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This thesis describes the development of novel microstructured optical fibres (MOFs), 
namely holey optical fibres (HFs), based on a commercial highly nonlinear non-silica glass: lead 
silicate glass, for their specific incorporation in optical devices based on fibre nonlinearity and 
dispersive properties. For example, supercontinuum (SC) generation experiments using these 
structures are demonstrated. Together with the development of the novel fabrication techniques, the 
characterisation and applications of these fibres are presented, proving the advantages of HF 
technology in the implementation of highly nonlinear optical devices, as well as discussing their 
limitations. 
  At the time of this study, soft glass HFs (SG-HFs) had just recently been identified as an 
alternative route towards extremely high nonlinearity HFs. Thus, very little was understood about the 
soft glass HF fabrication, and the factors that influence the optical properties of the HFs: propagation 
loss, fibre nonlinearity and dispersion. There had been little development towards SG-HF fabrication 
techniques that could be used to produce good quality fibres, nor the characterisation techniques that 
could be used to accurately measure the optical properties. Both the fabrication and characterisation 
techniques are essential for future SG-HF research and development, and for assessing what benefits 
SG-HFs may offer over their conventional counterparts and pure silica HFs in the small core, single 
mode regime. 

This research is targeted on the fabrication of HFs made by glasses other than silica, to 
further enhance fibre nonlinear effects and to tailor novel dispersion properties, such as anomalous 
dispersion in the visible and near-IR regions. This behaviour arises from the large contribution, in 
HFs, of the waveguide dispersion, to the total dispersion value. The use of soft glass with low 
softening temperatures (~4200C), has allowed the development of a novel fabrication technique for 
HF structured preforms: Extrusion, where a glass disc is forced through a die at elevated temperature 
near the softening point, whereby the die orifice determines the preform geometry. Wagon wheel 
(WW) structure was chosen as our design, where its microstructured region consists of three large air 
holes surrounding a very small core. We have established the maximum nonlinearity that can be 
achieved in this fibre at telecommunications wavelengths, and developed high nonlinearity fibre with 
dispersion-shifted characteristics suited for SC generation applications at 1.06 μm. Although the 
material loss in the soft glass is normally higher than its counterpart, silica, the massive nonlinear 
effects possible in HF made from the non-silica glass are counterbalanced by its high loss, of the 
order of few dB/m.  

The complex structure, high nonlinearity SG-HFs are developed, aiming at shifting the zero 
dispersion wavelength (ZDW) to the 1.55 μm regime and offering an improved dispersion profile. A 
novel fibre fabrication approach: Structured Element Stacking Technique (SEST), which combined 
the best features of both extrusion and stacking and allows the production of the more complex 
preforms required to achieve good dispersion control in SG-HFs, is demonstrated. We demonstrated 
the fabrication of an SF57 SEST fibre with a ZDW within the C-band, a 3.2 dB/m loss, and a γ value 
of 170 W-1km-1. 

By taking the advantages of the zero dispersion of the HFs at 1 μm and 1.55 μm, the SC 
studies are carried out using these HFs (WW HFs and SEST HFs). Both of the fibre SC studies 
combined experimental and numerical results, and the simulations and experiments were in 
qualitative agreement. We observed a spectrum spanning over 1000nm by using just ~98 pJ energy 
pulses in a 60cm piece of the WW HF. This demonstrated the advantage of SG-HFs in terms of 
compact devices and low power requirements. 



 i

 
 
 

 

 

 

List of Contents              i 

List of Figures           vii 

List of Tables                      xiv 

Declaration of authorship                     xvi 

Acknowledgments                    xvii 

List of Abbreviations         xix 

 

 

CHAPTER 1: Introduction to holey fibres 

1.1  Background ………………………………………………………………..............  1 

1.2  Motivation and objectives …………………………………………………............  8 

1.3       Organisation of the thesis ………………………………………………………….  13 

1.4 References …………………………………………………………………………  16 

 

CHAPTER 2: Holey Fibre (HF) 

2.1  Introduction ……………………………………………………………….............   23 

2.2  Guidance mechanisms …………………………………………………….............  28 

2.3  Basic optical properties of MOFs …………………………………………………  29 

2.3.1  Endlessly single-mode guidance …………………………………………..  29 

2.3.2 Group velocity dispersion (GVD) …………………………………………  31 

2.3.3 Nonlinearity ……………………………………………………………….  32 

2.4   Applications ……………………………………………………………………….  34 

2. 5 Glass material choice ……………………………………………………………...  36 

 2.5.1  Transmission and IR transmittance of the soft glasses ……………............  37 

2.5.2 Impact of OH content on IR transmission ………………………………...  39 

2.5.3 Refractive index of the glasses ……………………………………............  40 

2.5.3.1 Material nonlinearity ……………………………………………… 40 

2.5.3.2 Material dispersion ………………………………………………... 42 

List of Contents 



 ii

2.5.4 Viscosity …………………………………………………………………..  45 

2.5.5 Comparison of non-silica glasses as background material for HFs ………. 46 

2.6 Non-silica glass based HF fabrication techniques ………………………..............  48 

2.7 State of the art: Examples of some significant fabricated non-silica HFs ………..  52 

2.8 Conclusion: Why SF57 lead silicate glass is used? ……………………….............  53 

2.9 References …………………………………………………………………………  56 

 

 

CHAPTER 3: HF optical properties measurement 

3.1  Introduction ………………………………………………………………………..  62 

3.2  General Experimental considerations ……………………………………..............  63 

3.2.1 Soft glass HF end preparation ………………………………………..........  63 

 3.2.2    Launching light into soft glass HF ………………………………..............   66 

 3.2.3    Coupling from HF to the detector …………………………………............  66 

3.3 Mode profile ……………………………………………………………...............  66 

3.3.1 Geometrical dimension of the fibre core ………………………………….  67 

3.3.2 Mode profile measurement ………………………………………………..  68 

3.4  Propagation loss …………………………………………………………...............  69 

 3.4.1    Loss mechanism in small core extruded HFs ……………………………..  69 

 3.4.2    Loss measurement …………………………………………………………  71 

3.4.2.1 Spot loss measurement ……………………………………............ 72 

3.4.2.2 Broadband loss measurement ……………………………………..  73 

3.5  Effective mode area and nonlinearity ……………………………………………..  74 

3.5.1  Effective nonlinearity, γ, measurement …………………………………...  74 

3.5.1.1 Basic principle of the measurement approach …………………….  74 

3.5.1.2 Experimental setup ………………………………………………..  76 

3.5.2   Effective mode area measurement ………………………………………..  79 

3.6  Dispersion ………………………………………………………………………...  79 

3.6.1  Dispersion measurement …………………………………………..............  80 

3.6.1.1 Dispersion measurement for SEST HF at 1550nm ………………..  80 

3.7   Birefringence ………………………………………………………………............ 82 

3.7.1 Birefringence measurement setup …………………………………. ……... 82 

3.7.2   Basic principle of the measurement approach …………………………….  83 



 iii

3.8  Figure-of-merit (FOM) ……………………………………………………………  85 

3.8.1 FOM for devices based on maximum useful fibre length …………............  86 

3.8.2 FOM for compact device using 1m fibre length …………………………... 87 

3. 9  Conclusion ………………………………………………………………………...  88 

3.10 References …………………………………………………………………............  91 

 

 

CHAPTER 4: Fabrication of simple structure soft glass HF 

4.1  Introduction …………………………………………………………………..........  93 

4.2  Fibre fabrication approach ………………………………………………………...  95 

4.2.1 Preform making technique: Extrusion …………………………………….  95 

4.2.1.1  Principle of extrusion ……………………………………….......... 96 

4.2.1.2 Extrusion apparatus ………………………………………….......... 97 

4.2.1.3 Die characteristics ………………………………………………… 99 

4.2.1.4 Cleaning process …………………………………………………... 100 

4.2.1.5 Extrusion process parameters ……………………………………... 101 

4.2.1.6 Defects of extruded elements …………………………………….... 103 

4.2.2 Caning and fibre drawing ………………………………………………….  104 

4.2.2.1 Principle of fibre drawing …………………………………………. 105 

4.2.2.2 Preform preparation before caning and fibre drawing …………….. 107 

4.2.2.3 Caning and fibre drawing process …………………………………. 109 

4.2.3 Bare/unclad Fibre fabrication ……………………………………............... 110 

4.3 WW HF design …………………………………………………………………….. 111 

4.3.1 WW HF design targets …………………………………………….. ……... 111 

4.3.2 WW HF fabrication scheme ……………………………………….............. 113 

4.4 Results and discussion ……………………………………………………………... 115 

4.4.1 Extruded preforms …………………………………………………............ 115 

4.4.1.1 Extrusion process parameter ………………………………………. 117 

4.4.1.2 Defects of extruded elements ……………………………………… 119 

4.4.1.2.1 Dimensional defects: die swell, taper and curvature ……. 119 

4.4.1.2.2 Surface defects …………………………………………... 121 

4.4.2 Extruded Cane ……………………………………………………………... 127 

4.4.3 Extruded HF ……………………………………………………………….. 131 

4.4.4 Propagation loss …………………………………………………………… 135 



 iv

4.4.4.1  Bare/ Unclad fibre ………………………………………………… 135 

4.4.4.2  Comparison of the loss spectral between the WW HF and the bulk  

  glass…………...……………………………………...……………136 

4.4.4.3  WW HFs ………………………………………………………... 137 

4.4.4.3.1 Effect of the core diameter on loss ……………………… 139 

4.4.4.3.2 Effect of the die characteristic on the loss ………………. 140 

4.4.4.3.3 Effect of the fibre structure on the loss …………………. 141 

4.4.4.3.4 Effect of the defects and cleaning on the loss …………… 141 

4.4.4.3.5 Effect of the temperature on the loss ……………………. 142 

4.4.4.4 Conclusion ………………………………………………………… 142 

4.4.5 Mode profile ………………………………………………………………. 143 

4.4.6 Nonlinearity ……………………………………………………………….. 145 

4.4.6.1  Fibre design modeling and core size optimization ……………….. 146 

4.4.6.2  Effective mode area and nonlinearity …………………………….. 148 

4.4.7 Dispersion …………………………………………………………………. 151 

4.4.7.1  Fibre design modelling …………………………………………… 152 

4.4.8 Birefringence ……………………………………………………………… 155 

4.4.9 Figure-of-merit (FOM) for nonlinear performance ……………………….. 156 

4.4.9.1 Device based on maximum useful fibre length …………………….157 

4.4.9.2 Compact devices using 1m fibre length …………………………… 158 

4.10  Conclusion ………………………………………………………………………… 159 

4.11 References …………………………………………………………………………. 161 

 

 

CHAPTER 5: Fabrication of complex structure soft glass HF 

5.1  Introduction ………………………………………………………........................... 164 

5.2  Complex structure holey fibre design and modelling ……………………………... 168 

5.2.1  Fibre design target …………………………………………………………. 168 

5.2.2 CAST and SEST design …………………………………………………… 169 

5.2.3 1-ring-element stacking SEST HF (1R-SEST) ……………………………. 172 

5.2.4 2-ring-element stacking SEST HF (2R-SEST) ……………………………. 173 

5.3 Complex structure HF fabrication ………………………………………………… 175 

5.3.1 Introduction ………………………………………………………………... 175 

5.3.2 SEST HF Fabrication scheme ……………………………………………... 177 



 v

5.3.3 Extrusion process and apparatus …………………………………………... 178 

5.3.4 Die characteristics ……………………………………………………......... 179 

5.4 Results and discussion …………………………………………………………….. 180 

5.4.1 1st experiment on 1-ring-element stacking technique: 1R-SEST ………….. 181 

5.4.1.1 Die design …………………………………………………………. 181 

5.4.1.2 Extruded element ………………………………………………….. 182 

5.4.1.3 Caning and structured element stacking …………………………... 184 

5.4.1.4 1R-SEST HF ………………………………………………………. 186 

5.4.1.5 Characterisation …………………………………………………… 187 

5.4.2 2nd experiment on  improved 1-ring-element stacking technique:   

Improved 1R-SEST ………………………………………………………... 188 

5.4.2.1 Die design …………………………………………………………. 188 

5.4.2.2 Stacking preform …………………………………………………... 189 

5.4.2.3 Caning and stacking ……………………………………………….. 190 

5.4.2.4 Improved 1R-SEST HF ………………………………………….... 192 

5.4.2.5 Characterisation …………………………………………………… 193 

5.4.2.5.1 Mode profile …………………………………………….. 194 

5.4.2.5.2 Propagation loss ……………………………………......... 196 

5.4.2.5.3 Mode area and Nonlinearity ……………………………... 197 

5.4.2.5.4 Dispersion ……………………………………………….. 199 

5.4.3 3rd experiment on 2-ring-element stacking technique: 2R-SEST …………. 201 

5.4.3.1 2R-SEST fibre …………………………………………………….. 201 

5.4.4 4th experiment on improved 2-ring-element stacking technique:  

‘2+1’R-SEST………………………………………………………............. 202 

5.4.4.1 Design and modelling ……………………………………………... 202 

5.4.4.2 Die design …………………………………………………………. 205 

5.4.4.3 Extruded preform, caning and structured element stacking ………. 206 

5.4.4.4 ‘2+1’R-SEST Fibre ……………………………………………….. 208 

5.4.4.5 Characterisation …………………………………………………… 209 

5.5 Conclusion ………………………………………………………………………… 213 

5.6 References ………………………………………………………………………… 216 

 

 

 



 vi

CHAPTER 6: Non-silica glass high-nonlinearity dispersion-shifted HFs for efficient 

supercontinuum generation 

6.1  Introduction ……………………………………………………………………….. 218 

6.2  Numerical model of the SC simulations …………………………………………. 222 

6.3 Experiment setup …………………………………………………………………. 224 

6.4 Results and discussion ……………………………………………………………. 228 

6.4.1 SF57 WW HFs with ZDW at 1.06 μm ……………………………………. 229 

6.4.1.1 SC experiment …………………………………………………….. 230 

6.4.1.2 Comparison of simulations and experimental results …………….. 234 

6.4.2 SF57 SEST HFs with ZDWL at 1.55 μm …………………………………. 238 

6.4.2.1 SC experiment …………………………………………………….. 239 

6.4.2.2 Phase matching modeling …………………………………………. 242 

6.4.2.3 Comparison of simulations and experimental results ……………... 243 

6.5 Conclusion …………………………………………………………………………. 244 

6.6 References ……………………………………………………………………......... 247 

 

 

CHAPTER 7: Conclusions and future directions ……………………………………… 250 

7.1 References ……………………………………………………………………......... 262 

 

APPENDIX 

Appendix 1        :  Measured refractive index data ………………………………………... 263 

Appendix 2 (I)   :  Glass Disc Preparation ………………………………………………… 264 

Appendix 2 (II)  :  Extrusion Process ……………………………………………………… 265 

Appendix 2 (III) : Cleaning Process: 

                              Glass disc and dies cleaning prior extrusion process ………………….. 267 
Appendix 2 (IV) : Cleaning Process: 

                              Extruded preforms cleaning prior drawing ……………………………. 268 

Appendix 2 (V)  :  Annealing ……………………………………………………………... 269 

Appendix 3        :  Other applications of the SEST HF …………………………….……... 270 

 

 

List of Publications ……………………………………………………………................. 279 

 



 vii

 
 

 

 

 

1.1: The SEM images of (a), (b) index-guided fibre and (c), (d) optical bandgap guided 

fibre……………………………………. ………………………………………………….. . 2 

1.2:  Graph of the SF57 lead silicate bulk glass refractive index as a function of wavelength......11 

1.3:  Graph of the SF57 lead silicate bulk glass dispersion as a function of wavelength …......... 12 

 

2.1:  Single material HF fabricated in 1973 by Kaiser and Astle [21]…………………………... 25 

2.2:  Endlessly single-mode single material fibre fabricated in 1996 by Birks et al. [23]………. 25 

2.3:  A selection of large core and small core HFs examples fabricated in the ORC for particular 

applications………………………………………………………………………………… 26 

2.4:  A selection of extruded small core non-silica HFs examples. (a) SF57 HFs, ORC [2-3], (b) 

SF6 HFs, Bath [27], (c) Tellurite HFs, Bath [7], (d) Improved SF57 HFs, ORC [4], (e) 

Bismuth oxide HFs, ORC [8]……………………………………………………………… 27 

2.5:  A cross section of a HF with d, the hole diameter and Λ, the adjacent hole spacing……… 28 

2.6:  Transmission spectra of typical optical glasses: 1. pure silica glass, 2. Schott SF59 glass, 3. 

ORC in house tellurite glass,  4. ORC in house GLS glass [47] ………………………….. 38 

2.7:  Multiphonon edges for different glasses (this graph is provided by Dr H. Ebendorff-

Heidepriem) ……………………………………………………………………………….. 38 

2.8:  Bulk loss spectra of various glasses: SF57 lead silicate glass and bismuth oxide, measured 

using bulk samples of 1-30mm thickness and commercial spectrometers [14]. The inset 

shows the loss spectral in broader wavelengths……………………………………………. 40 

2.9:     Relationship between refractive index nd and nonlinear refractive index n2 of various optical 

glasses. (This graph was contributed by Dr. Xian Feng)…………………………………... 41 

2.10:  Material dispersion of a range of soft glasses. (This graph was contributed by Dr. T. M. 

Monro) …………………………………………………………………………………….. 43 

2.11:  Temperature-viscosity curve of SF57 lead silicate glass. Inset: Viscosity of some other 

studied glasses: 1. tellurite glass, 2. Schott SF59 glass (lead borosilicate glass), 3. GLS glass, 

4. pure silica glass (this graph is extracted from [47]) .......................................................... 46 

2.12: The progress and versatility achieved to date in fabrication of highly nonlinear soft glass HFs. 

