerical Results . . . .. .. .. ... . 0oL 106
Novel Confinement Loss Phenomena . . . . .. .. ... .. 107
The Effects of Strut Distribution and Ring Shape . . . . . . 110
2.8 Concluding Remarks . . . . ... . ... L o 115
3 Bragg-Cladding Waveguides;
Antiresonance, Reflectance and Bandgap Phenomena 119
3.1 Chapter Structure and Overview . . . . . . . . ... ... ... ...... 124
3.2 Fibre Parameters . . . . . . . .. L 125
3.3 Background Theory . . . . .. . .. ... o 126
3.3.1 Antiresonance—Historical Models . . . . . . ... ... ... ... 126
3.3.2 Guidance in a Single Layer . . . . . ... .. ... ... ..., 128
3.3.3 Finite Multilayer Stack . . . . .. .. .. .. ... ... 130
3.4 The SPARROW Model . . . .. ... .. .. . . ... ... 132
3.5 Reflectance, Resonances, and Bandgaps . . . . .. . .. .. ... ..... 135
3.5.1 Relationships Between Reflectance and Antiresonance
—Single Layers . . . . . . . ... 135
3.5.2 Relationships Between Reflectance and Antiresonance
—Two Layers . . . . . . . . ... 142
3.5.3 Evolution of Bandgaps for Multiple Layers . . . ... .. .. ... 146
354 Summary ... ..o e e 148



XXV Contents

3.6 Confirmation via FEM Analysis . . . . . . .. ... ... ... ... ... . 150
3.7 Further Analysis of the SPARROW Model . . . . . . ... ... ... ... 155
3.7.1 Curve Intersections and Gap Nomenclature . . . . .. .. ... .. 155
3.7.2 The Antiresonance Mean Point . . . . . . . ... ... ... .... 160
3.7.3 Special Cases . . . . . . .. . 162
3.7.4 The Central Antiresonance Point . . . . . . ... ... ... .... 163
3.7.5 Bandgap Topology and the Bound Region . . . . . .. . ... ... 166

3.8 Concluding Remarks . . . . . . . . ... ... 169
4 Liquid-Filled Bragg Fibres 173
4.1 Motivation and History . . . . . . .. .. .. .. Lo o 174
4.2  Experiment—Liquid Filling and Transmission Spectra . . . . . .. .. .. 175
4.3 Comparison with Theory . . . . . . . .. .. ... ... ... 179
4.4 Concluding Remarks . . . . .. . ... . 184

5 Soft-Glass Air-Bragg Fibres

via Extrusion 187
5.1 Motivation and Fabrication Method . . . . . ... ... .. ... ... .. 187
5.2 Soft-Glass HC-MOF Fabrication via Extrusion . . .. .. ... ... ... 192
5.2.1 The Extrusion Technique . . . .. ... ... ... ... .. .... 192
5.2.2 The Fibre Drawing Process . . . . . . . .. ... ... ... ... 194
5.3 Fabrication Results . . . . . . ... ... oo 198
5.3.1 Offset Struts . . . . . . ..o 199
5.3.2 Colinear Struts—The Spider-Web Fibre . . . . . . .. .. ... .. 205

5.4 Hollow-Core Guidance—Experimental Results
and Antiresonance Analysis . . . . . . ... ... 216
5.4.1 4-Ring Spider-Web Fibre—Fibre D, . . . . . ... ... ... ... 217
5.4.2 2-Ring Spider-Web Fibre—Fibre E . . . . . . . .. ... ... ... 226

5.5 Finite Element Analysis

of a Fabricated Fibre Structure . . . . . . . . . ... ... ... 232
5.6 Concluding Remarks . . . . . . .. .. 243
6 Conclusion and Future Work 249
A Electromagnetic Wave Propagation Theory 255
A1l Wave Equations. . . . . . . .. . ... 255
A.1.1 Maxwell’s Equations . . . . . . . ... ... 255
A.1.2 Time-Dependent Wave Equations in Simple Media . . . . . . . .. 256
A.1.3 Time Harmonic Wave Equations in Inhomogeneous Media . . . . . 257
A.1.4 Wave Equations of a Longitudinally Invariant System . . . . . .. 260
A.2 Planar Waveguides . . . . . .. . ... Lo 265
A.2.1 Geometric Optics and the Plane Wave Picture . . . .. . ... .. 267
A.2.1.1 Plane Waves . . . . .. . ... ... .. .. ... ..... 267
A.2.1.2 Transmission and Reflection at an Interface . . . . . . . . 268
A.2.1.3 Light Guidance in a Single Layer . . . . . . ... ... .. 280

