
Soft-glass microstructured optical fibres

for nonlinear applications.

Wen Qi Zhang

Thesis submitted for the degree of

Doctor of Philosophy

in

Physics

at

The University of Adelaide

(Faculty of Chemistry and Physics)

Department of Sciences

March 4, 2012





Contents

Abstract ix

Declarations xiii

List of Publications xv

Acknowledgements xix

Chapter 1 Motivation 1

1.1 Thesis layout . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

Part I New frequency light generation in in soft-glass

microstructured optical fibres 7

Chapter 2 Background of Part I 9

2.1 The scalar nonlinear pulse propagation model . . . . . . . . . . . . . 9

2.2 Applications of fibre nonlinear effects for new frequency light generation 12

2.3 Fiber optical parametric oscillators . . . . . . . . . . . . . . . . . . . 14

2.3.1 Conventional fibre optical parametric amplifiers and oscillators 15

2.3.2 Microstructured optical fibres and FOPAs/FOPOs . . . . . . . 19

2.4 Coherent supercontinuum generation . . . . . . . . . . . . . . . . . . 22

2.4.1 SC generation in step-index fibers . . . . . . . . . . . . . . . . 23

2.4.2 SC generation in silica MOFs . . . . . . . . . . . . . . . . . . 24

2.4.3 SC generation in soft glass MOFs . . . . . . . . . . . . . . . . 26

iii



2.4.4 The coherence of SC outputs . . . . . . . . . . . . . . . . . . . 27

2.5 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

Chapter 3 Fibre design and genetic algorithms 33

3.1 Background . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

3.1.1 Chapter outline . . . . . . . . . . . . . . . . . . . . . . . . . . 34

3.2 Traditional Optimisation Algorithm . . . . . . . . . . . . . . . . . . . 35

3.3 Natural Optimisation Algorithm . . . . . . . . . . . . . . . . . . . . . 37

3.4 Genetic Algorithm and Optical Fibre Structure Design . . . . . . . . 42

3.5 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48

Chapter 4 Four-Wave Mixing 49

4.1 Background . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49

4.1.1 Parametric bandwidth and frequency shift . . . . . . . . . . . 51

4.1.2 Chapter outline . . . . . . . . . . . . . . . . . . . . . . . . . . 54

4.2 Fiber design and genetic algorithms . . . . . . . . . . . . . . . . . . . 55

4.2.1 GA results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59

4.3 FOPO modelling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68

4.3.1 Synchronisation . . . . . . . . . . . . . . . . . . . . . . . . . . 71

4.3.2 Feedback ratios . . . . . . . . . . . . . . . . . . . . . . . . . . 79

4.4 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87

Chapter 5 Supercontinuum Generation 91

5.1 Background . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91

5.1.1 Chapter outline . . . . . . . . . . . . . . . . . . . . . . . . . . 94

5.2 Simplified Models . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94

5.3 Fibre Structure Design with GA . . . . . . . . . . . . . . . . . . . . . 98

5.3.1 The fitness function . . . . . . . . . . . . . . . . . . . . . . . . 98

5.3.2 The results of GA . . . . . . . . . . . . . . . . . . . . . . . . . 101

5.4 SC Generation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 105



5.4.1 Spectrograms . . . . . . . . . . . . . . . . . . . . . . . . . . . 105

5.4.2 Bandwidth and Coherence . . . . . . . . . . . . . . . . . . . . 107

5.4.3 Comparison and Discussion . . . . . . . . . . . . . . . . . . . 112

5.5 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 116

Chapter 6 The fabrication of the designed fiber 119

6.1 Background . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 119

6.2 Trial one . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 121

6.2.1 Die design: Version 1 . . . . . . . . . . . . . . . . . . . . . . . 121

6.2.2 Preform fabrication: Tellurite glass billet with Die V1 . . . . . 123

6.2.3 Fibre drawing: Tellurite preform . . . . . . . . . . . . . . . . 127

6.3 Trial Two . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 128

6.3.1 Die design: Version 1.1 . . . . . . . . . . . . . . . . . . . . . . 128

6.3.2 Preform fabrication: Tellurite glass billet with Die V1.1 . . . . 128

6.4 Trial Three . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 130

6.4.1 Die design: Version 1.2 . . . . . . . . . . . . . . . . . . . . . . 130