 ……………………………………………………………………………………………... 52 

2.13:  Progression of some significant non-silica HFs ……………………………………………53 

List of Figures 



 viii

 

3.1:  Scanning Electron Microscopy (SEM) images of the studied SF57 lead silicate HFs…….. 63 

3.2:  Optical microscope images of some badly cleaved fibres. Note the imperfections around the 

holes and the cracks running between some of them……………………………………..... 64 

3.3:  (a) Structure of an ASR (b) Definition of enclosed and triangular core diameter. The 

triangular core diameter is used for comparison with the ASR model [1]…...……………. 67 

3.4:  (a) Definition of hexagonal core diameter for SEST HF (b) The diameter of the core is 

represented by the average of the 3 diameters. Note that the measurements in red are in pixel 

units and will then be converted into μm………………………………………………….. 68 

3.5:  Experimental setup for mode profile measurement ……………………………………….. 69 

3.6:  Some examples of mode profile of the studied HFs ………………………………………. 69 

3.7:  Optical microscope images of the defects found in some extruded fibre preforms (these 

defects are in micron scale)…………………………………………………………………70 

3.8:  Optical microscope images of impurities (black particles) found in some extruded fibre 

preforms (these fine particles are in micron scale).………………………………………... 71 

3.10:  Spot/single wavelength loss measurement setup with ASE source………………………... 72 

3.11:  Spectral loss measurement setup with broadband white light source……………………… 73 

3.12:  A typical SPM spectrum generated by the propagation of a beat signal in the WW HF…... 75 

3.13:  Experimental setup of the nonlinear coefficient  γ measurement………………………….. 76 

3.14:  An example of phase shift vs. input power for a measured HF……………………………. 78 

3.15:  Setup for dispersion characterization of SEST, based on interferometric techniques…….. 80 

3.16:  Interference fringes in the spectrum obtained by OSA……………………………………. 81 

3.17:  SEM of the cross section of the WW HF and SEST HF…………………………………... 82 

3.18:  Experimental setup for beat length measurement using the wavelength scanning method...83 

3.19: Scanned modulated spectral output from the OSA………………………………………… 84 

 

4.1:  The flow chart for the fabrication of the extruded HF……………………………………... 95 

4.2:       Schematic drawing of the ORC custom-designed extrusion apparatus……………………. 96 

4.3:       Parts and die for extrusion…………………………………………………………………. 98 

4.4:  The rough idea of surface quality of various dies fabricated through different techniques: 

conventional machine cutting and spark erosion (image provided by Dr. H. Ebendorff-

Heidepriem) ……………………………………………………………………………….. 99 

4.5:  The surface quality of dies fabricated through (a) the machine cutting technique without any 

coating and (b) the spark erosion technique where it is coated with dry lubricant, tungsten 

disulphide…………………………………………………………………………………... 100 

4.6:  Extrusion phases…………………………………………………………………………….102 



 ix

4.7:  Schematic drawing of the ORC in house custom-designed fibre drawing tower………….. 106 

4.8:   Schematic drawing of fibre drawing furnace………………………………………………. 107 

4.9:  Assembly with one fused cane end………………………………………………………... 110 

4.10:  Ultrasonic drilled SF57 glass billet and unclad fibre machined cut stainless steel die……. 110 

4.11:   Unclad fibre extruded perform ……………………………………………………………. 111 

4.12:  A SEM image of a typical WW structured HF ……………………………………………. 111 

4.13:  Fabrication scheme of the extruded HFs ………………………………………………….. 114 

4.14:  Extruded jacketing tube preform T1 ………………………………………………………. 115 

4.15:  Extruded jacketing tube perform T2 ……………………………………………………… 116 

4.16:  Extruded WW structured perform WW1 …………………………………………………. 117 

4.17:  Extruded WW structured perform WW2  ………………………………………………… 117 

4.18:  Defects found in T1 ……………………………………………………………………….. 121 

4.19:  A sketch of the tube T1 to point out where the defects are located………………………... 122 

4.20:  Defects found in T2 ……………………………………………………………………….. 122 

4.21:  A sketch of the tube T2 to point out where the defects are located……………………….. 122 

4.22:  Defects found in WW1 ……………………………………………………………………. 123 

4.23:  A sketch of the preform WW1 to point out where the defects are located………………… 124 

4.24:  Defects accumulate beside the struts ……………………………………………………… 124 

4.25:  Defects found in WW2 ……………………………………………………………………. 125 

4.26:  A sketch of the preform WW2 to point out where the defects are located………………… 125 

4.27:  High tension drawing will result in canes that have less curvature in their air lobes and long 

and thin struts ……………………………………………………………………………… 129 

4.28:  Loss spectrum of SF57 unclad fibre……………………………………………………….. 136 

4.29:  Comparison of spectral curve for the 1.8μm core WW HF of ~2m and polished glass disc of 

thickness 33mm.………………………… ………………………………………………. 137 

4.30:  Loss comparison between WW HF (F2) of different sizes………………………………... 138 

4.31:  (a) Predicted mode profile of SF57 WW HF [9] showing modal field overlaps with the air 

holes within the HF which causes scattering loss due to surface imperfection and (b) typical 

measured WW HF loss versus core diameter at a wavelength of 1550nm for WW HFs F2.  

…………………………………………………………………………………………….. 139 

4.32:  The canes and the resulted end fibres. (a) Cane C1 and fibre F1 and (b) cane C2 and fibre F2. 

 …………………………………………………………………………………………….. 141 

4.33:  (a) SEM image of the small core extruded SF57 HF (F3#3) with ~0.95 μm core and the 

enclosed area is the diameter of the circle that fits just inside the core region. (b) Measured 

mode profile for fibre F3#3 at core diameter of ~0.95 μm  ……………………………….. 144 

4.34:   Predicted mode profiles for fibre F3#3 of core diameter ~0.95 μm at (a) 1.06 μm and (b) 1.55 



 x

μm………………………………………………………………………………………….. 144 

4.35:   (a) SEM of the cross section of the extremely high nonlinearity WW HF (b) a circular solid 

core fibre surrounded by an air-cladding ………………………………………………….. 147 

4.36:  Effective nonlinear coefficient at 1.55 μm and 1.06 μm (simulation performed by Dr. V. 

Finazzi)…………………………………………………………………………………….. 147 

4.37:  Measured nonlinear phase shift as a function of input power for (a) F2#1 with Denclosed 1.2μm 

and (b) F2#3 with Denclosed 1.8μm at 1550nm………………………………………………. 149 

4.38:  Curves of effective length for (a) F2#1 with Denclosed 1.2μm and (b) F2#3 with Denclosed 1.8μm 

at 1550nm and 1060nm……………………………………………………………………. 149 

4.39:  (a) Effective nonlinearity of ASRs and WW HFs as a function of triangular core diameter (b) 

Effective nonlinearity of simulated SEM of the real fibre structure and WW HFs as a function 

of core diameter……………………………………………………………………………. 150 

4.40:  Simulated dispersion of bulk SF57 glass and HFs with different core diameters, using OFT by 

Dr. T. Monro……………………………………………………………………………….. 153 

4.41:  Simulated dispersion curves for bulk SF57 glass and HFs with different core diameters, using 

FEM by Dr. V. Finazzi …………………………………………………………………….. 154 

4.42:  (a) Effective nonlinearity coefficient at 1.55 μm and 1.06 μm, and (b) zero-dispersion 

wavelength as a function of core diameter for our SF57 HF design. The lines F3#3 and F2#1 

represent structures targeted and fabricated within our research…………………………... 154 

4.43:  SEM of the cross-section of the WW HF with a beat length of ~3mm …………………… 155 

4.44:  Optical spectrum with removed spectral background ……………………………………... 155 

 

5.1:   (a) SEM of the cross section of the extremely high nonlinearity WW HF (b) a circular solid 

core fibre surrounded by an air-cladding …………………………………………………. 165 

5.2:  Dispersion profiles of the WW HFs ………………………………………………………. 165 

5.3:   (a) Calculated dispersion profile for pure silica HF [6] (b) Initial simulated dispersion profile 

of hexagonal stacking SF57 glass HF, showing the possibility of moving the ZDWL to 

1550nm…………………………………………………………………………………….. 168 

5.4:  Idealized SEST structures characterized by just 2 free-parameters, Λ is the hole spacing, and 

d is the hole size……………………………………………………………………………. 173 

5.5:       Dispersion profiles for the idealised SEST HF, where the |D|<5ps/nm/km spanning from 

1430nm to 1610nm is possible with an optimized structure (green 

curve)……………………………………………..………………………………………... 173 

5.6:  (a) Dispersion profiles for the optimized SEST HF and the SF57 glass (Inset: an additional 

second ring of elements within the optimized SEST structure), (b) Predicted confinement loss 

of the idealised SEST HF for both 1-ring-element stacking and the 2-ring-element stacking 



 xi

designs at 1.55μm………………………………………………………………………….. 174 

5.7:  Fabrication scheme of CAST fibres ………………………………………………………. 176 

5.8:   Comparison of CAST and SEST HFs on the fibre drawing reduction ratio………………. 176 

5.9:  Fabrication scheme of the SEST HFs ……………………………………………………... 178 

5.10:  Sketch of extrusion set up and process for SEST preform fabrication ……………………. 179 

5.11:  (a) 6-hole die set (b) 7-hole die set for SEST preform extrusion ………………………….. 180 

5.12:  Drawing of 6-pin-die and 7-pin-die for the 1st experiment on 1-ring-element stacking 1R-

SEST fibre fabrication ……………………………………………………………………. 181 

5.13:  The schematic drawing for the die and the desirable geometry of the extruded element …. 182 

5.14:  (a) 14cm long of extruded jacketing tube of 12 mm OD/1.8mm ID, (b) cross sectional view of 

the jacketing tube, (c) jacketing tube with hexagonal inner ………………………………. 183 

5.15:  Extruded SF57 glass structured preforms  (a) 6-hole preform, with hole size of ~ 1.0mm, hole 

spacing of ~3mm and diameter across the flat of ~9.2mm, (b) 7-hole preform, with hole size 

of ~ 1mm, hole spacing of ~2.2mm and diameter across the flat of ~9.0mm …………….. 183 

5.16:  The stack is tightly fitted inside the jacketing tube………………………………………… 186 

5.17:  Definition of measurement across the flat for the hexagonal elements is depicted by the red 

arrows………………………………………………………………………………………. 186 

5.18:  SEM of the 1R-SEST fibre ……………………………………………………………….. 187 

5.19:  (a) IR image of the near-field pattern of 1R-SEST fibre when the light was launched into the 

fibre (b) SEM of 1R-SEST fibre  ………………………………………………………….. 188 

5.20:  Drawing of 6-pin-die and 7-pin-die for the 2st experiment on improved 1-ring-element-

stacking Improved 1R-SEST fibre fabrication …………………………………………... 189 

5.21:  Extruded SF57 glass structured preforms for 2nd experiment, (a) 6-hole preform (b) 7-hole 

preform, for Improved 1R-SEST fibre fabrication……………………………………….. 190 

5.22:  The evolution of the fibre structure from the start to the end of the pull…………………... 193 

5.23:  Definition of hexagonal core diameter for SEST HF. Note that the measurements in red are in 

pixel units and will then be converted into μm……………………………………………. 194 

5.24:  Predicted and near-field profiles of HF#1…………………………………………………. 195 

5.25:  SEST HF#1 seems to be effectively single mode from the simulation……………………. 195 

5.26:  The propagation loss at 1550nm vs the core diameter for Improved 1R-SEST HFs…….. 197 

5.27:  Measured nonlinear phase shift as a function of input power for Improved 1R-SEST HF#3 

with 2.4µm hexagonal core diameter………………………………………………………. 198 

5.28:  Effective nonlinearity coefficient at 1.55 µm as a function of core diameter with superposed 

measured data (Note that the SEST curve is calculated for the HF geometry corresponding to 

the fabricated fibre)………………………………………………………………………… 198 

5.29:  Dispersion profiles for the SEST HFs (inset: GVD at 1.55μm as a function of core diameter 



 xii

for the SEST HFs) …………………………………………………………………………. 200 

5.30:  Comparison between the dispersion profile of the WW HF and the fabricated SEST HF 

design………………………………………………………………………………………. 200 

5.31:  The evolution of the fibre structure from the start to the end of the pull………………….. 201 

5.32:  Optical micrograph of the 2R-SEST HF  …………………………………………………. 202 

5.33:  ‘2+1’R-SEST structure with the labelled parameters, d1 and d2 ………………………... 203 

5.34:  Development of SEST HFs ………………………………………………………………... 203 

5:35:  ‘2+1’R-SEST design with the optimised parameters ……………………………………... 204  

5:36:  Dispersion profiles and predicted mode profile of the ‘2+1’R-SEST design ……………. 204 

5.37:  Drawing of (a) 18-pin-die and (b) 7-pin-die of the ‘2+1’R-SEST HF ……………………. 205 

5.38: The schematic drawing for the die and the desirable geometry of the 18-hole extruded 

element …………………………………………………………………………………….. 206 

5.39:  The evolution of the ‘2+1’R-SEST fibre structure from the start to the end of the pull along 

the whole length ……………………………………………………………………….…...208 

5.40:  (a) SEM image of the ‘2+1’R-SEST HF with a missing inner hole (b) For the modeling 

purpose, the missing hole is included in the SEM image (c) The exact fibre structure is 

defined in black and white…………………………………………………………………. 209 

5.41:  (a) Predicted mode profile of the optimized ‘2+1’R-SEST HF at 1.55μm (b) predicted mode 

profiles of the exact ‘2+1’R-SEST HF at 1.55μm………………………………………….210 

5.42:  Some basic optical properties of the ‘2+1’R-SEST HF based on the exact fibre SEM image. 

 ……………………………………………………………………………………………... 211 

5.43:   (a) The size of the ‘2+1’R-SEST fibre that has been scaled down to 80% (b) Some basic 

optical properties of the downscaled 80% ‘2+1’R-SEST fibre (c) The size of the ‘2+1’R-

SEST fibre that has been scaled down to 60% (d) Some basic optical properties of the down 

scaled 60% ‘2+1’R-SEST fibre. ………………………………………………………….. 212 

 

6.1:  Comparison of the power spectral density delivered into a SMF for various broadband light 

sources: ASE-source, incandescent lamp, SC source and SLEDs (this figure was extracted 

from [1])…………………………………………………………………………………… 220 

6.2:  Schematic drawing of a typical experimental setup for SC generation using a femtosecond 

source and a short piece of highly nonlinear and dispersion tailored HF………………….. 225 

6.3: Thorlabs 3-axis Microblock Flexure stage ………………………………………………... 227 

6.4:  (a) SEM image of the small core extruded WW HF, Fibre#1 with a core diameter of ~0.95 

μm and the enclosed area is the diameter of the circle that fits just inside the core region. (b) 

Measured mode profile for the HF with a core diameter of ~0.95 μm at 1040nm ……….. 229 

 



 xiii

6.5:  Optical properties of the WW HFs, Fibre#1 and Fibre #2: (a) spectral propagation loss for 

Fibre#1, spot loss measurement is conducted for Fibre #2, 2.5dB/m at 1550nm, (b) fibre 

effective nonlinearity at 1060nm and 1550nm and (c) dispersion………………………… 232 

6.6:  Simulated and experimental optical spectral at the output of the supercontinuum generation 

system for Fibre#1 ………………………………………………………………………… 233 

6.7:  Simulated and experimental optical spectral at the output of the supercontinumm generation 

system for Fibre #2………………………………………………………………………… 233 

6.8:  Dispersion curves for bulk glass and HFs with different core diameters …………………. 235 

6.9:  Schematic of the three stages of SC generation. (This diagram is extracted from [28]) ….. 237 

6.10:  (a) SEM image of the extruded + stacked SEST HF, HF#1 with a core diameter of 4.2 μm (b) 

measured mode profile for SEST HF with a core diameter of 4.2 μm at 1040nm ………... 239 

6.11:  Optical properties of the SEST HF, HF#1: (a) fibre effective nonlinearity at 1550nm and (c) 

dispersion over a wavelength range ……………………………………………………….. 241 

6.12:  The evolution of the SC as a function of launched pulse power after 1.02m of the SEST HF#1 

with the zero dispersion at about 1550nm ………………………………………………… 241 

6.13:  An approximate dispersion profile of the SEST HF#1 ……………………………………. 242 

6.14:  (a) Phase mismatch for the 1.55μm soliton of the SEST HF#1 (b) Phase matching for the 

SEST HF#1 assuming 25% coupling efficiency …………………………………………... 242 

 

 

 



 xiv

 
 
 

 

 

 

1.1:  Measured values of refractive index n and nonlinear coefficient n2 for several optical glasses 

at the optical wavelength λmeas ………………………………………………………….. 10  

2.1:  Time line of the optical fibre and MOF/holey fibre (HF) development ………………….. 27 

2.2:  Optical properties, refractive indices and ZDW of different glasses. (The data was extracted 

from [14]) …………………………………………………………………………………. 44 

2.3:  Dmat for different glasses at the two proposed pump wavelengths (1.06 and 1.55 μm) .......  45 

2.4:       Comparison of different optical glasses as background material………………………….. 47 

2.5:       Comparison of the above practical techniques used in making HFs ……………………… 51 

2.6:  Optical and thermal properties of SF57 lead silicate ……………………………………… 54

  

3.1:  The list of measured birefringence properties……………………………………………... 84 

3.2:   A summary of the optical property measurements performed on both the WW HFs and SEST 

HFs…………………………………………………………………………………………. 89 

 

4.1  shows the summary of the extrusion parameters for various tubes and WW extruded at 

different conditions………………………………………………………………………… 118 

4.2  shows the quality of the tubes and WW extruded under different conditions. (refer to table 4.4 

 for the extrusion conditions) ………………………………………………………………. 120 

4.3:  The summary of defects found in jacketing tubes under different extrusion conditions ….. 126 

4.4:  The summary of defects found in the structured preforms ………………………………… 127 

4.5:  A summary of 3 cane samples (C1, C2 and C3) drawn …………………………………… 130 

4.6:  The dimensions and structural features of 3 WW HFs : F1,F2 and F3, measured from the 

SEM images ………………………………………………………………………………. 132 

4.7:   The ratio of struts length: struts thickness for fibres F1, F2, F3 and WW die ……………. 135 

4.8:     Fabrication conditions and loss properties of WW HFs extruded fibres. The propagation loss  

measurement was taken using a laser diode and whitelight source……………………….. 138 

4.9:       The relationship between types of dies used with the loss of the fibre …………………… 140 

4.10:  SEM images, IR images of the near-field pattern of various core size WW HFs (sample from 

F2)………………………………………………………………………………………….. 145 

4.11:  Comparison between the theoretical predictions and the measured results for the effective 

mode area and nonlinearity of the WW HFs………………………………………………. 148 

List of Tables 



 xv

4.12:  Comparison between the measurement and modelling results…………………………….. 156 

4.13:  FOMs for silica, bismuth oxide, tellurite and lead silicate glass fibres …………………… 159 

 

5.1:  Comparison of WW, CAST and SEST HFs ………………………………………………. 167 

5.2:  Comparison between the properties of the initial CAST AND SEST HF designs ………... 171 

5.3:  Dimensions of the original die and the extruded preforms ……………………………….. 184 

5.4:  The dies and the structural features of the extruded elements and canes for  1R-SEST fibre 

fabrication………………………………………………………………………………….. 185 

5.5:  The dies and the structural features of the extruded elements and canes for Improved 1R-

SEST fibre fabrication …………………………………………………………………….. 191 

5.6:  Types of Improved 1R-SEST fibre ………………………………………………………. 193 

5.7:  SEM images and IR images of the near-field pattern of various core sizes of improved 1-ring 

stacked element SEST …………………………………………………………………….. 196 

5.8:  Improved 1R-SEST HFs and bare fibre losses …………………………………………... 197 

5.9:   The results on the measurement and modelling of the fibre nonlinearity and effective mode 

area ………………………………………………………………………………………… 199 

5.10:  The dies and the structural features of the extruded elements and canes for the ‘2+1’R-SEST 

design ……………………………………………………………………………………… 207 

 

6.1:  List of selection for fibre/pump combination for SC generation ………………………….. 221 

6.2:  Parameters of the fs pump sources used in this study …………………………………….. 226 

6.3:  List of WW HFs used for the SC generation experiment with pumping wavelength at 

~1.06μm …………………………………………………………………………………… 230 

6.4:  List of SEST HF used for the SC generation experiment with pumping wavelength at 

~1.55μm ……………………………………………………………………………………239 

6.5:  The list of SEST HF#1 optical properties …………………………………………………. 241 

 



 xvi

Declaration of Authorship 

 

I, Julie Yeen Yeen Leong,  

declare that the thesis entitled " Fabrication and applications of lead-silicate glass holey 

fibre for 1-1.5microns: nonlinearity and dispersion trade offs" and the work presented in 

the thesis are both my own, and have been generated by me as the result of my own 

original research. I confirm that:  

 

■    this work was done wholly or mainly while in candidature for a research degree at 

this University;  

  

■    where any part of this thesis has previously been submitted for a degree or any 

other qualification at this University or any other institution, this has been clearly 

stated;  

  

■    where I have consulted the published work of others, this is always clearly 

attributed;  

  

■    where I have quoted from the work of others, the source is always given. With the 

exception of such quotations, this thesis is entirely my own work;  

  

■    I have acknowledged all main sources of help;  

  

■    where the thesis is based on work done by myself jointly with others, I have made 

clear exactly what was done by others and what I have contributed myself;  

  

■    I have published as part of Ph.D. work some of the research material contained 

within this thesis as journal and conference papers (see List of Publications). 