A.3 Multilayer Planar Systems . . . . . . . .. ... L 282



Contents xxvi

A.3.1 Matrix Analysis of a Finite Multilayer Structure . . . . ... ... 282
A.3.2 Bandgap Analysis of an Infinitely Periodic Multilayer Structure . . 286
A.4 Homogeneous Cylindrical Waveguides . . . . . . ... ... ... ... .. 294
A.4.1 Arbitrary Fields from Cylindrical Wavefunctions . . . . . .. . .. 295
A.4.2 Waveguidance Along a Cylinder . . . ... ... ... ... .... 296
A.4.3 Asymptotic Form of Dielectric Tube Modes . . . . . .. ... ... 300
A.5 Periodic Multilayer Cylindrical Waveguides:

Bragg Fibres . . . . . . . . . 302
A.5.1 Transfer Matrix Solution of a Bragg Fibre . . . . . . . . .. .. .. 302
B Mathematical Miscellany 311
B.1 Differential Calculus . . . . . . . . . . . . 311
B.2 Matrix Eigenvalues . . . . . . .. .o L 311
B.3 Trigonometric Functions . . . . . .. .. ... ... 0oL 312
B.4 Bessel Functions . . . . . .. .. 313

B.4.1 Reduction of General Step-Index Dispersion Equation to the Well-
Known neore > Nelad Case . . . o o o o e e 314
B.4.2 Asymptotic Form of Hl(,l)(z) ...................... 315

Bibliography 317



List of Figures

1.1
1.2
1.3
1.4

1.5

1.6
1.7

1.8

2.1
2.2
2.3
24

2.5
2.6

2.7
2.8

2.9

2.10

2.11
2.12

3.1
3.2
3.3
3.4

3.5
3.6

Various Hollow Core Fibre Structures . . . . . ... .. ... ... .... 4
Level-Core Fibre Structures . . . . . . . . .. ... .. .. ... 5)
Integrated-ARROW Structures . . . . . . . . . . ... ... ... ..... 5
Comparison Between Focusing Light in Free-Space, Guiding in a Tube,

or Guiding in a HC-MOF . . . . . . ... .. . 6
Ray Propagation Within Planar Waveguides with Either High- or Low-
Index Cores . . . . . . . . . . . . e 11
Qualitative Representation of Bandgap Guidance . . . . . .. . ... ... 17
Qualitative Diagram of the Relationships Between Fundamental Low-
Index Guidance Phenomena . . . . . . . . .. ... ... ... ... ... 31
Relational Diagram of the Main Chapters . . . . .. ... ... ... ... 58
Level-Core Bragg Fibre Schematic . . . . . .. ... ... ... ...... 66
Schematic of a tube waveguide . . . . . . ... .. ... ... ... .. 68
Schematic of an Infinite Bragg Stack . . . . . . ... ... .. ... .... 71
Bandgap Map of an Infinite 1-D Approximation to the Idealised Air-Bragg
Fibre Cladding . . . . . . . . . . . 74
Geometry, Mesh and Solution Example of a FEM Model . . . . . .. . .. 80
Idealised Air-Bragg Fibre Re{n(\)} and CL(\) With the Associated Cladding
Bandgap Map . . . . . . . 84