6.4.2 Preform fabrication: SF57 glass billet with Die V1.2 . . . . . . 131

6.4.3 Preform caning and fibre drawing: SF57 preform . . . . . . . 133

6.5 Trial Four . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 134

6.5.1 Die design: Version 2 . . . . . . . . . . . . . . . . . . . . . . . 135

6.5.2 Preform extrusion: SF57 glass billet with Die V2 . . . . . . . 136

6.6 Trial Five . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 138

6.6.1 Preform fabrication: Bismuth glass billet with Die V2 . . . . . 139

6.6.2 Preform caning and fibre drawing: Bismuth preform . . . . . . 140

6.7 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 141

Chapter 7 Simulations of fabricated fibers 145

7.1 Dispersion and Nonlinearity Profiles . . . . . . . . . . . . . . . . . . . 146

7.1.1 Bismuth HWW fiber . . . . . . . . . . . . . . . . . . . . . . . 146

7.1.2 SF57 HWW fiber . . . . . . . . . . . . . . . . . . . . . . . . . 147



7.2 Parametric Gain and FOPO . . . . . . . . . . . . . . . . . . . . . . . 149

7.2.1 FOPO with bismuth HWW fiber . . . . . . . . . . . . . . . . 150

7.2.2 Parametric gain of SF57 HWW fiber . . . . . . . . . . . . . . 155

7.3 SC generation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 156

7.3.1 SC generation in Bismuth HWW fibers . . . . . . . . . . . . . 157

7.3.2 SC generation in SF57 HWW fiber . . . . . . . . . . . . . . . 164

7.4 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 166

Chapter 8 Femtosecond pulse broadening experiments 169

8.1 Background . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 169

8.1.1 Chapter outline . . . . . . . . . . . . . . . . . . . . . . . . . . 170

8.2 Characterisation of the pump laser source . . . . . . . . . . . . . . . 170

8.3 Spectral broadening in SMF-28 . . . . . . . . . . . . . . . . . . . . . 175

8.4 Fibre alignment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 177

8.5 Signal processing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 179

8.6 Bismuth HWW fibre . . . . . . . . . . . . . . . . . . . . . . . . . . . 182

8.6.1 Experimental Data . . . . . . . . . . . . . . . . . . . . . . . . 182

8.6.2 Comparison with simulated data . . . . . . . . . . . . . . . . 185

8.7 SF57 HWW fibre . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 187

8.8 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 189

Chapter 9 Summary of Part I 191

Part II Kerr and polarisation effects in the full vectorial

model 195

Chapter 10 Background of Part II 197

10.1 The theory of the full vectorial nonlinear pulse propagation model . . 198

10.2 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 203

10.3 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 205



Chapter 11 Kerr nonlinearity with the VNPP model 207

11.1 Background . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 207

11.2 Numerical predictions of Kerr nonlinearity . . . . . . . . . . . . . . . 207

11.3 The experiments . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 209

11.4 summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 215

Chapter 12 Nonlinear interactions between two polarisation modes 217

12.1 Background . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 217

12.2 Structurally induced anisotropic nonlinearity . . . . . . . . . . . . . . 219

12.3 New expression of coupled wave equations for continuous waves . . . 221

12.3.1 Steady state solutions . . . . . . . . . . . . . . . . . . . . . . 222

12.3.2 Periodic behaviours . . . . . . . . . . . . . . . . . . . . . . . . 224

12.3.3 Application – optical logic gates . . . . . . . . . . . . . . . . . 226

12.4 Nonlinear polarisation in asymmetric waveguides . . . . . . . . . . . 228

12.4.1 Rib-waveguides . . . . . . . . . . . . . . . . . . . . . . . . . . 229

12.4.2 Application – optical switches . . . . . . . . . . . . . . . . . . 231

12.5 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 234

Chapter 13 Summary of Part II 237

Chapter 14 Conclusion and future work 241

14.1 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 241

14.2 Future work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 243

Chapter A Appendices 247

A.1 Nonlinear response function . . . . . . . . . . . . . . . . . . . . . . . 247