 
 

Signed: ………………………………………………………………………..  

Date:…………………………………………………………………………….  

 



 xvii

 

 

This thesis marks the end of my long journey in obtaining my graduate degree in 

Optoelectronics. It is the product of many years of work, procrastination, changing minds and 

opinions, and a substantial amount of external assistance. This thesis would not appear in its 

present form without the kind assistance and support of the following individuals and 

organizations. Therefore, my last remaining task is to acknowledge all those people that have 

contributed to the work described in this thesis. This is an impossible task, given the many 

people that have helped to design, implement, apply, criticize, sponsor and evangelize the 

work. I am going to try anyway, and if your name is not listed, rest assured that my gratitude 

is not less than for those listed below. It is a pleasure to extend my sincere gratitude and 

appreciation to many people who have made this thesis possible.  

Firstly, a very special thank to my Ph.D. supervisor, Prof. Dave Richardson. I could 

not have imagined having a better advisor and mentor for my PhD, and without his 

knowledge, perceptiveness and cracking-of-the-whip, I would never have finished my thesis. 

It is difficult to overstate my gratitude to Prof. Dave Richardson, who has in every way been 

available as a resource, be it emotionally, socially, scholarly, or administratively. Throughout 

my thesis-writing period, he provided encouragement, sound advice, good teaching, and lots 

of good ideas. I would have been lost without his guidance. His timely comments were 

invaluable throughout.  

My overwhelming thanks go to my second supervisor, Dr. Xian Feng for the 

enthusiasm and inspiration, which was always there for me when I needed it. This thesis 

would not have been possible without the kind support, the trenchant critiques, the probing 

questions, and the remarkable patience of him. I cannot thank him enough. Simply put: Dr. 

Xian Feng rocks! His expertise in optical fibre fabrication and novel glasses improved my 

research skills and prepared me for future challenges. 

The road to my graduate degree has been long and winding, so I would also like to 

thank some people from the early days. Prof. Tanya Monro and Dr. H. Ebendorff-

Heidepriem, were among those who kept me going at the beginning. They gave me the 

confidence and support, where I learned to believe in my future, my work and myself. I 

couldn't have made it without these sisters. 

ACKNOWLEDGEMENTS 



 xviii

Much thanks also to Dr. Eleanor Tarbox for the supervision that supervisors do not 

have time for, and for most of the proof-reading, and for being friends. She was a lifesaver, 

dropping everything at a moments notice to cross out, slash, comment, etc. with the eye of a 

knowledgeable technical scientific writer. Her work proved to be crucial in keeping much of 

the journalistic style out of this work. From the staff, Eveline Smith, Heather Spencer, Jenny 

Morley and some others deserve a special mention for their general support, care and 

attention, and for assisting me in many different ways. 

I am indebted to my colleagues, both past and present, from the Optoelectronics 

Research Centre (ORC), supported me in my research work. I want to thank them for all their 

help, support, interest, valuable hints and gave me a good head start to embark in this research 

area. Especially I am obliged to Roger Moore, Ken Frampton and Kenton Knight for the 

engineering support; Dr. Periklis Petropoulos, Symeon Asimakis, Dr. Jonathan Price, Dr. 

Andy Piper, Dr. Marco Petrovich and Dr. Wei Loh for their help in the holey fibres 

characterisations and productive scientific discussions; and Dr. Vittoria Finazzi, Francesco 

Poletti and Dr. Peter Horak for their computing expertise, excellent simulation and modelling 

work. I would also like to acknowledge the Malaysian government (MOSTE) and Universiti 

Tun Hussein Onn Malaysia (UTHM) for the scholarship during my years of research. 

I have lucky enough to have the support of many good friends. Life would not have 

been the same without my friends: Dr. Chong Yeng Leong, Kok Swee Leong, and those 

others who wanted to remain anonymous. I am grateful to them for helping me get through 

the difficult times, and for all the emotional support, camaraderie, entertainment, and caring 

they provided.  

Lastly, and most importantly, I wish to thank my parents in Malaysia, Leong Kok 

Chung and Lee Beng Aie. They bore me, raised me, supported me, taught me, and loved me. I 

am forever indebted to them for their understanding, endless patience and encouragement 

when it was most required. A big thank also dedicated to my elder sister, Angeline and 

brother, David, for their love and absolute confidence in me.   Not forgetting, I would like to 

give my special thanks to Dr. Cheong Jun Yau, who shared my happiness and made me 

happy, and also for some very special moments when the going was tough. To them I 

dedicate this thesis. 

 
 
          Julie 2007. 



 xix

 
 
 

 

 

 

λ    Optical wavelength 

Λ  Adjacent hole spacing, pitch  

γ  Effective nonlinearity  

σ  Tension 

η  Viscosity 

αc  Confinement loss 

Aeff  Effective mode area 

AFF  Air-filling fraction  

ASE  Amplified spontaneous emission 

ASR   Air suspended rod 

CAST   Capillary-stacking-technique 

CF  Conventional fibre 

d  Hole diameter  

ESM  Effectively single mode  

FEM  Finite element method   

FOM  Figure-of-merit  

fs  Femtosecond  

FTIR   Fourier Transform Infrared Spectroscopy  

FWM  Four wave mixing  

GVD  Group velocity dispersion  

HF   Holey fibre  

HNL-DSF   Highly nonlinear dispersion-shifted silica fibre 

HNL-HF  Highly nonlinear HF  

ID  Inner diameter 

LIDAR   Light detection and ranging 

LMA-HF  Large mode area holey fibre  

MCVD  Chemical vapour deposition process  

MOF  Microstructured fibre  

List of abbreviations 



 xx

MTIR   Modified total internal reflection  

n2   Kerr nonlinear coefficient for the glass 

NA  Numerical aperture  

ncl   Cladding index  
nco   Core index  

Nd:YAG  Neodymium-doped yttrium aluminum garnet  

neff   Effective refractive index 

NIR  Near infrared  

NL   Nonlinear 

OCT  Optical coherence tomography  

OD  Outer diameter 

OFT  Orthogonal function technique  

OVD  Outside vapour deposition process  

PBG   Photonic bandgap guiding  

PBGF  Photonic bandgap fibre 

PC   Photonic crystals  

PCF  Photonic crystal fibre  

r  Core radius 

RF  Radio frequency  

RT  Room temperature  

SC  Supercontinuum  

SEM   Scanning electron microscopy 

SEST  Structured-element-stacking  

SG-HF  Soft glass holey fibre  

WW  Wagon Wheel  

SM  Single mode  

SMA-HF  Small mode area holey fibre 

SPM  Self phase modulation  

SS  Stainless steel  

SSFS  Soliton-self-frequency shift  

V   Normalised frequency  

VAD  Vapour phase axial deposition  

Veff   Effective normalised frequency 

XPM  Cross phase modulation  



 xxi

ZDW  Zero dispersion wavelength  

ZDWs  Zero dispersion wavelengths  

 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

“To succeed... you need to find something to hold on 
to, something to motivate you, something to inspire 
you.”  

 
Tony Dorsett 



  
 

 

 

 

 

1.1  Background 

 

Over the past 36 years, since the first development of low loss silica optical 

fibres (20dB/km at the He-Ne laser wavelength of 633nm) in 1970 by “Corning Glass 

Works” in the United States [1], conventional optical fibres have revolutionised 

communications and have become a vital means for many technologies, from medical 

imaging and sensing to high power applications, such as laser cutting, welding and 

machining in manufacturing, to active devices such as fibre lasers and amplifiers. 

Since then, major improvements have been made both in terms of glass 

manufacturing and in terms of optics applications.  

 

Here, it should be noted that conventional silica fibre has a pure silica cladding 

and a germania doped core, in order to have sufficient index contrast between core 

and cladding for guiding. The doping enhances the fibre attenuation (pure silica has 

the lowest theoretical loss, 0.15dB/km at 1.55mm). 

 

In recent years, a new class of optical fibre, known collectively as 

microstructured fibre (MOF) has emerged [2-7]. These fibres guide light by means of 

an arrangement of air holes running along the entire fibre length. MOF can be made 

entirely from a single material, as it does not rely on dopants for guidance. The vast 

majority of microstructured fibres (MOFs) produced to date are silica/air MOFs that 

contain air holes embedded in pure silica glass [2-7]. Although the first single 

material MOF was fabricated back in the early 1970’s by Kaiser et al. at Bell labs [8-

9], the development of MOFs was actually triggered in 1996 by the discovery and 

demonstration of a new type of optical waveguide based on single  material (pure 

silica) with single mode (SM) guidance over an extended wavelength range [2]. From 

then onwards, they have attracted enormous interest due to their spectrally unique 
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optical properties and a design flexibility that is not possible in conventional solid 

optical fibres. This opens up more diverse potential applications in 

telecommunications, metrology, biomedicine and the military fields among others. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.1: The SEM images of (a), (b) index-guided fibre and (c), (d) optical 

bandgap guided fibre.  

 

MOFs can be grouped into two distinct categories, defined by the light guiding 

mechanisms in the fibres (See the two typical examples of these fibres that are shown 

in Figure 1.1): 

(1) index-guided MOFs, which guide light due to the principle of 

modified total internal reflection (MTIR), are also known as holey fibres 

(HFs). This mechanism is similar to the way in which conventional step-index 

fibres guide light, but the wavelength scale features in a HF lead to a strongly 

wavelength dependent cladding index. The air holes along the fibre act to 

lower the effective refractive index in the cladding region, and so the light is 

confined to the solid core, which has a relatively higher index. The basic 

operation of index-guided MOFs does not rely on the periodicity of the holey 

array. Even the randomly arranged holey cladding can still work for this type 

of MOFs [10].  

(2) Photonic bandgap guiding (PBG) MOFs, which guide light due to 

the photonic bandgap effect and the frequencies located in the bandgap are 

trapped in the core and cannot leak through the cladding [4-7]. This type of 

(a) 
(b) 

(c) (d) 
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periodic lattice is analogous to the lattice of a crystal, but with the lattice 

constants at the scales of the optical wavelengths. This is the origin of 

photonic crystals (PC). Photonic bandgap guiding can only happen in the 

optical fibre with a low-index core (say air) and a photonic crystal cladding. 

However, please note that photonic bandgap fibres (PBGFs) are only 

discussed briefly and not considered in any detail in the work presented in this 

thesis.  

Additionally, the so-called photonic crystal fibre (PCF) should be a 

MOF with a photonic crystal cladding and a high-index core or a low-index 

core. And scientifically, a high-index core with a PC cladding should have 

both index-guiding and bandgap guiding mechanisms involved, but the former 

is dominant.  

 

 In this thesis, I will only focus on the index-guiding HFs.  

 

In contrast to the conventional fibres (CFs), HFs can be made from a single 

material type, which can eliminate the problems induced by the core/cladding 

interface of the two different glasses type, such as finding materials that are both 

thermally and chemically compatible, and that also possess a sufficiently large 

refractive index difference. The design flexibility of the HFs is based on the freedom 

in the specification of size, shape and the hole arrangement combined with the 

flexibility in the properties of the solid material. The effective refractive index of the 

cladding can vary strongly as a function of the wavelength of light guided by the 

fibre. In addition, the typical methods of HF fabrication are extremely flexible and 

thus permit a wide range of fibre geometries to be envisaged. As a result of these two 

main factors, a whole host of novel and unique optical properties, which are 

impossible to achieve in CFs is enabled, such as endlessly single mode guidance [11], 

anomalous dispersion at wavelengths down to 560nm and large normal dispersion at 

1550nm for silica HFs. Dispersion and form birefringence are two properties that can 

depend strongly on the cladding configuration, particularly when the hole-to-hole 

separation is small. Also, HFs can have mode areas ranging across three orders of 

magnitude by scaling the dimensions of the features within the fibre structure [12]. 

The large mode area HFs (LMA-HFs), where Λ, the adjacent hole spacing, is larger 
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than the wavelength (Λ≥5μm), allow high power transmission systems and high 

power lasers [13-16], whereas at the other extreme, small mode area HFs (SMA-HFs) 

with features in the wavelength-scale (Λ≤3μm),  have a large nonlinearity which can 

be used for devices based on nonlinear effects, such as wavelength conversion, all 

optical switching, pulse compression, supercontinuum (SC) generation and soliton 

formation [17-22]. Note that the modes of all single-material HFs are leaky modes 

because the core index is the same as that beyond the finite holey cladding, and for 

some designs, this can lead to significant confinement loss [23]. 

 

One of the most promising practical applications of HF technology is the 

opportunity to develop fibres with an extremely high optical nonlinearity per unit 

length, with a nonlinearity of 10-100 times greater than in CFs [24], which is again 

not possible by using standard optical fibre technology. Modest optical powers within 

such small core highly nonlinear HFs (HNL-HFs) can induce significant nonlinear 

effects. The nonlinear effects can be used for a wide range of optical processing 

applications in various areas from medical to metrology, military and 

telecommunication among others, and the device examples include wavelength 

converters, parametric amplifiers, SC sources and switches. They are attractive 

candidates for applications in future high-capacity, all-optical networks. 

Consequently, it is generally desirable to develop fibres with high values of effective 

nonlinearity (γ) per unit length in order to reduce the physical length and/or required 

operating powers, and to maximize the operating bandwidth of many such devices. 

Early device demonstration of pure silica HNL-HFs were reported in 2001 and 2002 

and concerned 2R regeneration and optical thresholding at 1550nm [17, 25]. 

 

 Even though silica glass does not possess an intrinsically high nonlinearity, 

the combination of small core sizes and high numerical aperture (NA) in HNL-HFs 

can result in tight mode confinement within the core and high optical sensitivities 

even for modest powers. The measurement commonly used for determining the fibre 

nonlinearity is the effective nonlinearity (γ), and it is defined as [26]: 

γ=2πn2/λAeff           1.1 

 

where n2 is the material nonlinear coefficient, Aeff
 is the effective mode area and λ is 
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the optical wavelength. n2 is defined from n(I) = n0 + n2I, where n(I) is the total 

refractive index of the material, and I is the optical intensity (W/m2) of the incident 

beam, respectively, applied with the laser beam. The n2 for the pure silica is 2.2x10-

20m2/W. Conventional single mode step index fibres, e.g. standard Corning SMF28 

fibre has γ=1W-1km-1. By decreasing the core size and increasing the germanium 

concentration in the core of the conventional silica step index fibres (which acts to 

increase the n2), values of  γ as large as 20W-1km-1 have been achieved [27]. Both 

modifications act to confine light more tightly within the fibre core, and thus increase 

the γ by reducing the Aeff. However, with the CF designs, the NA that can be achieved 

limits the nonlinearity of the fibre. In contrast, with HF technology, significantly 

larger NA than CFs can be produced because the cladding region can be mostly 

comprised of air. To date, silica HFs with Aeff as small as 1.5μm2 at 1550nm have 

been demonstrated, corresponding to γ~70W-1km-1[19]. This is 70 times higher than 

in standard telecommunication fibre and 3.5 times greater than the highest reported 

nonlinearity in the CFs.  

 

SMA-HFs can also exhibit a range of novel dispersive properties. In SMA-

HFs, the waveguide contribution to the chromatic fibre dispersion can be large, in 

particular for small Λ and large air-filling fraction (AFF). This allows the dispersion 

to be tailored to suit the demands for a range of nonlinear applications. By modifying 

the fibre profile, it is possible to control both the magnitude and sign of the dispersion 

profiles of relevance for nonlinear device applications, such as extremely high values 

of anomalous and normal dispersion at 1550nm [28], anomalous dispersion at short 

wavelengths [29, 30], broadband dispersion-flattening [31] and multiple zero 

dispersion wavelengths (ZDWs) [32]. These unusual dispersion properties can be 

utilised in a variety of ways. For example, by decreasing the Λ and increasing the 

relative hole size d/Λ of a silica HF, the zero dispersion wavelength (ZDW) can be 

shifted to shorter wavelengths down to 560nm [21]. SMA-HFs can also exhibit 

anomalous dispersion down to 550nm which has made soliton generation in the near-

IR and visible spectrum possible for the first time [30]. Shifting the ZDW to regimes 

where there are convenient high power laser sources (Ti:sapphire at 800nm, Yb-fibre 

at 1000nm, Nd:YAG at 1060nm, erbium-doped fibre lasers at 1550nm and Tm-fibre 

at 2000nm), also allows the development of efficient SC sources [20, 33-38], which 
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are particularly attractive for a host of applications such as DWDM transmitters [39], 

optical coherence tomography (OCT) [40], optical frequency metrology [41], 

spectroscopy [42], ultra-precise optical clock, high power with low-noise source for 

device characterisation and etc. It is also possible to design HNL-HFs with normal 

dispersion at 1550nm [28] as fibres with low values of normal dispersion are 

advantageous for optical thresholding devices based on self phase modulation (SPM) 

[17] and wavelength converters based on cross phase modulation (XPM)[18], since 

small normal dispersion reduces the impact of coherence degradation in a nonlinear 

fibre device. Also, parametric oscillators and wavelength converters based on four 

wave mixing (FWM) require small normal dispersion to achieve efficient phase 

matching [9, 43]. In addition to the value, the slope of the dispersion is crucial, where 

ultra-flat dispersion at the wavelength range of interest enhances the useful spectral 

bandwidth of the nonlinear devices [37, 44]. 

 

SMA-HFs offer a way of creating highly birefringent fibres by asymmetric 

core/cladding structures, which is of interest for stable operation of nonlinear devices. 

In particular for small Λ and large d/Λ, any slight deviation from the symmetry will 

result in considerable birefringence. This type of birefringence is known as form 

birefringence and can be large if the index contrast between the core-cladding region 

is high and also if the core and cladding features are similar in scale to the wavelength 

of light. Highly birefringent HFs have been produced using different hole sizes and/or 

asymmetric hole arrangement [17, 45-50] and beat lengths down to 0.3mm have been 

achieved [45, 46]. In contrast to the CFs, the birefringence of HFs increases towards 

longer wavelengths as a result of the strong wavelength dependence of the cladding 

refractive index, which raises the core-cladding index difference [51]. 

