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Abstract

The focus of this thesis is the observation and characterisation of supercontinuum
generation within multimode microstructured optical fibre and the development of the
techniques required to both create and measure the generated supercontinua. In addition,
the nonlinear effects of light in silica are reviewed, and the experimental results from
supercontinua generated with a low number of solitons add novel scientific weight to
recent theories on dispersive wave and soliton interactions in microstructured optical
fibre.

The supercontinua generated in various hexagonal core and elliptical core
microstructured optical fibres when pumped with femtosecond pulses sourced from a
Ti:Sapphire laser system are observed. The electromagnetic mode excited within the
core is selected by an offset to the incident beam position on the fibre end face through
a precise coupling system under computer control. A novel experimental measurement
technique was developed to simultaneously characterise the electromagnetic mode

output of these fibres in spectral and spatial domains.

This technique revealed previously unobserved complexity in the mode structure of the
supercontinuum output from microstructured optical fibre. In the generated dispersive
wave, it was found that the electromagnetic mode structure was orientated in a
hexagonal higher order mode structure with each orientation producing a slightly varied

wavelength of light.

From this work, and by selectively coupling into higher order modes, it was discovered
that the creation of a “sparse supercontinuum” with a low number of solitons was
possible while still maintaining strong nonlinear effects. This work allowed
experimental soliton and dispersive wave pairs matched in higher order modes to be
compared to the recent theories on dispersive wave trapping and the group index

matching between these light pulses.

To aid in the understanding of this data the full vector solutions for the electromagnetic
modes in all fibres used were simulated using finite element frequency domain analysis,
providing both the mode field structure and the effective mode index and dispersion for

all modes in each fibre.



A polarisation study was performed on the output of the higher order electromagnetic
modes confirming the expected simulated vector modes and using the rotation direction

of the field pattern with polarisation rotation to determine the specific mode generated.

This thesis comprises significant work that expands the scientific knowledge in the
fields of supercontinuum generation, nonlinear optics and higher order electromagnetic
modes in microstructured optical fibres through both simulation and experimental

measurement and analysis.

Vi



Table of Contents

DECIATATION ... [
ACKNOWIBAGMENTS ...ttt e et neesne e e e i
ADSTIACT ...t %
Table OF CONENES ..o vii
1 INErOAUCTION ...ttt bbb 1
1.1 OPLCAI FIDE ... 2
111 NUMENCAl APEITUIE.....civieieeie ittt ettt sre e s e e 2
1.1.2 0 ATENUALION ...ttt 3
1.1.3  Refractive Index of Optical Fibre ..........ccccooooviiieiiieice e 4
1.1.4  Electromagnetic Modes in Optical Fibre ...........ccocooveiiveiiiie v 6

1.2 Microstructured Optical Fibre ..........ccccoviieiiiiicc e 12
1.3 NONINEAr OPLICS. .. .iciiiiiiiicie ettt 14
131 KT EFTECE. ..ot s 16
1.3.2  Self-Phase MOAUIALION .........c.coiiiiiiiiieiee s 17
1.3.3  Cross-Phase Modulation ... 19
1.3.4  WAVE MIXING ..ttt 22
135 SOEONS. .. s 23
1.3.6  Stimulated Raman SCATEriNg .........ccoouriririerine e 26

1.4 SUPEICONTINUUIM ..ottt bbbttt e bbb nre s 28
1.4.1  Discovery and HiStOry.........cccoveiiiiiiciiciiese e 28
1.4.2  The SUPErCONTINUUIM .....ooiiieitiicie ettt e e nneene e 29
1.43  Soliton Formation and FiSSION ..........cccceiiiiiiiiiiiiicceceee e 30
1.4.4  Soliton Self-Raman Shift ..o 30
145  DISPEISIVE WAVE .....oviiiieiiie ettt ettt et sae e sae e neane e 31
1.4.6  Gravity-like Trapping.......ccccoeiiioiieiieeiee e sre e nree s 33
147  FOUr WAVE MIXING ....iiiiiiiiiieiiesie sttt 36



148 Numerical SIMUIAtIoN .......oooeeeee e 36

1.5  Supercontinuum in Higher Order EM MOdES ..........cceoviiiiiieniiininieecee, 37
151 Initial RESEAICH ..c..oiviiiiiiiee e 38
152 CUrrent RESEAICN ......coiiiiiiicee e 39
153  The Scope Of this THESIS ......ccoveiiiiiiicie e 44

2 EXPErIMENTAl........coviieiicece e e 46

2.1 URIAFASE LASEIS. .....eeeeiiiiieieiiiteiee st 46
2.1.1  Titanium-Sapphire LaSEr........ccccieiiieiieiieieeiie e see e sre e se s 46
2.1.2  Measurement and Characterisation of Ti:S LaSer........ccccccoovviivnincnnnnnn, 47