A.2 M2 measurement . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 249

A.3 Theory of Kerr nonlinearity measurement . . . . . . . . . . . . . . . . 252

A.4 Stability analysis of the VNPP model . . . . . . . . . . . . . . . . . . 255

Bibliography 259





Abstract

The objective of this thesis is to explore the potentials of using soft-glass (non-silica)

based microstructured optical fibres (MOFs) for nonlinear optical applications. The

high linear and nonlinear refractive indices of soft glasses and the ability to tailor

the dispersion properties of MOFs have made them an ideal platform for developing

nonlinear optical applications. Soft glasses also provide the possibilities of developing

waveguides with mid-infrared transmission capability. In addition, the advances in

fabricating MOFs with sub-wavelength structures and high refractive index contrast

mean that nonlinear processes in these fibres can no longer accurately explored

using conventional theories (namely scalar theories). A full vectorial theory is thus

required, and this thesis drives forward some applications of recently developed

generalised nonlinear theory. In this work, the author studies soft-glass MOFs from

two aspects. The first aspect is to develop soft-glass MOFs for new frequency light

generation using the scalar theories. The second aspect is to explore new nonlinear

phenomena in sub-wavelength scale high-index-contrast waveguides, which includes

soft-glass MOFs, using a full vectorial theory. The goal of studying these two aspects

is develop a general theory that can explain and accurately predict all nonlinear

effects in all types of waveguides.

Progress towards two novel nonlinear light sources is described, namely a fem-

tosecond near-transform-limited tunable light source based on a fibre optical para-

metric oscillator (FOPO) and a broadband highly coherent supercontinuum (SC)

source in the mid-infrared. The advantages of soft-glass MOFs have never previ-

ously been employed to enhance the performance of FOPOs. Also the bandwidth

ix



and coherence of SC sources have never been optimised simultaneously, utilising

the advantages of soft-glass MOFs. In this work, a genetic algorithm based fibre

design approach is developed and applied to design and optimise fibres for these

devices. The extrusion technique is used to fabricate fibre preforms. Simulations

and experiments are performed to demonstrate SC generation and new frequency

light generation in the final fibre.

The Kerr nonlinearity and nonlinear polarisation interactions are studied in a

full vectorial framework. A continuous self-phase-modulation method was used to

measure the Kerr nonlinearity of soft-glass MOFs, which confirmed the validity of the

full vectorial theory. After that, new polarisation behaviours including polarisation

self-switching were discovered and studied.

The outcomes of the works demonstrate the efficiency of using soft-glass MOFs

for nonlinear applications. As described in Part I, for the FOPO, only a few mil-

limetres of fibres were used to achieve near transform limited output with high

conversion efficiency across a large frequency separation. For the supercontinuum

source, a broadband continuum spectral output that was only limited by the trans-

mission window of the glass and highly coherent was obtained. The supercontinuum

experiments indicated the fabricated fibres had behaved as expected with the con-

sideration of fabrication distortion.

As described in Part II, the work on the nonlinear effects with the full vectorial

theory indicates that the Kerr nonlinearities of soft-glass MOFs can be significantly

larger than they were previous predicted. New nonlinear polarisation behaviours

including polarisation self-switching can take place in soft-glass MOFs with milliwatt

level of power which indicates significant differences in the nonlinear processes that

involved in FOPO and SC light sources should be observed with soft-glass MOFs.

Combining the full vectorial theory with FOPOs, supercontinuum sources and

other nonlinear applications will lead to a better understanding the physics of the

nonlinear processes behind these applications as well as further increase the effi-

ciency of using soft-glass MOFs for these nonlinear applications and discover new



applications.
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