 

Moreover, as I mentioned above, using HF technology, based on the high 

index-contrast between the core and cladding in HF, which arises from high index-

contrast between glass (for silica n=1.44 at 1550nm) and air (n=1), almost all the light 

can be confined within the core area and an extremely small guiding mode area for 

the fundamental mode can be achieved. This design is useful despite the fact that pure 

silica glass is not intrinsically high in nonlinearity and the maximum achievable γ so 

far is ~70W-1km-1 in a pure silica HF [19]. However, choosing a glass with a higher 
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refractive index (n) than silica and a nonlinear refractive index (n2), the effective 

mode area Aeff (in Equation 1.1) can be further reduced and the effective nonlinearity 

γ can be greatly enhanced with the decrease of the Aeff and the increase of n2.  

 

Non-silica glasses, including heavy metal oxide (lead oxide or bismuth oxide) 

containing glasses, tellurite glasses, and chalcogenide glasses etc, have 10-1000 times 

higher Kerr (note that the nonlinear effect hereafter means Kerr nonlinear effect) 

nonlinear coefficients (χ(3) and n2 = f(χ(3)…)) than that of pure silica, have gained 

popularity for HF production recently [52-61]. Combining together the high 

nonlinearity of soft glasses and the available HF technology, it should be feasible to 

develop HFs with extremely high effective nonlinearity and achieve the novel 

nonlinear fibre devices based on the consequent HFs. In addition, soft glasses also 

offer benefits in terms of transmission wavelengths, enabling access up to the mid-IR.  

 

Obviously, high nonlinearity non-silica glasses are potential materials for 

nonlinear devices. Despite their promise, non-silica glass fibres have yet to find 

widespread application owing to the difficulty in fabricating low loss single mode soft 

glass fibres using conventional fibre fabrication techniques (at the time when I first 

started the research). In [66], Monro et al., for the first time, showed how HF 

technology may be used as a powerful solution for producing single mode soft glass 

fibres (SG-HFs). HF technology offers single material fibre designs to avoid 

core/cladding interface problems and this should potentially allow low loss fibres to 

be drawn from a wide range of novel soft glasses. In addition, the HF geometry also 

dramatically increases the range of possible optical properties, mainly enhanced 

nonlinearity and interesting dispersion properties.  

 

Comparatively, non-silica glasses possess much lower processing temperature 

than silica glass. As a result, the low-temperature processing approaches for making 

fibre preforms and drawing fibre can be adapted for fabricating non-silica glass fibres. 

The extrusion technique has been developed for fabrication of structured non-silica 

glass preforms [52-58]. This approach simplifies the fabrication process, especially in 

the small core, high NA regime, where the structured preforms can be produced in 

one step without labour-intensive stacking. The first extruded HF demonstrating 
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single mode guidance and nonlinear enhancement was reported in [34], based on a 

non-silica material, i.e. commercially available Schott SF57 lead silicate glass. High 

effective nonlinearity γ of ~550W-1km-1 and small effective mode area Aeff of 

3.0±0.3μm2 were achieved at the wavelength of 1550nm. This γ is 550 times larger 

than conventional single mode silica (SMF28) fibre, while this Aeff is ~30 times 

smaller than the single mode silica fibre.  

 

 

 

1.2  Motivation and objectives 

 

To date, most HF device applications are concentrated on the use of small core 

silica HFs, which have around ~50-70 times of the nonlinearity of standard 

telecommunication single mode fibres (SMF28). The SMA-HFs can have high values 

of nonlinearity per unit length and therefore nonlinear optical devices based on these 

fibres can be much shorter in length and operate at lower power levels than devices 

based on conventional fibre types. Thus, this has reduced the typical power length 

product requirements of such devices to the 10W.m level. By choosing soft glasses 

with several hundred times more nonlinearity than the standard CFs as the 

background material for the fibres, it should ultimately allow sub-meter or sub-watt 

devices to be realised.  Thus, non-silica HFs have the huge potential for practical 

nonlinear fibre devices for a variety of application areas including future high 

capacity optical communication systems, medicine, metrology and spectroscopy etc. 

 

For most nonlinear fibre applications, control of the fibre dispersion is as 

important as achieving the maximum possible nonlinearity per unit length. The use of 

HF technology provides this unique opportunity by varying the hole diameter and 

hole-to-hole spacing. By using non-silica glasses as the background material for the 

HFs, the difference in the material dispersion of soft glasses allows a broader range of 

fibre dispersion profiles to be achieved than is possible with conventional fibre 

technology. 

 

The aim of this project is to develop a highly nonlinear non-silica glass HFs 
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with tailorable dispersion properties, focussing in particular on the use of the type 

SF57, a commercial lead silicate soft glass, which possesses interesting nonlinear 

properties and which is an easy glass to work with. The simple-structured HFs ( in 

this thesis, the fibres are named as Wagon Wheel (WW) HFs) are targeted to achieve 

ZD at a wavelength of 1060nm for broadband soliton and SC generation applications, 

while the complex-structured HFs (here we named these fibres as structured-element-

stacking (SEST) HFs) are targeted to achieve ZD at a wavelength of 1550nm with a 

flattened dispersion profile. This particular wavelength is of great interest for 

nonlinear applications in telecommunications such as wavelength conversion, all-

optical regeneration etc.  There are two main requirements for fibres in nonlinear 

devices: (1) Firstly, the fibre should have nonlinearity per unit length as high as 

possible to allow the development of compact devices using short fibre lengths and 

operating at low input powers, (2) Secondly, the other requirement is dispersion 

management to meet the demands of a certain nonlinear device. 

 

At the start of this project (July, 2003), SG-HFs had just recently been 

identified as an alternative route towards extremely high nonlinearity SMA-HFs, with 

the publication of just a few papers detailing the fabrication and characterisation of 

such SG-HFs [54, 55]. This demonstrated the huge potential that SG-HFs could offer 

in terms of small mode area, single mode regime, with very high nonlinearities for 

making compact nonlinear devices with low operating power, in which CF and silica 

HF techniques are limited by the ability to reliably create high core-cladding index 

contrast that leads to very tight mode confinement. However, highly nonlinear SG-

HFs commonly exhibit higher losses than their silica counterparts due to higher losses 

of the bulk glasses itself, also due to the fact that the fabrication development of the 

SG-HFs is still at its infancy. At 1550nm, the ultimate loss limit for pure silica has 

been found to be 0.14dB/km [69], whereas the standard fibres exhibit losses of 

0.20dB/km and, to date, the lowest loss obtained in HFs is 0.28dB/km [70]. Typically, 

the losses of SG-HFs fabricated to date are in the range of 2-5dB/m [52-61]. 

However, with the very high nonlinearities of these fibres, it is predicted that they will 

decrease the required fibre lengths to ≤1m, and thus a loss value below 1dB/m can be 

tolerated. 

 

To achieve higher nonlinearity, we moved to glasses with a higher refractive 
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index than silica so that it is possible to access material nonlinearities that are orders 

of magnitude larger than that of silica. Some examples are shown in Table 1.1. The 

Schott lead-silicate glass, SF57 was chosen as it is a stable glass to work with for the 

extrusion processes. It has a n of 1.81 at 1550 nm, and n2 of 4.1x10-19m2/W, which is 

20 times more nonlinear than silica (n=1.44 and n2= (2.2x10-20m2/W) (refer to 

Chapter 2.5 for further SF57 glass information).  

 

Table 1.1: Measured values of refractive index n and nonlinear coefficient n2 for 
several optical glasses at the optical wavelength λmeas.  

Glass n n2 (m2/W) λmeas (μm) Refs. 

Silica 1.44 2.2x10-20 1.55 [26] 

SF57 1.81 4.1x10-19 1.06 [62] 

SF59 1.91 6.8x10-19 1.06 [62] 

SF6 1.76 2.2x10-19 1.55 [52] 

As2S3 2.4 2.0x10-18 1.55 [63] 

Tellurite ~2 ~5.0 x10-19 - [64] 

GLS 2.41 2.16x10-18 1.52 [65] 

GLSO 2.25 1.77 x10-18 ~1.5 [65] 

 

In addition, nonlinear effects are highly sensitive to the dispersive properties 

of the SG-HFs. So the ability to tailor dispersion, combined with the extremely small 

mode areas that can be achieved in HFs, leads to the possibility of realising highly 

efficient nonlinear processes, particularly SC generation, where the conversion of a 

single wavelength into a broad spectrum occurs as a result of complex interplay 

between a whole host of nonlinear effects [67, 68]. This cascade process can be used 

to generate a broad, flat, continuum spanning from UV to IR wavelengths by 

engineering the dispersion to optimise the nonlinear effects for a given pumped 

wavelength. Generally, SC generation requires flat and ZD at various laser source 

wavelengths. The SC process exploits the high peak powers available from mode-

locked femtosecond or picosecond lasers such as neodymium-doped yttrium 

aluminum garnet (Nd:YAG), that provides a pumping wavelength at ~1060nm, 

erbium-doped fibre lasers, which provide a pumping wavelength at ~1550nm and 

others which have been discussed in the earlier section. Both the demands of high 

nonlinearity and dispersion management can be met by using SG-HFs with small 

cores and a high air-filling fraction. The wavelength-scale features and high index 
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contrast in these fibres allow the tailoring of the fibre properties over a broad range, 

which is not possible with conventional fibres.   

 

Figure 1.2 shows the wavelength dependence of refractive index, i.e., 

dispersion, of SF57 bulk glass. The graph of the dispersion over a wavelength range, 

0.8-2.2 μm, for a SF57 bulk glass is illustrated in Figure 1.3, that was generated using 

the Sellmeier equation, which expresses the refractive index as a function of the 

optical wavelength. The generalized Sellmeier equation is: 
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where λμ is the wavelength in microns, n is the linear refractive index and A are the 

Sellmeier coefficients for certain optical glasses. Using this Sellmeier fit, the material 

dispersion can be evaluated over a broad wavelength range. For each glass 

considered, the measured (linear) refractive index data is fitted by a generalized 

Sellmeier equation. Both the raw refractive data and the (fitted) Sellmeier coefficients 

for SF57 glass is given in Appendix 1. From Figure 1.3, it is seen that the ZDW of the 

bulk SF57 glass is at 1970nm and the dispersion is anomalous at the wavelengths 

larger than 1970nm. The material dispersions are about -250ps/nm/km and -

50ps/nm/km at 1060nm and 1550nm respectively. In my study, the high nonlinearity 

HFs to be fabricated are targeted to achieve ZDW at both the wavelengths of 1060nm 

and 1550nm. In order to achieve these ZDs in the near infrared regime, large 

waveguide dispersion is necessary to compensate for the large normal material 

dispersion. This can be attained by using HFs with small cores and large air/glass 

index contrast.  

 

 

 

 

 

 

 

Figure 1.2: Graph of the SF57 lead silicate bulk glass refractive index as a function of 

wavelength. 
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Figure 1.3: Graph of the SF57 lead silicate bulk glass dispersion as a function of 

wavelength. 

 

The vast majority of HF preforms produced to date have been fabricated using 

the conventional stacking technique where capillary tubes are stacked in a hexagonal 

configuration, and the central capillary can then be replaced with a solid glass rod, 

which eventually forms the fibre core. This stacked fibre type offers large freedom in 

structural design such as high complexity and periodic geometry and thus in the 

engineering of dispersion. The drawback of stacking is that the preform fabrication is 

labour-intensive. In recent years, the use of soft glass with low softening temperatures 

(~4200C) has allowed the development of a novel fabrication technique for HF 

structured preforms: Extrusion. Extrusion is a method for producing a section of 

workpiece by forcing a billet to flow through a die, and the die orifice determines the 

preform geometry. This technique is commonly used for manufacturing metal, 

polymer and glass workpieces. During extrusion, the material should have plastic-like 

deformability. For glass, the extrusion can only be done within the viscosity range of 

1010-107 poise [71], where the glass shows the Newtonian or quasi-Newtonian flow 

behaviour. Extrusion is a controlled and reproducible approach for fabricating glass 

preforms with complex structures and good surface quality. Furthermore the complex 

structured preforms for HFs can be simply produced by extrusion without stacking 

from tens to hundreds of capillaries. Extrusion can also be used to produce structures 

that could not be made with the capillary stacking method, i.e. SMA-HFs with a very 

high air filling fraction that are ideally suited for exploring nonlinear effects. Thus, a 

significantly broader range of properties should be accessible in extruded HFs. 
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However, due to the mechanical limit of the die materials, the extrusion technique is 

currently still not able to directly fabricate a glass preform with multiple rings (>3 

rings). Hence, a combination of both capillary stacking and the extrusion approach 

should offer a practical route towards many-hole SG-HFs. 

 

In summary, the objectives within my research presented here are thus 

threefold: 

(1) To attempt to enhance the fibre fabrication technique in order to reduce the 

fibre loss, at the same time, increase the effective nonlinear length of the fibre. 

(2) To use the novel HF fabrication technique, namely extrusion to produce the 

structured preforms that can be potentially drawn into fibres which can 

achieve the maximum possible γ for SF57 SMA_HFs by using air-suspended-

core structure. 

(3) To attempt the dispersion control of the SG-HFs for telecommunications and 

SC generation applications by extending and improving the previous extrusion 

technology. 

 

In order to fulfil these objectives, it is also essential to be able to accurately 

characterise the important optical design properties of HFs such as fibre mode profile, 

propagation loss, γ, effective mode area, birefringence and dispersion in order to 

enable comparative studies with other relevant fibres and also to validate these with 

theoretical modelling techniques developed by my colleagues. 

 

 

 

1.3 Organisation of the thesis  

 

This report is an accumulation of the work I have performed during my PhD 

study, showing the various tasks I have performed along with some of the results 

obtained in the extruded highly nonlinear HFs development. I have organised the 

thesis by firstly providing a fundamental overview of the area of HFs, especially on 

the highly nonlinear HFs, their basic optical properties and unique optical features, by 

comparing them with CF and comparing silica HFs with non-silica based HFs. The 
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motivation and objectives of this research are also stated here. This thesis is 

accordingly divided into 6 chapters as follows:- 

 

Chapter 2 includes the reviews of the history of HF development, the HF 

guidance mechanisms, HF optical properties such as endlessly single-mode guidance, 

group velocity dispersion, nonlinearity and its application in various fields especially 

SC generation. In addition, this chapter also describes the current state-of-the-art non-

silica preform fabrication techniques, i.e. capillary stacking, extrusion, drilling and 

casting. Knowledge gained of the key issues and the key physical parameters during 

the HF fabrication are also discussed here. Lastly, this chapter summarises the review 

of the glass material choice, glass issues, optical properties and thermal properties, in 

terms of the fibre fabrication, emphasising studies on the lead silicate Schott SF57 

glass. 

 

Chapter 3 describes the principles behind the characterisation techniques used 

in the measurement of HF optical properties, which includes the measurements for 

propagation loss, mode profile, nonlinearity, group velocity dispersion and 

birefringence. Methods to determine the figure of merit (FOM) of the highly 

nonlinear small core HFs are also discussed. 

 

Chapter 4 focuses upon the fabrication technique of the simple structure SF57 

WW HFs, designed to achieve maximum γ with reduced loss at 1060nm. The 

dispersion characteristics of this highly nonlinear small core HF design can also be 

manipulated to create fibres with a ZDW at 1060nm. The overview of the general 

fabrication approach such as the extrusion parameters namely the speed of extrusion, 

pressure and time etc, are discussed. Defects in the extruded jacketing tube and 

structured preform are examined. Practical issues during fibre fabrication are also 

described. 

 

Chapter 5 describes the fabrication of the complex structure SF57 SEST HFs. 

The aim of this new structure is to achieve ZDW at the telecommunication 

wavelength, 1550nm. Taking into consideration that the WW HFs offer extremely 

high nonlinearities but allow for only relatively limited dispersion control around 
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1550nm, it is therefore concluded that a design of a far more complex arrangement of 

air holes than a simple air-suspended core (WW HF design) is required for dispersion 

management in a HF. However, the fabrication of soft glass multi-ring HFs by a 

stacking method is proven to be problematic due to the glass fragility. The extrusion 

technique is also not suited to fabricating this type of structure in one step, due to the 

many small holes that are required in such a structure. Hence, we developed an 

alternative fabrication approach which combined the best features of both extrusion 

and stacking techniques to allow the production of the more complex preforms 

required to achieve good dispersion control in the soft glass HFs. The development of 

the SEST HFs is presented in this chapter, describing the trials that were performed in 

order to achieve the optimised SEST structure. 

 

Chapter 6 explores the limits of nonlinearity and dispersion control in SF57 

lead-silicate based HFs for SC generation applications. The combination of HF 

technology and non silica soft glasses can potentially be used to exploit the fibre 

nonlinearity and achieve broad SC generation in the near infrared (NIR) region. The 

fundamental material properties of non-silica soft glasses can enhance SC generation 

across the wavelengths of interest. The ZDW of the fibre is strongly dependent on the 

choice of material, and one particularly attractive option is to shift the fibre zero 

dispersion to 1.0 and 1.5µm, to offer the potential to use Nd:glass fs  lasers and 

erbium-doped fibre lasers respectively to generate the SC and allowing synergy with 

NIR nonlinear application work. Our focus has been on establishing the maximum 

nonlinearity that can be achieved in these fibres at telecommunications wavelengths, 

and to develop high nonlinearity fibres with dispersion-shifted characteristics suited 

for SC generation applications at 1.06 μm and 1.55μm. This chapter is devoted to the 

SC studies we carried out using the two types of fibres produced (WW HFs (Chapter 

4) and SEST HFs (Chapter 5)). We present both experiments and numerical 

simulations and discuss how the properties of each of the fibres affected the 

broadened spectra.  

 

This thesis ends with Chapter 7, which is the conclusion and future directions 

with regard to my work throughout my PhD and also serves to map out the ideas that 

can be carried out in the future. 
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2.1 Introduction 
 
 
 Photonic crystal fibres (PCFs), also known as microstructured optical fibres 

(MOFs) or holey fibres (HFs), are a class of microstructured fibre which possess a 

solid core surrounded by a cladding region that is defined by a fine array of air holes 

that extend along the full fibre length. It should be noted that, since the field is still 

relatively young, and also because different researchers have developed their own 

preferences, some different terms of fibre description may appear in research papers, 

reference books and other publications. However, throughout this thesis, we will use 

the term “Holey Fibre”(HF) as our choice of general term describing the index 

guiding optical fibre. HFs are typically made of a single material, usually pure silica 

with refractive index, n=1.5, but now, non-silica HFs that are made of soft glass or 

polymer have been developed [1-10]. HFs guide light through a modified form of 

total internal reflection since the volume average index in the solid core region of the 

fibre is greater than that of the surrounding microstructured cladding. 