TEp1 Mode Electric Field Cross-Section Behaviour Within a Bandgap . . 87
Idealised Air-Bragg Fibre and Tube Re{n(\)} and CL(\) With the Asso-

ciated Cladding Bandgap Map and ARROW Resonances . . . . . . .. .. 92
Idealised Air-Bragg Fibre Bandgap Map (Re{n} vs. A/\) With Borehole
Mode Trajectories . . . . . . . . . . e 98
Confinement Loss Properties of the TEg; Mode in the Fundamental and
Second Order Bandgaps . . . . . . . . . . . ... 101
Minimum Confinement Loss of the TEg; Mode for Various Global Scales . 102
Confinement Loss Spectra for a Range of Annular and Polygonal Air-
Bragg Geometries With and Without Struts . . . . . .. . ... ... ... 104
Schematic representation of a depressed-core Bragg fibre . . . . . . . . .. 119
Planar Bragg Stack and Associated Isolated Layers . . . . . . ... .. .. 120
Bandgap Map and SPARROW Curves of a 1-D Layered Structure . . . . 131
Bandgap Maps with Overlayed SPARROW Curves of a 1-D Layered
Structure . . . ... 133
Reflectance Maps for a Single Layer and a Two-Layer Planar Stack . . . . 136
Reflectance Maps for Multilayer Planar Stacks Compared with the Bandgap

Map of the Infinite Layer Analogue . . . . . . . . .. .. ... ... .... 137

XXVil



List of Figures xxviii

3.7

3.8

3.9

3.10

4.1
4.2
4.3
4.4
4.5

5.1

5.2
5.3
5.4
9.5
5.6
5.7
5.8
5.9
5.10
5.11

5.12
5.13
5.14
5.15
5.16
5.17
5.18
5.19
5.20
5.21
5.22

5.23

5.24

5.25

Portion of a Bandgap Spectrum with Overlayed Core-Mode Dispersion
Curves, SPARROW Curves, and SPARROW Resonance Points Com-

pared with the Corresponding Confinement Loss Spectrum . . . . . . .. 151
Bandgap Spectrum with Overlayed SPARROW Curves, Resonance Points,
Central Antiresonance Point, and Nomenclature Labels . . . . .. .. .. 158

Schematic Representation of the Three Fundamental Types of SPAR-
ROW Bound Regions and Their Bounding Points . . . . . . . ... .. .. 159
Antiresonance and Bandgap Map Topology via the SPARROW Model . . 167

Bragg Fibre Filling and Spectra Measurement Schematic . . . . . . . . .. 176
Bragg Fibre Filling Spectra . . . . . . .. . ... L. 178
AssS3 and PEI Material Dispersion . . . . . . . . .. .. .. ... ..... 180

Bragg Fibre Bandgap Maps With and Without Layer Material Dispersion 181
Comparison of Experimentally Measured Filled Bragg Fibre Spectra with

Theoretically Predicted Bandgap Maps . . . . . . . . . .. ... ... ... 183
Photographs of a Lead-Silicate Glass Billet and a Spider-Web Structure

Stainless Steel Extrusion Die . . . .. .. .. ... .. . oL 192
Extrusion Schematic . . . . . . .. .. ... ... . 193
Fibre Drawing Schematic . . . . . . .. ... .. ... 0. 195
Extrusion Die and Cross-Section of Preform 1 . . . . . . .. .. ... ... 200
Extrusion Die and Cross-Section of Preform 2 . . . . .. .. .. ... ... 201
SEM Image of Fibre A with Zoom-In of Structure . . . . ... ... ... 202
SEM Image of Fibre B with Zoom-In of Structure . . . ... .. .. ... 204
Extrusion Die and Cross-Section of Preform 3 . . . . . . . ... ... ... 206
SEM Image of Fibre C with Zoom-In of Structure . . . ... .. .. ... 207
SEM Image of Fibre D with Zoom-In of Structure . . . ... .. .. ... 208
SEM Images of Fibre D During Different Stages of the Fibre Draw; Defines