2.2 Microstructured Optical FIbre.........cccooooveiiiiiiiecee e 49

0 B O o ot TSR 53
2.3.1  Faraday ISOIAtOr.........c.ciiiiiiiece et 53
2.3.2  Beam Steering and StabiliSation .............ccccooiiiiiiiiiiien e, 54
2.3.3  Fibre Coupling SYStEM.......ccoiiiiiiiiieie e 58
2.3.4  Apparatus Configuration..........cceoerenereniiisesieeee e 59
2.3.5  Collimator and Mode SCANNET ........cccoiiriririieiieeee e 59
2.3.6  POolariser and SCreEN........coi it 61

2.4 SPECLIOMELEIS ...ttt n e 62
241 HRZ000F ... ..ottt sttt nnee s 62
242 NIRQUEST ...ttt nnee s 62

2.5 PrOCESSING....coviiiiitieite ettt te ettt et e re e enes 64
2.5.1  Radiometric Calibration ............ccccoeiiiiiiniiiiicee e 64
2.5.2  Data Restructure and VisualiSation...............ccoovvveiieneneniiiiiseceeee 65

3 Modelling of Optical Modes in Microstructured Optical Fibres............cccocovevvnnnee. 67

3.1 Multipole Method..........coviiiiiiic e 67

3.2 Finite Element Frequency Domain Method ............ccccvviiiiiiiinencnisecccee, 68

3.3 CUNVE FITING....eiitiiieieiiieieie ettt bbbt 68



B4 REBSUIS ..o 69

3.4.1  Thorlabs NL-2.8-850-02 .........ccccouiiieiiiieieiieiesiesieee e 69
3.4.2  Thorlabs NL-2.0-745-02 .......cccceiiiieieieieie it 74
3.4.3  Thorlabs NL-3.0-850........ccccoiiiimiiieieieieie e 77
3.4.4  OFTC Spun High Birefringence Fibre.........cccoooviiiiiiinncinsee 79

4 Observation of Supercontinuum Generation in Higher Order Modes of

Microstructured Optical FIDre. .........cocvoiiiiiiece e 83
A1 OVEIVIBW .ottt bbbttt b e b bt eb e 83
4.2 ReSUItS and DISCUSSION .......cuiuiiiieiirieieiisiest ettt 84
4.3 CONCIUSIONS ...ttt bbbt bbb nb e 90

5  The Sparse SUPErCONTINUUIM. ......cviiiiriiitiitiiisieieee ettt 91
5.1 OVEIVIBW .ottt bbbkttt bbb ene s 91
5.2 Method and REASONING .......c.coeriiiriirieieieierie st 92
5.3 ReSUIS and DISCUSSION .....c..oiviiuiiiiiiriieiieiieie ettt 93
5.4 CONCIUSIONS ...ttt bbbttt ene s 97

6 POIArISAtION STUY ....o.oiiiiiieieeee e 98
8.1 OVEIVIBW ..ottt bbbttt ettt b 98
6.2  Experimental and method............ccccoeiiiiiiii i 98
6.3 ReSUlts and diSCUSSION ..........coveiiirieieiie et 102
8.4 CONCIUSIONS ...ttt 106

7 Conclusions and FUIther WOrK ... 107

8 RETEIENCES. ... 109

S 10 1= £ RS PRRURRPPIN 112

9.1  Supercontinuum Generation in Higher Order Modes of Photonic Crystal
B e e e 113

9.2  Spatio-spectral Identification of Solitons Occupying Higher Order
Electromagnetic Modes in Photonic Crystal Fibre...........cccovveiiiiiiiiic 119



9.3  Spatio-spectral Analysis of Supercontinuum Generation in Higher Order
Electromagnetic Modes of Photonic Crystal FIDer ..........cccccooiiiiiiiie 123

9.4  Low Order Solitons in Higher Order Electromagnetic Modes of Photonic
CryStal FIDI ...ttt nne s 129

9.5  Higher-Order Electromagnetic Mode Solitons Illuminate Theory................. 132

9.6  Sparse Supercontinuum with Low Order Solitons in Higher Order

ElectromagnetiC IMOUES ..........ccoiiiiiiiieieee s 135
10 APPENGICES ...ttt bbbttt b bbbttt 139
10.1 Taylor Series Expansion of Phase Constant. ...........cccceoeveienencnineniseeene 139
10.2  Radiometric Calibration ..........ccocooeiiiiiiieeiee e 141
10.3  Source Code fOr Programs ..........ccoeeierieienienenesieee e 142
10.3.1  List of other Programs WitteN..........cccceiiriiininiiienese e 142
10.3.2  Refraction of FUuSed SiliCa..........c.ccoeiiririiiiiiiee e 143
10.3.3  Self-Phase Modulation Simulation .............ccoceveiiiineiiincnce e 144
10.3.4 Quadrant Detection SIMUIAtioN............cceeveeiiiiiie e 145