 

 The advent of HF technology has enabled the design and fabrication of optical 

fibres with unique and enabling optical properties, opening a diverse range of new 

scientific and technological opportunities [11, 12]. The air-filled holey cladding leads 

to unique guidance properties such as photonic bandgaps at optical wavelengths, a 

very large core with endlessly single mode guidance, high nonlinearity, 

supercontinuum generation and soliton effects, polarization maintenance and high 

birefringence. Design opportunities for dispersion management arise and promise 

various novel applications.   

  

 These unique optical properties, for example, endlessly single mode guidance 

[13], result directly from the way that the guided mode ‘experiences’ the 
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microstructured cladding region. In a conventional fibre, this is, to first order, 

independent of wavelength. However, in an HF, the large index contrast between 

glass and air and the small structural dimensions combine to make the effective 

cladding index strongly wavelength dependent. Moreover, the large index contrast 

itself allows for more extreme values of numerical aperture (NA) than can be 

achieved by using conventional doped fibre technology. The structural design space 

for HFs is also very rich and these factors combined ensure that HFs can have a 

substantially broader range of optical properties than conventional optical fibres. 

Also, compared to the conventional fibre, there is more flexibility in the fabrication of 

HFs with specific optical properties. HFs based on new materials such as polymer and 

soft glass are currently being developed; good transparency in the infrared (IR) and a 

greater spectral range should be obtainable using these materials. Thus, the 

introduction of these new materials to HFs offers an alternative approach for realising 

practical fibres in various wavelength ranges [14], especially the mid-infrared (mid-

IR) region for soft glasses. 

 

In 1970, the first low loss silica fibre with the loss value of 20dB/km at 0.8-

0.85μm was fabricated by the researchers in Corning [15, 16]. In the 1970’s, the first 

single-mode HF was produced by Kaiser et al. (Bell labs) [17, 18]. As shown in 

Figure 2.1, the fibre consists of a small diameter rod supported on a thin, polished 

plate in the centre of a larger diameter jacketing tube and it is made from pure fused 

quartz. This is indeed an air-suspended core fibre. The aim of developing this kind of 

fibre was to achieve fibre attenuation as low as the material attenuation of pure silica, 

because there was only a single material involved in this kind of fibre. The idea of 

single-material fibre indeed could challenge the conventional silica core/cladding 

fibres. Unfortunately, the measurement showed that this single-material fibre had 

relatively high loss (2.5dB/km at ~1.1μm [19]), which was mainly due to the residual 

contamination during the fabrication, and no significant progress was made after those 

studies. However, in less than a decade, the attenuation of conventional core/cladding 

silica fibres, based on the modified chemical vapour deposition (MCVD) technique, 

was rapidly decreased to 4dB/km at 0.8-0.85μm in 1973 [20] and 0.2dB/km at 

1.55μm in 1979 [21], which was very close to the theoretical predicted value 

(0.15dB/km in silica fibre). Consequently, this type of single-material fibres has 
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vanished completely. 

  

 

 

 

 

 

 

Figure 2.1: Single material HF fabricated in 1973 by Kaiser and Astle [21]. 
 

 The PCF, i.e., the fibre with a periodically arranged photonic crystal cladding 

was firstly proposed by Birks in the ORC in 1995 [23] and was then successfully 

fabricated by Knight et al. in 1996 (see Figure 2.2) [13]. The fibre possessed unique 

optical properties which cannot be obtained by conventional fibre designs. With a 

strong demand for high performance optical fibre, the importance of HFs has become 

widely recognised in recent years. Since then, the explosive growth of interest in 

silica HFs was fueled by the many unusual, novel and useful optical properties 

exhibited by many newly designed HFs, many of which are impossible to achieve 

using conventional optical fibres. Silica HF development is now at the state of art as 

the technology is now maturing. To date, the lowest propagation loss of 0.28dB/km 

(at 1.55μm) [24, 25] was achieved in an index-guided silica holey fibre. Good 

reproducibility is attained through well controlled fibre fabrication, a wide range of 

optical properties is clearly understood and a broad range of devices for high power 

delivery, supercontinuum generation, optical switches etc have been demonstrated 

[26]. A selection of HFs has been fabricated in the ORC, as shown in Figure 2.3. 

 

 

 

 

 

 

 

Figure 2.2: Endlessly single-mode single material fibre fabricated in 1996 by Knight 
et al. [13]. 
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 To date, most of the HFs were fabricated from silica glass, although recently 

non-silica HFs (soft glasses [27-28, 1-9] and polymer [10]) have been fabricated. Soft 

glasses offer a range of properties that are not possible in silica such as high IR 

transmittance, high material nonlinearity and large rare-earth solubility, which makes 

them attractive materials for optical fibres. The fabrication of soft glass HF has been 

demonstrated for lead silicate glasses [2-5, 9, 27-28], heavy metal oxide glasses [7-9, 

29] and lanthanum-gallium-sulphide glass [1]. The material nonlinearity of soft 

glasses [30] can be more than one order of magnitude larger than that of silica [5]. 

The combination of highly nonlinear glass composition and small core, high NA HF 

geometry allows a further dramatic increase of the fibre nonlinearity. This has made 

the soft glass HFs particularly promising for nonlinear applications at various 

technologically interesting wavelength ranges. Table 2.1 summarises the time line of 

the development of the MOF/HF. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.3: A selection of large core and small core HFs examples fabricated in the 

ORC for particular applications. 
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         (a)                          (b)                           (c)                           (d)                          (e) 

Figure 2.4: A selection of extruded small core non-silica HFs examples. (a) SF57 

HFs, ORC [2-3], (b) SF6 HFs, Bath [27], (c) Tellurite HFs, Bath [7], (d) Improved 

SF57 HFs, ORC [4], (e) Bismuth oxide HFs, ORC [8].  

 

 

Table 2.1: Time line of the MOF/HF development  
Year Achievement 

1973 • Single mode doped silica fibre (4 dB/km @ 0.8-0.85 μm).     

• Outside vapour deposition process (OVD) introduced.                         

• First example of MOF/HF was fabricated by Kaiser. 

1974 • Pure silica structured fibre was fabricated (3 dB/km @ 1.1 μm).      

• Single material MOFs were proposed as a low loss approach to doped core fibres.       

• Chemical vapour deposition process (MCVD) was introduced. 

1977 • Vapour phase axial deposition (VAD) is introduced. 

1979 • The loss of single mode doped silica fibre was reduced to 0.2 dB/km @ 1.55 μm. 

1995 • Concept of fibres with photonic crystal cladding proposed by Birks [23]. 

1996 • First working fused silica HF by Knight. 

2000 • First non-silica HF using Chalcogenide glass was fabricated. [1] 

2001 • First polymer HF was fabricated [10] 

2002 • First extruded single mode SF57 soft glass HF was developed (Figure 2.4a) [2-3]. 

• Extruded SF6 HF for supercontinuum generation was developed (Figure 2.4b) [27]. 

2003 • Extruded SF57 HF with nonlinearity of γ=640W-1km-1 at 1550nm was fabricated 

(Figure 2.4d) [5]. 

• Soho HF, first solid core-cladding of non-silica MOF was fabricated [6]. 

• Extruded Tellurite HF with min loss of 2.3dB/m at 1055m was developed (Figure 

2.4c) [7]. 

• Extruded Bismuth HF with higher refractive index was developed. 

2004 • Extruded Bismuth HF with very high nonlinearity of γ=1100W-1km-1 at 1550nm 

was fabricated (Figure 2.4e) [8]. 

• Extruded SF57 HF with very high nonlinearity and low loss, 2dB/m achieved [9]. 
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• Tellurite HF with very low loss, 0.18dB/m with nonlinearity of γ=675W-1km-1 at 

1550nm was reported [31]. 

2005 • Extruded one dimensional Bragg fibre was fabricated [ 32 ] 

• Extruded SF57 HF with record nonlinearity of γ=1860W-1km-1 at 1550nm and 

ZD at ~1µm was fabricated (Figure 2.4d) [33]. 

• Stacking Chalcogenide glass HFs were fabricated. [34] 

• Extruded and stacking SF57 HF (SEST) with nonlinearity of γ=170W-1km-1 at 

1550nm and ZD at ~1550nm was fabricated [35]. 

 

 

2.2 Guidance mechanisms 

 

Light in MOFs can be guided by two different guidance mechanisms, which 

are the average-index effect and the photonic bandgap effect. The hole diameter (d), 

the adjacent hole spacing, pitch (Λ) and their ratio d/Λ, are the critical design 

parameters used to specify the structure of an HF and they are typically on the 

dimension scale of the wavelength of light λ [13] as illustrated in Figure 2.5. 

 

Figure 2.5: A cross section of a HF with d, the hole diameter and Λ, the adjacent hole 

spacing.  

 

Historically, the initial name used for MOF is Photonic crystal fibre (PCF). 

PCF is the general definition for both classes (index guided and photonic bandgap 

guided) because its periodic arrangement of the holes of the cladding region is an 

example of a photonic crystal [13]. To distinguish the two guidance mechanisms, the 

index-guiding fibres are generally called holey fibre (HF) because their operation 

does not depend on the fibres’ periodic lattice, while the fibre that guides light using 

the photonic bandgap effect is addressed as photonic bandgap fibre (PBGF). 
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In contrast to the conventional fibres in which different materials are used to 

provide an index boundary between the core and cladding, HFs are made of a single 

material. The average index effect HFs possess a solid core and surrounding air holes 

that serve as index decreasing elements (as in Figure 2.5). In another words, the 

effective refractive index of the cladding region is lower than that of the solid core 

due to the presence of the air holes. Thus, light is basically guided by a modified form 

of total internal reflection. It should, though, be noted that a periodic structure is not 

required in order to obtain guidance by average index effects [11, 12]. This is why 

light can also be guided by randomly distributed air holes in the cladding [36]. 

 

There is another class of microstructured fibre in which the periodic 

arrangement of air holes is required to ensure light guidance. This type of fibre is 

referred to as PBGF as discuss earlier on. In PBGFs, the periodic arrangement of 

holes in the cladding region of the fibre leads to the formation of a photonic band gap 

in the transverse plane of the fibre. Frequencies within this band gap cannot propagate 

in the cladding and are thus confined to propagate within the core which itself acts as 

a defect in the periodic structure [23, 37]. These PBGFs can be designed to have 

transmission windows centred at near-infrared wavelengths [23].   

 

Our research focuses upon the HFs that guide light by means of the average 

index mechanism. 

 

 

 

2.3  Basic optical properties of HFs 

 

2.3.1  Endlessly single-mode guidance 

  

The most notable of all the unusual optical properties of HFs is the ability of a 

HF to guide a single mode at all wavelengths, a phenomenon known as endlessly 

single mode guidance, which can be explained here via an analogy with step index 

fibres.  
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In a conventional optical fibre, the light propagation is due to total internal 

reflection at the core-cladding interface. The light travels through the core by 

constantly reflecting from the cladding because the refractive index of the core is 

higher than that of the cladding. In a conventional step index fibre of core radius r, 

core index nco and cladding index ncl, the normalised frequency V is used to determine 

the number of guided modes in a fibre. For the fibre to be single-moded, the V value 

must be less than 2.405 [38]. 

 

V = 2πr/λ√(n2
co-n2

cl)                     2.1 

 

Since, for conventional single mode fibres, the core and cladding indices are only 

weakly wavelength dependent, conventional fibres are multimode for light of short 

wavelength, λ. 

 

Contrary to conventional fibres, the first interesting property found in HFs was 

‘endlessly single mode’ guidance [13]. The HFs’ cladding thus contains discrete and 

periodic changes of refractive index profile across the fibre cross section. Birks et al. 

introduced the effective index model where the complex air-glass cladding structure is 

regarded as a medium with an effective refractive index, neff, and then the entire 

structure is approximated as a step index fibre, to which an exact analytical solution 

exists [13].  

 

Veff  = 2πΛ/λ√(n2
eff)                  (2.2) 

 

It is demonstrated that the effective normalised frequency, Veff can always be 

below a certain value (Veff<2.405) and the appropriately designed HF can thus always 

be single-moded regardless of the operating wavelength, λ. This can be explained as 

follows: as the wavelength decreases, the overlap between the mode and the cladding 

region decreases, thus the effective cladding index decreases and the normalised 

frequency Veff is kept almost constant. This dispersion behaviour counteracts the 

explicit dependence of Veff on wavelength, λ, and so extends the single mode range. 

 
 
 



CHAPTER 2   Holey Fibre (HF) 

 

 

31

 

2.3.2 Group velocity dispersion (GVD) 
 
 

 For most nonlinear fibre applications, control of the fibre dispersion is more 

important than achieving the maximum possible nonlinearity per unit length, and 

here, again, the use of HF technology provides unique opportunities. The small core 

dimensions possible in HFs with a high cladding air-fill fraction result in a strong 

wavelength dependence of the effective cladding index which affects both the 

magnitude and spectral profile of the waveguide dispersion. This can be used to 

control the total fibre dispersion over extended wavelength ranges compared to 

conventional solid fibres. For example, in silica glass HFs it is possible to achieve 

anomalous dispersion at visible wavelengths, i.e. at wavelengths much shorter than 

the material zero dispersion wavelength (ZDW), allowing soliton formation at 

wavelengths shorter than 600nm (note that the material ZDW for silica is 1300nm) 

[7]. Mogilevstev et al. showed that HFs can exhibit novel dispersion properties such 

as zero-dispersion wavelengths (ZDWs) below 1.28μm using fused silica HFs [39]. 

The non-silica HFs technology is still in its infancy, thus the range of dispersion 

properties possible in the non-silica HFs is still being researched, and only just 

starting to be understood. Similar benefits in terms of controlling the dispersion 

properties of fibres at wavelengths of technological interest can be obtained in soft 

glass HFs.  

 

 For many applications, the sign and magnitude of the fibre dispersion are as 

critical to device functionality and performance as the magnitude of the nonlinearity. 

In particular, anomalous dispersion is required to make use of soliton effects whereas 

near-zero dispersion is crucial for supercontinuum generation [4]. Most nonlinear soft 

glasses have highly normal material dispersion at 1550nm (refer to Figure 2.10). 

Fortunately, the HF geometry affects the waveguide dispersion drastically, allowing 

the highly normal material dispersion to be overcome. Kumar et al. showed that it is 

possible to achieve near zero dispersion at 1550nm by using commercially available 

Schott Glass SF6 (lead silicate glass) [27] and, by extending to smaller core design 

and a higher nonlinearity glass (SF57, another lead silicate glass), it is possible to 

operate in the anomalous dispersion region, even though the material dispersion is 

even higher for SF57 [2]. It should be appreciated that the material ZDW for SF57 
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glass is ~1.97 μm; yet, it is possible to use the large waveguide dispersion available in 

SF57 HFs to obtain fibres with ZDWs shifted by more than 1000nm to allow efficient 

SC generation when pumped at wavelengths around 1μm [33]. Recently, we 

successful demonstrated a SF57 lead silicate HF that has a ZDW lies around 

1550nm[35], and more over, it is single moded at that wavelength, in contrast to other 

silica HFs [35] that produced SC using 800nm pump sources, which had ZDWs 

around 800nm [ 40]. 

 

 

 

2.3.3 Nonlinearity 

 

Nonlinear effects in fibre can be used for a wide range of optical processing 

applications in telecommunications and beyond. Consequently, there is a great interest 

in developing fibres with high effective nonlinearity per unit length in order to reduce 

device lengths and the associated optical power requirements for fibre-based 

nonlinear devices. 

 

There are three main classes of physical effects that are caused by optical fibre 

nonlinearity: stimulated Brillouin scattering (SBS), stimulated Raman scattering 

(SRS) and optical Kerr effects [41]. The optical Kerr  effect, which is the refractive 

index change that occurs due to high light intensities, leads to various secondary 

effects such as self phase modulation (SPM), Cross phase modulation(XPM) and four 

wave mixing (FWM) [37,41].  

 

 Small core, large NA, HFs are of interest in this research work. The 

development of these fibres has allowed the realization of fibres with a high effective 

nonlinearity per unit length. Arguably one of the most exciting prospects for 

microstructured fibre technology is the development of fibres with large values of 

optical nonlinearity per unit length,γ, 

 

  γ = 2πn2/(λAeff)         2.3 
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where n2 is the Kerr nonlinear coefficient for the glass, Aeff is the effective mode area 

and λ is the optical wavelength. Fibres with a small core dimension and a cladding 

with a large air fill fraction allow for extremely tight mode confinement, i.e. small 

effective area, and hence a high value of γ [30]. For example, standard SMF28 fibre 

has an Aeff of ~90μm2 at 1550nm, and since n2 of silica is ~2.2x10-20m2/W, γ is of 

order of 1 W-1km-1. In conventional step-index fibres, this value has been increased to 

20 W-1km-1 by decreasing the core size and increasing the germanium concentration in 

the core [42]. In small core HFs, tight mode confinement is provided by  the large 

index contrast between air and glass, and to date, the pure silica HFs that equate 

Aeff~1.3μm2 with values of γ=70W-1km-1 at 1550nm, which is ~3.5 times greater than 

the highest reported nonlinearity in CFs, have been demonstrated [43]. This is close to 

the ultimate limit that can be achieved in silica, restricted by the nonlinear refractive 

index n2 of this glass and the minimum achievable effective area [44]. This shows that 

even though silica glass does not possess a high intrinsic material nonlinearity, the 

combination of small core sizes and high NA in these fibres leads to tight mode 

confinement and high optical sensitivities even for modest power [41]. 

 

  The nonlinearity that can be achieved in any fibre is limited by the mode 

confinement of a fibre. Significantly higher values of γ can be achieved by combining 

tight mode confinement with the use of non-silica glasses with greater intrinsic 

material nonlinearity coefficients than silica. In order to achieve higher values of γ, 

materials with larger values of n2 are particularly promising candidates. The n2 of soft 

glasses can be more than an order of magnitude larger than that of silica. Examples of 

suitable glasses that have been used to make HFs include chalcogenide [1], tellurite 

[7, 31], bismuth-oxide [8] and lead silicate glasses [2-5, 9, 27-28]. It has been shown 

that it is possible to extend HF fabrication techniques to such glasses and the SF57 

lead silicate HFs with a record nonlinearity of γ=1860W-1km-1 [33], which is more 

than 1800 times larger than the standard single mode silica fibre (SMF), have been 

demonstrated. In short, the emergence of HF technology is particularly enabling in 

terms of making fibres in these more exotic glasses since it allows fibres to be made 

from just a single material, eliminating the need for two thermally and chemically 

compatible glasses with sufficient index mismatch to form the fibre core and 

cladding. 
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2.4 Applications 

 

HFs with extremely small solid glass cores and very high air-filling fractions 

not only display unusual chromatic dispersion but also yield very high optical 

intensities per unit power. Thus one of the most successful applications of HFs is to 

nonlinear optics, where high effective nonlinearities, together with excellent control 

of chromatic dispersion, are essential for efficient devices. The high effective 

nonlinearity allows us to readily access various nonlinear optical effects and the 

following nonlinear devices have been demonstrated by many groups around the 

world: all optical switching, Raman amplification, parametric devices, soliton 

generation and the most popular application, SC generation.  