Fibres D,, Dy and D, . . . . . . . ... o 209
Optical Microscope Images of a Cane-in-Tube Inflation Attempt . . . . . 211
Extrusion Die and Cross-Section of Preform 4 . . . . . . . ... ... ... 213
SEM Image of Fibre E with Zoom-In of Structure. . . . . . . .. .. ... 214
Spider-Web Air-Bragg Fibre Spectra Measurement Schematic . . . . . . . 216
SEM and Transmission Microscope Images of Fibre D, . . . . . . .. . .. 218
Transmission Power Spectrum of Fibre D, . . . . . . . .. ... ... ... 218
Transmission and Loss Spectrum of Fibre D, . . . . . .. .. .. ... .. 224
SEM and Transmission Microscope Images of Fibre E . . . . . . ... .. 226
Transmission Power Spectrum of Fibre E . . . . . .. .. .. ... ... 226
Transmission and Loss Spectrum of Fibre E . . . . . . . . ... ... ... 228
Geometry, Mesh and Solution Example of the Spider-Web (Fibre E) FEM

Model . . . . . e 236
FEM Calculations of Re(n) and CL TEg; and TMy; Mode Spectra of an

Idealised Model of Fibre E . . . . . . . . ... ... ... ... ....... 237
FEM Calculations of Re(n) and CL TEp Mode Spectra of a Realistic

Model of Fibre E . . . . . . . . . . ..o 238

FEM Calculation of Normalised Longitudinal and Radial Time-Average
Power Flow for the TEg; Mode of Fibre E . . . . . . . . ... .. ... .. 240



XXiX List of Figures
A.1 Ray Propagation Within Planar Waveguides with Either High- or Low-

Index Cores . . . . . . . . . . . . 265

A.2 Ray Propagation Across a Plane Interface . . . . . . ... ... ... ... 269
A.3 Electric and Magnetic Fields of a Plane Wave Before and After Trans-

mission and Reflection at an Interface . . . . . ... .. .. ... ... .. 270

A.4 Reflectance Coefficients for a Range of Incidence Angles . . . . . . .. .. 275

A.5 Schematic of General Finite Planar Multilayer Optical Structure . . . . . 283
A.6 Qualitative Representation of Incident, Reflected and Transmitted Waves

Related Through the Principle of Reciprocity . . . . .. .. .. ... ... 284

A.7 Schematic of a Cylindrical Depressed-Core Dielectric Waveguide . . . . . 294






List of Tables

1.1
1.2

4.1

5.1

5.2
5.3
0.4

Al
A2

Low-Index Core Waveguides Summary—Part I . . . . ... ... ... .. 52
Low-Index Core Waveguides Summary—Part IT . . . . . . ... ... ... 53
Summary of Filled Bragg Fibre Transmission Peaks . . . .. .. ... .. 179
Summary of Air-Bragg (Spider-Web) Preform Extrusion and Fibre Fab-

rication . . ... Lo oL 199
Summary of Selected Air-Bragg (Spider-Web) Fibre Dimensions . . . . . . 210
Sellmeier Formula, Coefficients and Selected Values for the F2 Glass . . . 219
Antiresonance Wavelengths for F2 Glass Layers Incorporating Material

Dispersion . . . . . . ..o 221
Physical Bloch Wave Properties Within Bandgap Regions . . . . . . . .. 293
Approximate Values of Low-Order Zeroes of J;_1(2) . ... .. ... ... 301

XXX1






Abbreviations

ARROW Anti-Resonant Reflecting Optical Waveguide
I-ARROW  Integrated Anti-Resonant Reflecting Optical Waveguide

FEM Finite Element Method

HCF Hollow-Core Fibre
(N/M/F)IR (Near/Mid/Far) Infra-Red
MOF Microstructured Optical Fibre

HC-MOF Hollow-Core Microstructured Optical Fibre
SM-HCF Single-Material Hollow-Core Fibre

OSA Optical Spectrum Analyser
PCF Photonic Crystal Fibre

PhC Photonic Crystal

PTBM Photonic Tight-Binding Model
PMMA Poly-Methyl Meth-Acrylate
PEI Poly-Ethyl-Imide

PES Poly-Ethyl-Sulphonate

SPARROW  Stratified Planar Anti-Resonant Reflecting Optical Waveguide
(¢/p)TMM  (cylindrical/planar) Transfer Matrix Method

Xxx1il






Physical Constants

All quantities here and within adopt the mks system of units.

Speed of Light in Vaccuo ¢ = 2.99792458 x 10% ms™! (defined)
— 1/ yam
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