 

Due to the possibilities of reduced power requirement and/or device lengths for 

these HF-based devices, the first three devices listed above could be very attractive 

for signal processing for future optical networks whilst soliton effects that can be 

realised over a broad spectral range are also useful for ultrashort pulse application. 

Another dramatic example is SC generation. SC generation is a formation of broad 

continuous spectra through propagation of ultrashort (femto or pico second range) 

high power pulses through nonlinear media due to a range of interconnected nonlinear 

effects such as SPM, SRS, phase matching and solitons. It was first observed in 1970 

[45] and has been studied extensively in many different materials. The main 

application for SC generation is a broadband fibre lamp source.  

 

The SC source offers great prospects for the development of a novel source 

which has the spectral width of a tungsten lamp and the brightness of a laser. The 

spectrum of SC turns out to consist of millions of individual frequencies, precisely 

separated by the repetition rate of the pump laser. This ‘frequency comb’ can be used 

to measure optical frequency to an accuracy of one part in 5.1x10-16 [12]. The huge 

bandwidth together with the high spectral brightness of the supercontinuum source 

makes it ideal for all sorts of spectroscopy [12]. Measurements that used to take hours 

and involve counting individual photons can now be made in a fraction of a second 

[12]. Besides, using light that emerges from a microscopic aperture it is uniquely easy 

to perform spectroscopy with very high spatial resolution [12]. Besides spectroscopy, 

supercontinua also can be applied in the areas of metrology, imaging, microscopy and 
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telecommunications [12]. 

 

Our study focuses upon the SC generation using our in-house fabricated highly 

nonlinear soft glass HFs.  Therefore, in this section, we will pay more emphasis on SC 

applications. The combination of microstructured fibre technology and soft glasses 

can potentially be used to exploit the fibre nonlinearity and achieve broad SC 

generation in the near IR region. By controlling the generated SC spectrum it is 

anticipated that a single laser “source” capable of serving a range of near IR 

applications could be realised. Moreover, non-silica soft glass HFs promise to offer 

nonlinear fibre devices with unprecedented low operating powers (1-10mW) and short 

devices lengths (0.1-1m).  

 

The phenomenon of SC generation in HFs relies on high intensity pulses from a 

laser being converted into an extremely broad spectrum by non-linear processes. The 

generation of the ultrabroad SC is achieved by pumping the fibre at a wavelength near 

to the ZDW of the fibre. Highly nonlinear HFs can exhibit a range of novel dispersive 

properties with modifications of the fibre design allowing application specific control 

of the magnitude, slope and sign of the dispersion. Shifting the ZDW to the regimes 

where there are convenient sources, allows the generation of efficient SC sources. 

Silica HFs have been demonstrated to generate broadband SC light when pumped 

with short pulses at around 800nm [40]. Results on SC generation in HFs have 

previously been presented with pumping in the anomalous dispersion regime or at the 

zero dispersion wavelengths in both the visible and the infrared wavelength range 

[40]. Most experiments utilize femtosecond pumping as this results in spectacularly 

broad spectra. Picosecond pumping yields more narrow spectra but does so with far 

cheaper lasers. Mode-locked femtosecond lasers such as titanium-doped sapphire 

(Ti:Sapphire) (800nm), neodymium-doped ytterium aluminium garnet (Nd:YAG) 

(1060nm) or picosecond pulsed lasers such as fibre lasers are commonly used as the 

source.  

 

Recently, SC generation in soft glass HFs has attracted the attention of 

researchers; for example Kumar et al. has successfully fabricated an extruded soft 

glass HF with zero dispersion at 1550nm [27]. An ultrabroad supercontinuum 

spanning at least 350nm to 2200nm has been demonstrated using a 1550nm ultrafast 
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pump source [27]. Soft glass is used because it has higher nonlinearity than that 

attainable in comparable silica fibres and also has high IR transmittance. A broadband 

IR SC generation ranging from 2.1µm to 3.2µm has been demonstrated in a 

chalcogenide (As2Se3) glass HF under 100 femtosecond (fs) 2.5µm pumping [46], 

indicating the promise to extend the HF based nonlinear applications to mid-IR region 

by using IR transparent glasses as the background material rather than silica. Of 

particular interest is that IR SC generation can be utilised as the broadband light 

sources, which are demanded for the applications such as LIDAR and optical 

spectroscopy. 

 

As highly nonlinear soft glass HF technology becomes increasingly mature, 

numerous applications within the area of nonlinear devices such as all-optical 

switches, wavelength converters and supercontinuum generators may be expected. 

The many unique features of this new class of HFs will most likely make them key 

components not only in future telecommunication systems, but also within area such 

as medical and metrology, and beyond. 

 

 

 

2. 5 Glass material choice 

 

The key factor responsible for the novel optical properties of HFs is the 

combination of the wavelength-scaled features of the microstructured cladding and 

the large index contrast between the air and the background material. Compared to the 

conventionally used silica glass as the background material of the HF, non-silica 

glasses such as chalcogenide glasses, tellurite glasses and other heavy-metal-oxide 

(HMO) glasses, offer numerous interesting opportunities for many HF types due to 

their substantially different and unique material properties. A significant example is: 

moving to soft glass with a higher refractive index than silica, it is possible to access 

material nonlinearities that are orders of magnitude larger than that of silica. Thus 

non-silica glass HF was proposed as a noteworthy candidate for highly nonlinear 

applications. Investigations of the fibre’s nonlinear and dispersive properties will help 

to establish its suitability, or otherwise, as a temporally agile, frequency selective 

source. 
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In order to investigate the feasibility of using soft glass HFs for producing 

nonlinear devices, especially for visible-NIR SC generation, we begin by reviewing 

the glass properties required for realising such fibres. SC generation at visible-NIR 

wavelengths requires the use of a highly nonlinear optical medium with high 

visible/NIR transparency. Extending current HF technology developed from silica to 

non-silica soft glass based work at visible-NIR wavelength (~ 0.4 - 1.7 μm) to mid-IR 

wavelengths (>2 μm), necessitates developing a detailed understanding of the 

relationship between the glass composition and the optical properties, such as for 

example the position of the transmission spectral window, multiphonon absorption 

edge and the magnitude of the nonlinear refractive index, in order to select a suitable 

glass for the fibres.  

 

 

2.5.1  Transmission and IR transmittance of the soft glasses 

 

Figure 2.6 shows the measured transmission spectra of commercial Schott 

SF59 glass, tellurite glass and the in-house GLS glass compared with pure silica glass. 

Pure silica glass is extremely promising for the optical applications from the ultra-

violet (UV) region (<0.4 μm) to NIR region as it possesses high transparency from 

250 to 2500nm. Chalcosulfide glass can be highly transparent up to 9 μm, indicating 

its promising potential in the mid-IR region (3-10 μm). Tellurite glass can essentially 

satisfy the requirements for the applications from 1.0 to 3.0 μm. High-lead silicate 

glass (Schott SF59) shows inferior transmission in the visible region (0.4-0.7 μm) to 

silica, and also in the mid-IR region compared to chalcosulfide glass and tellurite 

glass, so that their applications can only be limited within the NIR range (1.0-1.6 μm), 

however this wavelength range is already adequate for NIR nonlinear device 

application. 

 

 

 

 

 

 



CHAPTER 2   Holey Fibre (HF) 

 

 

38

 

 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.6: Transmission spectra of typical optical glasses: 1. pure silica glass, 2. 

Schott SF59 glass, 3. ORC in house tellurite glass, 4. ORC in house GLS glass [47] 

 

The absorption of a solid in the long wavelength limit is known as the 

multiphonon or IR absorption edge and arises from inner molecule or lattice 

vibrations. A simple Hooke’s law mass on spring model predicts that the multiphonon 

absorption edge will shift towards longer wavelengths if heavier atoms are introduced 

into the glass network or if chemical bonds are weakened. The multiphonon 

absorption edges of several glasses are shown in Figure 2.7 [14]. Note that due to the 

strong Si-O bonding, the oxide containing SiO2 cannot be transparent at the 

wavelengths longer than 5 μm, whilst glasses containing any oxide cannot be 

transparent at the wavelengths longer than ~ 8 μm.  

 

 

 

 

 

 

 

 

 

 

 

Figure 2.7: Multiphonon edges for different glasses (this graph is provided by Dr H. 

Ebendorff-Heidepriem) 
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2.5.2 Impact of OH content on IR transmission  

 

As mentioned above, the loss of bulk glass and fibres can be much higher than 

the theoretical loss due to impurities. In particular, OH and SH groups can decrease 

drastically the IR transparency at wavelengths shorter than the fundamental limit 

given by the multiphonon edge. 

 

In addition to the phonon losses, extrinsic losses due to scattering and impurity 

absorption affect the glass transmission below the intrinsic maximum transmission 

wavelength. In oxide glasses, the OH bands are very broad ranging over the whole 

mid-IR range as follow: 

In the IR region, OH groups result in three absorption bands: 

 The strongest absorption is caused by 1-2 intense bands in the range 2.8-4.5µm 

(Figures 2.8). These bands are due to fundamental O-H vibrations (ν0) of free OH 

groups and OH groups bonded more or less to nearby hydrogen atoms. The tail of 

these bands can extend down to ~1500nm. 

 The band at ~2300nm (Figure 2.8) is due to combination (ν0+ν1) of the 

fundamental vibration of free OH groups (ν0) with the fundamental network 

vibration (ν1). 

 The sharp band at 1400-1500nm (Figure 2.8) is the overtone of the fundamental 

vibration of free OH groups (2ν0). 

 

In particular, oxide glasses can contain high OH contents. Oxide glasses 

readily incorporate OH impurities, which can result in losses of more than 1000 dB/m 

at certain wavelengths as shown in Figure 2.8. Dehydration techniques such as 

addition of fluoride and dry/reactive gas treatment can decrease the OH loss 

substantially. For example, fluoride glasses are generally less susceptible to OH 

impurities, and dehydration can then decrease the OH loss to as low as 0.001 dB/m 

[14]. 
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Figure 2.8: Bulk loss spectra of various glasses: SF57 lead silicate glass and bismuth 

oxide, measured using bulk samples of 1-30mm thickness and commercial 

spectrometers [14]. The inset shows the loss spectrum in broader wavelengths. 

 

 

2.5.3 Refractive index of the glasses 

 

2.5.3.1 Material nonlinearity  

 

 One of the main reasons why HFs have unique optical properties such as 

endlessly single-moded guidance, photonic bandgap, dispersion flattening and high 

nonlinearities, is the large contrast of refractive indices between the background 

material (glass) and the air. The high nonlinear index of the background material is 

also one of the contributors in achieving high effective nonlinearity in small core HFs. 

The total refractive index of a material, n(I), for a given wavelength of  the light λ, 

can be written as [41]: 

 

n(I) = n0+n2I             2.4 

I= P/Aeff (W/m2)         2.5 

 

where n0 is the linear refractive index, n2 is the nonlinear refractive index, I is the 

optical intensity of the incident beam, P is the power carried by a mode in an optical 

fibre and Aeff is the effective area. 
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 A number of authors have proposed empirical relations between the nonlinear 

index and linear dispersion parameters. The Boling-Glass-Owyong (BGO) formula 

[46] is a semi-empirical relationship which was found to relate n2 and the Abbe 

number dν  and nd (d: the d line of helium at 587.6nm), that has been already 

demonstrated to match the measured value very well [46].  The formula has already 

been converted into SI unit,   
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where c is the light speed in vacuum (3 x108m/s). This BGO equation was applied to 

calculate n2 for all the commercial Schott optical glasses, and other optical glasses 

[47]. Please be noted that, however, the BGO rule is just an empirical relationship and 

consequently can only be used as a rough indication of those materials with high 

values of n2 and accurate values of n2 can only be obtained from experiments, which 

may also have been performed at different wavelengths for different glasses. Figure 

2.9 summarizes the relation between the linear refractive index n and nonlinear 

refractive index n2 in various optical glasses. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.9: Relationship between refractive index nd and nonlinear refractive index n2 
of various optical glasses. (This graph was contributed by Dr. Xian Feng). 
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From the graph shown, we can see that soft glasses have a higher nonlinear 

refractive index and orders of magnitude higher nonlinear refractive index compared 

with the silica glass. From a material chemistry point of view, nd and n2 are both 

attributed to the polarizability and the hyperpolarizabilty of the constituent chemical 

ions. In conventional silicate glasses, network modifiers increase the number of the 

non-bridging oxygen atoms, which are more polarisable than the bridging oxygen 

atoms in the Si-O network, thus inducing a modest increase of the nonlinearity. 

Therefore, the hyperpolarizability of the constituent metal ions is usually the cause of 

high nonlinearity for the glasses with heavy-metal cations [47].  For instance, the lone 

6s electron pairs of the lead ions in PbO glasses are explained to be the cause of the 

high linear and nonlinear refractive index [48]. 

 

It can be seen that introducing heavy atoms (i.e. heavy metal compounds) or 

ions with a large ionic radius (i.e. using chalcogen elements S, Se and Te to replace 

oxygen), which both act to increase the polarizibility of the components in the glass 

matrix, also increases the nonlinear index n2. In short, one can obtain a large n2 by 

maximizing the linear refractive index n0 in the wavelength range of interest. Here, 

we show the tendency of n2 versus nd relation, which is sufficient in the essential 

requirement to seek the optical glasses with the highest nonlinear refractive index n2. 

 

 

 

2.5.3.2 Material dispersion 

 

Although a remarkable degree of dispersion management can be achieved 

using extremely high mode confinement in HF structures, for applications such as SC 

generation that depend on the dispersion over broad wavelength ranges, dispersion 

management is a delicate balance between fibre design, material properties and an 

inherently favourable material dispersion is important. For example, in order to be 

suitable for efficiently SC, fibres that have a zero in the group velocity dispersion at 

the desired pump wavelength are required. For this reason, it is necessary to explore 

the range of material dispersion properties that are found in soft glasses. Zero 

dispersion can be achieved by balancing the material dispersion (Vmat) with the 
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waveguide dispersion (Vwg) at the pump wavelength to achieve zero net dispersion 

(Vmat + Vwg = 0). 

 

The difference in the material dispersion of soft glasses allows a broader range 

of fibre dispersion profiles to be achieved than are possible with conventional fibre 

technology. To calculate the material dispersion, it is necessary to have measured 

refractive index data over a broad range of wavelengths. This data is currently 

available just for a limited range of materials and they are evaluated by Dr. T. M. 

Monro. The glasses chosen are: LLF1 (a commercially available Schott glass), SF6 

(ditto), SF57 (ditto), Bismuth oxide glass (by the Asahi Glass Co.) and Gallium 

Lanthanum Sulphide Oxide (GLSO, made in house at the ORC). Please note that the 

transparency windows vary for each glass, and these choices can be chosen according 

to the desired application operational range.  

 

 

 

 

 

 

 

 

 

 

Figure 2.10: Material dispersion of a range of soft glasses. (This graph was 

contributed by Dr. T. M. Monro) 

 

For each glass considered, the measured (linear) refractive index data is fitted 

to a generalized Sellmeier equation [49]. Both the raw refractive data and the (fitted) 

Sellmeier coefficients for SF57 lead silicate glass are given in Appendix 1. Using 

these Sellmeier equation fits, the Dmat for several glasses mentioned earlier is 
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evaluated over a broad wavelength range and the results are shown in Figure 2.10. 

 

Note that the results presented in Figure 2.10 indicate that the Dmat becomes 

more normal for the higher index glasses (for all wavelengths). The linear and 

nonlinear indices of different glasses are listed in Table 2.2. Heavy metal oxide 

glasses (lead-silicate, bismuth-oxide, tellurite) have linear indices in the range of 1.8-

2.0, nonlinear indices that are ~10 times higher than silica, material ZDWs of 2-3 μm, 

and multiphonon absorption edge of ~3.5 μm. Chalcogenide glasses (GLS, As2S3), 

linear indices of 2.2-2.4, nonlinear indices significantly greater than those of the oxide 

glasses, and ZDWs larger than 4 μm. 

 

The values of Dmat at the pump wavelengths of interest for this study have 

been extracted from Figure 2.10 and are shown in the Table 2.2 below. These results 

are discussed further in Chapter 4 and Chapter 5, when work on the waveguide 

contribution to the overall dispersion is presented. Some examples of Dmat for each 

material at the two proposed pump wavelengths shown in Table 2.3.  

 

 

Table 2.2: Optical properties, refractive indices and ZDW of different glasses. (The 

data was extracted from [14]) 

glass type glass main components n0 
(at …µm) 

n2 
(m2/W) 

ZDW 
(µm) 

Refs. 
 

silica silica SiO2 1.46   (0.6) 2.4 1.26 50-52 

lead silicate SF57 SiO2-PbO 1.84   (0.6) 41 1.97 30,49 

bismuth Bi Bi2O3-SiO2 2.01   (1.5) 32 2.29 53,54 

tellurite ZnTe TeO2-ZnO ~2.0 ~50 2.24 55,56 

chalcogenide GLS Ga2S3-La2S3 2.48   (0.6) ~500 - 50,57,58 

 GLSO Ga2S3-La2S3-La2O3 2.25 
(1.5) 

177 4.64 59 
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Table 2.3: Dmat for different glasses at the two proposed pump wavelengths (1.06 and 

1.55 μm) 

Glass material DMAT(1.06μm) [ps/nm/km] DMAT(1.55μm) [ps/nm/km] 

SF57 250 -52 

Bi (1310) -- -107 

GLS -- -181 

 

 

 

2.5.4 Viscosity 

 

The viscosity of a glass must be known in order to assess its suitability for 

preform extrusion (viscosity range of ~107.6 -109 poise) and fibre drawing (viscosity 

range of  ~105 -106 poise). Figure 2.11 shows the measured viscosity curve for SF57 

lead silicate glass. The viscosity data has been extrapolated from 1013 to 104 dPa.s, by 

using the Vogel-Fulcher-Tammann (VFT) equation [60]. 

 

From the graph in Figure 2.11, it is seen that SF57 lead silicate glass exhibits a 

quite steep temperature-viscosity curve and has a narrow operating temperature range 

(<500C) for fibre drawing. The lead silicate SF57 glass is grouped under short glass 

which has a quite steep viscosity curve, which makes great demands on the 

temperature control of the fabrication process. Essentially, in order to minimize the 

effect of the temperature gradient on the holey cladding of the preform and to avoid 

phase separation and thermal crystallisation of the glass at high temperature, we must 

maintain the fibre drawing temperature close to the viscosity range of ~105-106 poise. 

For extrusion, the temperature used is normally close to the viscosity range of ~107.6-

109 poise. The low softening temperature of SF57 glass, which is about 5200C allows 

the utilization of the extrusion technique for fibre fabrication.  

 

The viscosity curve of pure silica glass is also illustrated in the inset of Figure 

2.11, according to [47]. It is seen that non-silica glasses typically have steep viscosity 

curves and the operating range for fibre drawing is less than 100 0C, while pure silica 
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glass has flat viscosity curve and the operating temperature range for fibre drawing is 

as wide as 6000C. Therefore, the processing temperature suitable for drawing non-

silica glass HFs is indeed much narrower than silica HFs.  

 

Figure 2.11: temperature-viscosity curve of SF57 lead silicate glass. Inset: Viscosity 

of some other studied glasses: 1. tellurite glass, 2. Schott SF59 glass (lead borosilicate 

glass), 3. GLS glass, 4. pure silica glass (this graph is extracted from [47]) 

 

 

2.5.5 Comparison of non-silica glasses as background material for HFs 

 

Table 2.4 summarizes the optical and thermal properties of the three main 

studied non-silica glasses. The thermal properties, such as viscosity, indicate that it is 

more difficult to fabricate non-silica glass HF than silica HF due to the typical steep 

viscosity curves of the soft glasses and narrow operating temperature range for fibre 

drawing (<500C).  However, for some particular applications which silica HF cannot 

achieve, such as extremely high nonlinear applications from 1 to 4 μm and mid-IR 

laser power delivery, non-silica glass based HFs have the absolute advantages over 

silica HF. 

 

 

 

SF57
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Table 2.4: Comparison of different optical glasses as background material. 

Glass 
properties 

Lead silicate 
Glasses 

Chalcogenide 
Glasses 

Pure Silica 
Glass 

Optical properties    

Refractive Index n 1.7-2.0 
(or higher) 

2.2-2.5  
(or higher) 1.46 

Transmission 0.4 – 3 μm 0.5 – 10 μm 0.2 – 3.5 μm 

Refractive index, n 1.6-2.0 (or higher) 2.2-2.5 (or higher) 1.46 

Nonlinear refractive 
index, n2 

Tens of times 
higher than pure 
silica glass 

~100 times  
higher than pure 
silica glass 

2.2 x 10-20 m2/W 

Material zero dispersion 
wavelength 2.0 μm 4.64 μm (GLSO) 1.3 μm  

Fibre Attenuation 

• 1-3 dB/m @   
   1.5 μm,  
• lowest at 1-    
   1.3 μm 
• high OH content 
 

• 3-4 dB/m 
   @ 1.5 μm,  
• lower at mid-IR  
   region 
• low OH content 

• <0.2dB/km  
    @1.5 μm 
•  
 

Thermal properties    

Operating temperature 
range for fibre drawing 
(viscosity) 

<50 oC <50 oC >500oC 

 

 

Based on the above study, it can be seen that heavy metal oxide and 

chalcogenide based glasses are promising candidates for developing mid-IR nonlinear 

HFs. The chalcogenide glasses possess advantages over the heavy metal oxide glass 

systems in terms of higher n2 and longer wavelength multiphonon absorption edges. 

However, the toxicity, chemical durability and thermal stability of the heavy metal 

oxide based glasses are typically superior to those of the chalcogenide based glasses. 

Additionally, one of the most challenging issues in the development of the 

chalcogenide glasses in the past decades is the very narrow glass forming region of 

chalcogenide glasses itself. It is extremely difficult to find one pair of glass 

compositions as the core and the cladding with the suitable index-contrast, the 

sufficiently small thermal mismatch and good thermal stability [47]. Therefore, the 
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concept of single-material based HFs appears particularly suitable for chalcogenide 

glass based optical fibres. For HFs based on commercial lead silicate glasses, they can 

only cover within the range between 1-1.6 μm, due to the narrow transmission 

windows and the relatively high fibre attenuation. However, since the glasses are 

commercially available and have the outstanding quality-to-cost ratio, it is worth 

developing commercial high-index oxide glass based HFs for cheap and short fibre 

devices but with sufficiently excellent optical performance [47]. 

 

 As a brief conclusion for the glass selection, we believe that heavy-metal 

oxide glasses especially lead silicate glass have adequate properties meeting the 

requirements in achieving visible-NIR devices, and are technologically the best 

developed candidates for immediate experiments. Chalcogenide glasses are very 

promising for a broad range of mid IR applications in the future. 

 

 

 

2.6 Non-silica glass based HF fabrication techniques  

 

Although soft glasses are clearly having the potential for making into novel 

nonlinear devices, they have not yet found widespread application due to the 

difficulty in fabricating low loss single mode fibres using the conventional techniques. 

However, the emergence of HF fabrication technology is particularly enabling for soft 

glasses as it eliminates the need for two thermally, chemically and optically 

compatible glasses to form the fibre core and cladding as required for conventional 

step-index fibres. HF technology thus provides a simple and convenient route to 

realizing fibres in high nonlinearity glasses that otherwise might not be able to be 

drawn into fibre form. Now, low loss HFs have been drawn from a wide range of 

novel glasses. Recent work at the ORC, University of Southampton, has led to 

successful fabrication of the first soft glass HF [1]. Recent progress in extruded 

bismuth oxide based glasses also has been particularly noteworthy [8], and we have 

also reported lead-silicate HFs (Schott SF57 glass) using extrusion [2-5, 9, 33], and 

the stacking technique [28]. An As-Se MOF has been reported that generated IR 

supercontinuum extending from 2.1-3.2 μm using 2.5 μm pumping [46]. 
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A brief review of fabrication technology is studied in order to establish 

appropriate fibre geometry for the design optimization described in the later Chapter 4 

and 5. The key in HF fabrication is the making of the macroscopic structure of the 

fibre preform. Table 2.5 summarizes the approaches that have been used so far. There 

are few practical techniques in manufacturing soft glass HFs and they will be briefly 

discussed here. 

 

A.  Capillary stacking 

Stacking is the main method for fabrication of silica HFs and can also be used 

for non-silica HFs. This approach was developed by Russell et al. [12, 13]. The first 

capillary stacking non-silica HFs were made by Monro et al using Ga-La-sulphide 

glass [1]. In this approach, capillaries and rods are stacked along in an appropriately 

designed lattice. This stacked fibre type offers large freedom in structural design such 

as high complexity and periodic geometry and thus in the tailoring of dispersion and 

the number of guided modes. Thus far, fabrication via the stacking technique has been 

a highly labour intensive and time consuming process; also it is necessary to fabricate 

the stacking elements using other fabrication methods such as drilling, extrusion, or 

rotational casting. 

 

B.  Extrusion 

Soft glasses exhibit far lower processing temperatures than silica, (for example 

each of the above glasses exhibits low softening temperatures of ~500oC as opposed 

to ~2000oC for silica), which enables the use of extrusion for fibre preform 

manufacture. The first extruded HF was produced by T. Monro et al. [2,3] in 2002. 

The extrusion technique has already proven versatility and been successfully applied 

to making microstructured holey preforms for various soft glass HFs [1-9, 27] and 

polymer HFs [10]. Under high pressure (typically 103-104N/cm2) and high 

temperature (corresponding to the viscosity range between 109-107 poise), glass can 

be extruded through a structured die and the preform, with the die design, will be 

fabricated. This technique is suitable for short glass (glass with short temperature 

operating range) fibre fabrication, or glasses that have high tendency in crystallization 

[61-63]. Microstructured preforms, rod and tubes fabricated in this way are 

reproducible and good dimensional control can be achieved. In contrast to stacking, 

extrusion allows the fabrication of the structured preform in one step. This fabrication 
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is less labour intensive, and more efficient and economic. The feasibility of this 

approach for very small core high NA HFs fabrication has been proven in the ORC, 

for example, WW structured preforms of 3 large air holes surrounding a small core 

that is supported by three long and thin struts. WW can be extruded in a very high air-

filling fraction which leads to extremely high nonlinearity. Note that this type of 

preform cannot be fabricated by conventional methods such as capillaries stacking 

and moulding [64]. There is also no interface between the core and holes in WW 

design. There are only a few drawbacks of this approach: extrusion requires an 

additional thermal cycle in the fabrication process, which can be critical for glasses 

with lower crystallization stability, also it is technically difficult to fabricate the glass 

preforms with very complex microstructure (> 3 rings of holes) due to the thermo-

mechanical strength of the die material and the thermal deformation of the glass 

preform [47]. Also, the attenuation of the resulting HF will be increased due to the 

contamination from the surface of the die. 

 

C.  Ultrasonic drilling 

Drilling is yet another straightforward but time consuming approach to 

manufacture complex HFs. This technique was first introduced by Yablonovitch, who 

initially used drilling in fabricating the world’s first man-made photonic bandgap 

crystal [64]. With a numerically controlled drilling machine, the parameters such as 

the sizes, distribution, and the angles of the holey arrays can be precisely drilled in the 

block of glass material. This particular approach is suitable for fabricating highly 

dimensional precision multi-hole microstructured preforms in one step. So far, a 

drilled preform with 18 holes has been successfully made in the ORC [47] via 

ultrasonic drilling and with the assistance of a micrometer for precise alignment, 

which resulted the drilled holes in the preforms being precisely located with deviation 

less than 20μm/cm along the axial position and less than 20μm along the radial 

direction on the preform [47]. The drawbacks are surface roughness and a potential 

for low yield by risk of cracking. Surface roughness of the drilled preforms can be 

largely improved by the fire polishing process during fibre pulling or by chemical 

etching prior to fibre drawing [47]. 
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Table 2.5: Comparison of the above practical techniques used in making HFs 

Fabrication 
approach 

Capillaries 
stacking 

Extrusion Ultrasonic drilling 

example 

 
 

 

Structure  
 

Particular lattice of air 
holes 

Core isolated by thin and 
long struts 

Particular lattice of air 
holes 

Structure 
variation 

Hole to hole pitch, Λ 
Hole size, d 

Core size Hole to hole pitch, Λ 
Hole size, d 

Advantages • Large geometric 
flexibility 

• Complex 
microstructured 

• Single moded and 
dispersion profile 
tailorable 

• Suitable for small core 
HF with extremely 
high air filling 
fraction 

• Very high 
nonlinearity attainable 

• Intricate profiles in 
one step 

• No interface between 
core and holes 

• This approach is 
proven versatile  for 
different compound 
glasses 

• Suitable for high 
dimensional 
precision 
microstructure. 

• Structured perform 
in a step 

Issues • Labour intensive • Additional thermal 
cycle 

• time intensive 
• potential for low 

yield 
• Surface roughness 

Achievement  >100 holes [47] 18 holes [35] 18 holes [47] 
Examples [1, 35] [1-9, 27] [47] 

 
 

 

D.  Casting 

Very recently, casting has been demonstrated to be a useful method to 

fabricate HF preforms [31]. Just as with drilling, casting allows high dimensional 

precision, and also a high air-filling fraction is possible. However, the achievable 

preform geometry is limited. 

 

† So far, the combination of extrusion and stacking as well as drilling and stacking 

has been used for lead silicate glasses [35]. More details will be in Chapter 5. 
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2.7 State of the art: Examples of some significant fabricated non-silica HFs 

 

Recent progress in small core highly nonlinear soft glass HFs has been 

particularly noteworthy. Figure 2.12 demonstrates the progress and versatility 

achieved to date in the fabrication of soft glass HFs. The fibres were made from 

commercial lead silicate glasses SF6 and SF57, from tellurite glasses and from a 

bismuth-oxide glass. In all fibres, the core is isolated from the outer solid glass region 

by long thin struts, which reduces confinement loss to negligible levels. The progress 

achieved to date demonstrates that high quality structures can be defined in a range of 

glasses: lead silicate glass HF: SF57 HF (by ORC, U.K.)[4, 5, 28, 33, 35] and SF6 HF 

(by Bath, U.K.)[27], Bismuth silicate HF (by ORC, U.K.)[8, 29] and Tellurite HF (by 

NTT, Japan)[31]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.12: the progress and versatility achieved to date in fabrication of highly 

nonlinear soft glass HFs    

 

Figure 2.13 summarizes the results on nonlinear fibres achieved so far. For 

lead silicate SF57 fibre, we obtained a record nonlinearity (1860 W-1km-1) and also 

comparatively low loss of 2dB/m at 1.5um. The fibre exhibits anomalous dispersion at 

1.5um, which enabled Raman soliton generation and soliton self-frequency shift and 

also ZD at ~1µm. This, in turn, enabled broadband SC generation with low input 
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power. Another lead silicate HF demonstrated by Kumar from the University of Bath 

exhibits multi-mode guidance and has the ZD at 1.5um, which has resulted in SC 

generation at 1.5um. The loss is 4dB/m. Recently, Mori from NTT Japan has 

demonstrated a cast tellurite fibre with effective nonlinearity of 675 W-1km-1 and very 

low-loss of 0.4dB/m (Please note that the low loss is partly due to low loss of the bulk 

glass). We reported on bismuth-oxide glass HF with the loss of ~3dB/m, slightly 

larger than our lead silicate fibres (SF57) due to higher bulk glass loss. For the fibre 

with smallest core, we have obtained the highest nonlinearity of a HF to date. Like 

our lead silicate fibres, the bismuth fibres demonstrate Raman soliton generation. For 

all the soft glass HFs produced, the ZDWs are smaller than 1.5um despite the fact that 

the bulk glasses have zero dispersion at wavelengths larger than 1.9um. The higher 

fibre losses of the soft glass HFs compared with silica HFs can be readily tolerated in 

compact devices using 1m or less fibre lengths. 

Figure 2.13: Progression of some significant non-silica HFs 

 

 

 

2.8 Conclusion: Why SF57 lead silicate glass is used? 

  

 Lead silicate glasses are excellent materials for highly nonlinear HFs due to 

their suitable combination of properties. Of all the aforementioned high index glass 
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types in Section 2.5, lead silicate glasses offer the highest thermal and crystallization 

stability and exhibit the least steep viscosity-temperature curves making them 

particularly attractive for HF fabrication although it is to be appreciated that their 

intrinsic material nonlinearity is lower than that of chalcogenide and some heavy 

metal oxide glasses [65]. Schott SF57, a lead silicate glass, is the glass we have 

focused on in this work, exhibits the highest nonlinearity among the commercially 

available lead silicate glasses after SF59 glass (SF59 has a higher nonlinearity, but it 

is not in production anymore at the time of this study). The high lead concentration of 

this glass leads to the large linear refractive index of 1.81 at 1.55 μm and large 

nonlinear refractive index of 4.1x10-19 m2/W (as measured at 1.06 μm [49]). Although 

much higher than silica, losses in bulk SF57 can be as low as 0.3 dB/m at 1.55 μm 

[49]. The optical and thermal properties of SF57 are shown in Table 2.6. 

 

Table 2.6: Optical and thermal properties of SF57 lead silicate 

 

 

 The glass also exhibits low softening temperatures of 5200C [66], which 

allows the use of extrusion as an alternative fibre preform fabrication technology 

[27,1-10]. As well as being simpler and less labor intensive than the more 
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conventional stacking technique developed for silica HFs, extrusion readily allows the 

implementation of structures with high air content claddings as required for high 

nonlinearity fibre fabrication and, at the same time, offers good reproducibility of the 

preform geometry compared with the most typically used stacking technique in silica 

HFs. 

 

 The ZDW for the bulk glass is 1970nm. Similar to the dispersion controlling 

mechanism in silica HFs, by introducing wavelength-scale microstructure into the 

fibre cladding, the total dispersion of SF57 glass based HFs is anticipated to be 

tailored to near-zero or anomalous regimes anywhere within the entire wavelength 

range, from its Urbach edge to the wavelengths slightly less than its material ZDW, 

particularly, for some most commonly used wavelengths, i.e., 1.06μm (Nd:YAG) and 

1.55μm (telecom and EDF), etc.  

 
 In conclusion, we believe that lead silicate glasses, particularly SF57 glass has 

the required and adequate properties to achieve visible-NIR devices, and are the best 

developed material to be used in this study. 
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3.1 Introduction 

  

HFs exhibit some unique features compared to those of the standard optical 

fibres. In particular, the introduction of the air-holes allows new degrees of freedom 

to manipulate the modal, dispersive and nonlinear properties of the fibre. For instance, 

HFs can be designed to guide light in a single transverse mode in the near-UV to near-

infrared wavelength range for silica based HFs and up to the mid-infrared for some 

soft glass based HFs and with variable core sizes. In addition, the arrangement and 

size of air-holes allow for tailoring of the waveguide dispersion of HFs. Thus, the 

zero-dispersion wavelength can be pushed into the visible region of the optical 

spectrum by using silica based HFs. It is also possible to manufacture HFs that exhibit 

very low dispersion values over a broad wavelength range.  

 

Furthermore, glass HFs can be fabricated with an extremely small core down 

to 1µm, thus enhancing considerably the nonlinear optical processes along the fibre. 

Moreover, high amounts of the birefringence can be introduced in the core to maintain 

the polarization of the light travelling along the fibre. Propagation losses of the HFs 

are however an order of magnitude larger than in conventional optical fibres due to 

various phenomena. Presently, this limits their practical use as a transmission 

medium. 

 

It is very important to be able to characterize accurately the optical properties 

of these fibres, as it may have a strong impact on the use of a particular HF. Such a 

task may become difficult, or impractical, in the case of small core HFs using 

standard measurement techniques. Indeed, the length of fibre required and the 

coupling of the light into this type of fibre may prevent the use of the conventional 

techniques, thus requiring the development of new or improved techniques that are 

particularly suitable for the characterization of the HFs.  

CHAPTER 3 
 

HF optical properties measurement 



CHAPTER 3   HF optical properties measurement 

 

63

3.2  General Experimental considerations 

 

 Comprehensive characterisations have been conducted to identify the optical 

properties, such as the mode profile, propagation loss, effective nonlinearity and 

dispersion, for a range of our studied highly nonlinear small core soft glass HFs (see 

Figure 3.1). The measurement tasks become more difficult, or impractical, in the case 

of small core HFs using standard measurement techniques, compared to the case of 

conventional fibres. 

 

 

 

 

 
 

 

 

Figure 3.1: Scanning Electron Microscopy (SEM) images of the studied SF57 lead 

silicate HFs. 

 

 

3.2.1 Soft glass HF end preparation 

 

A.  Cleaving 

 The quality of the HF cleave at the output end is very critical, especially in 

experiments requiring the measurement of radial power distribution. The quality of 

the HF cleave at the input end will essentially determine the percentage of power 

coupled into the test fibre from the source, which could be an incoherent source such 

as a  tungsten halogen lamp or an ASE broadband source or a laser source.  

 

 In the absence of a proper commercial fibre-cleaving tool for soft glass HF, we 

employ a simple silica/ceramic cleaver or a disposable scalpel for scribing the 

uncoated fibre, while placed along a finger tip, and then pulling it with certain 

tensions to obtain a good cleave.  
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 The quality of the HF end cut could be assessed either by illuminating it with a 

white light source, and observing it under a microscope, or by coupling in laser light 

and observing the radiation pattern on a monitor. A circularly symmetric and uniform 

pattern essentially implies a good cleave. To simplify the fibre end checking task, we 

normally just observe the cleaved end from the side and its cross-section with an eye-

piece. If the end is smooth and shining, it means that there is a good cleave. HFs 

offers remarkable optical properties, however they have some undesirable mechanical 

properties too. The struts or ‘bridges’ between the air holes are thin and prone to 

breakage, especially given the brittle nature of soft glass.  Ordinary step index fibres 

are generally cleaved by a ‘scratch and break’ process, which produces a clean surface 

due to the tendency of silica glass to shear in ‘large places’/planes when stressed. 

HFs, especially soft glass based, e.g. lead silica glass, on the other hand, tend to crack 

around the holes and lose chunks of glass as the fibre pieces are separated.  

 

Figure 3.2 shows some optical microscope images of examples of bad cleaved 

fibres cross-sections. The cleaves were obtained from the ‘scratch and break’ process 

over the course of the experiments. It is seen that the scratched fibres have pits where 

glasses have pulled away. Using this method, it is also difficult to obtain clean 

surfaces. This is illustrated in Figure 3.2. When observed under an optical 

microscope, it shows a wedge shaped void or mound trailing way from each hole, 

pointing away from where the fibre had been scribed. While surface defects in the 

cladding were presumed to be tolerable, these gouges frequently spread into the core 

region where they would interfere with the coupling of the light, so many cleaves 

have to be attempted before a good fibre face is produced.  

 

Figure 3.2: Optical microscope images of some badly cleaved fibres. Note the 

imperfections around the holes and the cracks running between some of them. 
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B. Polishing 

No attempt was made to polish the fibre face, as the shavings so produced 

might enter the air holes and change their effective indices.  

 

C. Cladding light removing 

 Since light can be totally internally reflected at the holey cladding-core 

interface, light launched at the input end may also be guided along the cladding. It is 

very important to strip out the light guided in the cladding. Cladding mode strippers 

can be used to accomplished this mission by applying a few drops of an index 

matching liquid (which has a refractive index very close to, but slightly higher than 

the cladding) on both of the input and output ends of the test fibre. Since most of the 

soft glasses have a refractive index ≥ 1.8, another alternative other than the index 

matching liquid is used. For the soft glass SF57 fibre, we use a dark black solution 

called graphite adhesive to strip off the light from cladding mode.  This will then 

attenuate the light propagating in the cladding. 

 

D. Splicing 

No attempt was made to splice the soft glass SF57 HFs, but a splicing 

experiment was demonstrated on the bismuth glass HFs [1]. Using a conventional 

mechanical cleaver and a fusion splicer, bismuth glass HF with 2.6 μm triangle core 

(Aeff ~ 2.7 μm
2
) was spliced to a silica SMF28 patchcord with Aeff = 14-15μm

2
. Due to 

the much lower melting temperature of the bismuth glass relative to silica glass, very 

small values for the fusion time and current were used. The splices achieved were 

mechanically strong, especially with respect to applied strain in the axial direction. 

Although the total splicing loss achieved to date is still quite high –5.8 dB, it can 

largely be accounted for by individual mode-mismatches at the various buffer fibre 

interfaces (minimum 3.8 dB, without taking into account the mismatch in the mode 

shape) and an additional 0.1 dB due to Fresnel reflection at the bismuth glass HF / 

silica fibre interface. Splicing job on the SF57 lead silicate glass HF will be 

performed in the future work. 
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3.2.2   Launching light into soft glass HF 

 

 There are mainly two different input launch conditions that are used in the 

measurement of HF characteristics. An overfilled launch was used in launching the 

light into the test fibre. The lenses are chosen such that the launched spot at the fibre 

end has a greater NA than that of the fibre NA and the spot size is greater than the 

core diameter.  

 

 

3.2.3  Coupling from HF to the detector 

 

 When coupling light from the test HF to the detector, care should be taken that 

the light emerging from the HF illuminates about 70% of the detector area around the 

centre. This avoids any non-uniformities present in the detector surface and also will 

reduce the intensity level on the detector, hence reducing the problem of saturation. 

 

 

 

3.3 Mode profile 

 

WW HFs guide light in a very small solid glass core, surrounded by a 

microstructured cladding formed by 3 large air lobes. The properties of the core 

closely resemble those of a rod of glass suspended in air, named air suspended rod 

(ASR), resulting in strong confinement of light and, correspondingly, a large 

nonlinear coefficient. ASR is the fundamental limit for air/glass microstructures (refer 

to 3.3).   

 

SEST HFs guide light in a fairly small solid glass core, surrounded by a 

microstructured cladding of a hexagonal arrangement of effectively 4 rings of holes 

(48 holes in total). The fundamental mode exhibits the near hexagonal symmetry of 

the fibre core (refer to 3.1).   
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3.3.1 Geometrical dimension of the fibre core 

 

The core of the WW preform and the WW cane are circular in shape but when 

the assembled preform is drawn into fibres, the core of the fibres becomes triangularly 

shaped due to the glass surface tension during the fibre drawing. To derive a core 

diameter for a triangular core shape, a method referenced from H. Ebendorff-

Heidepriem et al. [1] is followed (refer to Figure 3.3): 

1. The enclosed core diameter, which is the diameter of the circle that fits just 

inside the core region, is determined (red circle). 

2. A triangular shape that circumvents the enclosed core, which is nicely fitted 

inside the core region (blue triangle), is determined. 

3. The diameter of the circle (blue circle), which has the same area as the 

triangle, is defined as the triangular core diameter. 

 

The relationship between the enclosed core diameter, Denclosed and the 

triangular core diameter, Dtriangular can be defined as: 

Dtriangular = 3/ 3π x Denclosed = 1.2861x Denclosed                 3.3 

 

 

  

 

 

 

  

 

            

        (a)                                             (b) 

Figure 3.3: (a) Structure of a ASR (b) Definition of enclosed and triangular core 

diameter. The triangular core diameter is used for comparison with the ASR model 

[1].  

 

With the SEST design, we were able to fabricate soft glass HFs with an 

hexagonal arrangement of effectively 4 rings of holes (48 holes in total).  SEST HF 

glass rod 

Air surrounding the rod



CHAPTER 3   HF optical properties measurement 

 

68

exhibits the near hexagonal symmetry of the fibre core. The measurement of the core 

diameter is the measurement of the diameter of the circle that fits in the core region, 

as displayed in Figure 3.3 (a). 

 

To derive a useful core diameter from the triangular fibre core shape, we 

employed the following method. The 3 diameters across the holes that fit just inside 

the hexagonal core region, as depicted in Figure 3.4, are determined. The diameter of 

the core is represented by the average of the 3 diameters as shown below. 

 

 

 

 

 

 

 

 

Figure 3.4: (a) Definition of hexagonal core diameter for SEST HF (b) The diameter 

of the core is represented by the average of the 3 diameters. Note that the 

measurements in red are in pixel units and will then be converted into μm. 

 

For example: 

A1= 2.46μm, A2= 2.72μm, A3=2.51μm and the average core diameter= 2.56μm 

 

 

3.3.2 Mode profile measurement 

 

 In order to check on the guided modes of the HFs at particular wavelengths, 

two laser sources were used in conducting these measurements. A Nd:YLF source 

was used to get the mode profile of WW  HFs  at 1040nm while an EDFA source was 

used for checking the mode/modes of SEST HF at 1550nm. The experimental set up 

for the mode profile measurement is demonstrated in Figure 3.5. A beam at 1040nm 

was launched directly into the holey fibre under test (HFUT), and the expected near 

field images were observed by using an infrared charge coupled device (CCD) 



CHAPTER 3   HF optical properties measurement 

 

69

camera. Some examples of the near field images for the measured fibres are shown in 

Figure 3.6. 

 

Figure 3.5: Experimental setup for mode profile measurement 

 

 
Figure 3.6: Some examples of mode profile of the studied HFs 

 

 

 

3.4  Propagation loss 

 

3.4.1   Loss mechanism in small core extruded HFs 

 

 The total losses of optical fibres can be written as a sum of different factors 

[2]: 

 

α(λ) = αuv + αIR + αs+ αIM + αc
              3.1 

 

where αuv, αIR and αs are the losses due to the electronic transitions in the ultraviolet, 

multi-phonon absorption in the infrared and scattering losses respectively. αIM and αc 

denote the losses induced by the impurities (hydroxyl groups or transition metal ions 

etc) and confinement losses respectively.  
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 The scattering mechanisms that occur within the HFs are more complicated 

than in conventional fibres. In addition to the Rayleigh scattering, that originates from 

nanometer-scale refractive index inhomogeneities inside the glass due to its random 

molecular structure, perturbations to the guided modes can result from any 

fluctuations in the fibre geometry along the length. In particular, a longitudinal 

variation of the structure promotes modal coupling to high-order, or radiation modes, 

resulting in excess losses [3]. Scattering loss is a term that is usually used to refer to 

Rayleigh scattering in optical fibres, but the other mechanisms such as imperfections, 

can also lead to scattering losses. Examples of such imperfections in extruded non-

silica HFs are bubbles, defects (shown in Figure 3.7) and diameter variations, which 

can cause coupling to the radiation modes. The fabricated HFs may be multi-moded 

and higher order modes may suffer from excess losses due to their core confinement 

[3]. Therefore, any modal coupling to higher order modes in this fibre effectively 

contributes to the total losses, which may take the form of coupling to radiation 

modes in single mode waveguides. 

 

Figure 3.7: Optical microscope images of the defects found in some extruded fibre 

preforms (these defects are in micron scale). 

  

 The loss induced by impurities has yet to be investigated in detail. So far, we 

have observed some traces of black particles present in the extruded SF57 and 

bismuth oxide preforms (this is depicted in Figure 3.8) and the presence of the 

hydroxyl ions has been a significant problem for fibre loss. Therefore, a substantially 

different approach needs to be considered in order to reduce the fibre loss.  
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Figure 3.8: Optical microscope images of impurities (black particles) found in some 

extruded fibre preforms (these fine particles are in micron scale). 

 

 Confinement losses are the most unique loss mechanism in HFs [4], which 

arises from the fact that the HF has a single material design where the core of the HFs 

has the same refractive index as the region beyond the finite holey cladding. Hence, 

the modes within the HFs are inherently leaky. Although this fibre supports only 

leaky modes, it is possible to design a lower loss fibre. This can be done by ensuring 

that the supporting struts are long and fine enough that they act purely as structural 

members that isolate the core from the external environment. The fibres can be 

effectively single mode over a broad range of wavelengths since the confinement 

losses associated with any higher order modes are significantly higher than that of the 

fundamental mode [4]. 

  

 

3.4.2 Loss measurement 

 

 Loss is one of the key parameters for the fabrication of efficient optical fibres. 

There are quite a few different loss measurement methods, such as cut-back for 

optical fibre, Fabry-Perot [5], prism coupling method [6], insertion loss method, 

OTDR method [7,8] and many others. In this work, the cut-back method was used 

since it is an internationally recognised reference test method and it offers the highest 

measurement accuracy. 

 

 Propagation loss in fibre is usually measured by the cut-back method. A 

broadband light source or a laser source can be used, this depends on the applications. 

In SF57 bare fibres and HFs loss measurement, both sources (a laser diode at 1550nm 

and a tungsten halogen lamp (a white light broadband source)) were used. The 
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experimental set up for both the spot loss measurement and the broadband loss 

measurement are shown in Figure 3.10 and Figure 3.11 respectively.  

 

 

3.4.2.1 Spot loss measurement 

 

 Figure 3.10 is the schematic diagram for a single wavelength loss 

measurement setup. For spot loss measurement, a laser diode at 1550nm operating 

wavelength is used.  The light is launched into the core of the HFUT through free 

space coupling. The input coupling lens is usually of focal length 3.1mm, NA=0.68. 

The light emitted from the other end of the fibre is collected by a large area thermal 

detector and the resulting signal powers are recorded. The detector end of the fibre is 

then cut-back by a known length, cleaved and reinserted in the detector assembly 

without disturbing the launch conditions. To get accurate results, usually the fibre end 

will be cleaved a few times to maximise the detected signal, at the same time optimise 

the cleaved end. The transmitted power through this short length of fibre is again 

recorded to provide a reference level from which to calculate the single wavelength 

attenuation of the fibre under test. The spot loss of the fibre at a certain wavelength is 

calculated as follows:- 

  

Loss (dB/m) = 10 log 10 (P2/P1)/cut-back length (m)          3.2 

 

 where,  P1 is the initial output power and P2 is the output power after cut-back and 

the cut-back length is measured in units of meter. Please note that, the process has to 

be repeated for >3 times for a higher accuracy reading.  

 

 
Figure 3.10: Spot/single wavelength loss measurement setup with ASE source 
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3.4.2.2 Broadband loss measurement 

 

 Figure 3.11 illustrates the spectral loss measurement setup. For the 

measurement of the HFs broadband loss in the near IR region, a tungsten halogen 

lamp (0.25 μm -2.5 μm) is used as the white light broadband source, which is 

advantageous since it covers the wide spectral loss of the HF. The white light is 

coupled into the core of HFUT through a x50 objective lens. The other end of the 

HFUT is then connected to a fibre SMA connector which is connected to the detector 

of an optical spectrum analyzer (OSA). It can be used to record the transmission 

spectra from 350nm-1750nm. The power transmitted is recorded as a function of 

wavelength. The detector end of the fibre is then cut back by a known length and the 

cleaved end is reinserted in the detector assembly without disturbing the launch 

conditions. The transmitted power through this short length of fibre is again recorded 

as a function of wavelength. The spectral loss of the fibre is calculated using the same 

Equation 3.2. 

 

Note: It is very important to make sure all the light in the cladding modes is totally 

stripped off in order to get accurate results. We coat a layer of graphite adhesive on 

the soft glass HF in order to remove the cladding light. 

 

 

 
Figure 3.11: Spectral loss measurement setup with broadband white light source 
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3.5  Effective mode area and nonlinearity 

 

3.5.1  Effective nonlinearity, γ, measurement 

 

3.5.1.1 Basic principle of the measurement approach 

 

Several approaches for measuring the nonlinearity of a fibre have been 

proposed, typically those are based on measuring the n2, and exploit different 

nonlinear effects, such as self-phase modulation, modulation instability and a 

technique based on four wave mixing [9]. Here, we measured the effective nonlinear 

coefficient, γ, for the WW HFs and the SEST HFs using the Boskovich method [10]. 

This method is based on the measurement of the nonlinear phase shift induced 

through the SPM effect with a continuous wave, dual-frequency optical beat signal 

propagating through the fibre.  

 

 If the dispersion is neglected, the linear expression linking the nonlinear phase 

shift of the beat signal propagating along the fibre under test and the launched power 

is shown below [10]: 

 

   ΦSPM = ineff
eff

20 PL
A
n

c
ω2

⋅⋅⋅
⋅                       3.4 

 

   
eff

2

A
n  α γ                                                     3.5  

 

where Pin is the input power of the signal, Leff is the effective length of the fibre, ω0 is 

the central frequency of operation and c is the speed of light. Since the nonlinear 

coefficient is proportional to the ratio n2 / Aeff, γ can be determined via the 

experimentally measured SPM generated phase shift at different average power 

levels. The effective length, which determines the nonlinear interaction length, can be 

written as follow: 

 

   Leff = [1-e-αL] /  α                            3.6 
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  α(m-1)=ln 10 [loss(dB/m)/10] =  0.23 x loss (dB/m)     3.7 

 

where α is the loss coefficient in m-1, based on a natural logarithm, and is converted 

from loss in unit dB/m, based on logarithm to the base 10, in equation 3.7. 

 

The SPM induced phase shift can be measured in the spectral domain using a 

OSA as the electrical field is a periodic function in time and thus it has a discrete 

spectrum, consisting of harmonics of the beat frequency, as shown in Figure 3.12. The 

intensity ratio between the signal and the first sideband gives the nonlinear phase 

shift. Spectral sidebands arise due to SPM in the high nonlinearity HF. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.12: A typical SPM spectrum generated by the propagation of a beat signal in 

the WW HF  

 

 

From [10], by taking the Fourier transform of the equation that exhibits the 

evolution of the electric field of the beat signal; we can analytically get the intensity 

ratio in terms of Bessel functions: 
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where I0, I1 are the intensities of the zero and first order harmonics and Jn is the Bessel 

function of the nth order [10]. The nonlinear phase shift for a launched signal power 

Pin can be readily determined from the intensity ratio shown in the spectral domain of 

the OSA. 

 

 

3.5.1.2 Experimental setup 

 

Figure 3.13: Experimental setup of the nonlinear coefficient  γ measurement 

 

The experimental setup for the measurement of the nonlinear coefficient is 

shown in Figure 3.13. Two continuous wave (CW), tuneable distributed-feedback 

lasers were used to provide the beat signal which was amplified with a high power 

EDFA.   

 

The operating wavelength of the lasers was chosen to be approximately 1563 

nm since the EDFA provides a better noise figure and a higher gain at this 

wavelength.  The wavelength separation between the two signals was chosen to be 

around 0.2 nm so as to minimise the effect of dispersion [10], while the optical power 

from the two signals was adjusted so that the EDFA was driven into saturation.  In 

this way, an optimum signal-to-noise ratio of approximately 50 dB was obtained. 

 

Identical polarizations were achieved for the two frequencies by adjusting the 

polarisation controllers, PC1 and PC2.  The amplified beat-frequency signal was then 
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free-space coupled into a short piece of the HFUT, which is typically about 1-3 

meters long depending on the fibre loss, after passing through a variable attenuator.   

 

The attenuator was formed by a combination of a λ/2 waveplate and a 

polariser where the input power of the fibre is controlled by the rotation of the 

waveplate.  Since all the HFs exhibited some birefringent behaviour, the polariser had 

to be adjusted so that the input signal was aligned on the primary polarisation axis of 

the HF under test.  Polarisation extinction ratios for the HFs studied were of the order 

of 6-9 dB. 

 

The ratio between the first and zero-order harmonics for different input 

powers was recorded by monitoring the launched power and the output spectrum 

power.  With the ratio obtained, the corresponding phase shift was calculated using 

equation 3.8.  It was pointed out that a small nonlinear phase shift of ~0.08 rad was 

subtracted from the measured phase shift.  This was done to compensate for the 

nonlinear phase shift induced by the amplifier prior to propagation through the fibre.   

 

By plotting the phase shift against the input power and then substituting its 

gradient into the Equation 3.8, the nonlinear coefficient can be determined from the 

slope of the linear fit. An example is shown in the Figure 3.14 below: 
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Figure 3.14: An example of phase shift vs. input power for a measured HF 
 
 
 

- Fibre length: 12 m 

- Fibre Attenuation: 2.0 dB/m  

- Effective length: 2.1628 m 

- Attenuation coefficient = 0.4605 m-1 

-  For Plaunched
 = 900mW, Pfibre_output = 0.546 mW 

    Thus, Pinput = Pfibre_output / e- attenuation_coefficient * fibre_length
 

     and Pinput = 137.1490 mW 

- Coupling Efficiency = 0.1524 (15.24 %) 

- Φspm = 2 x γ x Leff  x (coupling_efficiency x Plaunched) 

- Nonlinearity of EDFA: ΦEDFA = 0.078 rad (I0 / I1 = 34.15 dB) 

 

         ∴ γ = 404 ± 21 W-1km-1 
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3.5.2   Effective mode area measurement 

 

 The effective mode areas of the WW HFs can be determined using 3 methods: 

 

A.  In the first experiment, the intensity (electric field) information from the 

measured HF mode profiles (near field images), that were captured by CCD camera 

were extracted. The data of the measured HFs cross sections (X, Y) was then well 

interpolated by a Gaussian fit. From the fitting, the expected spot waist (W) can be 

determined because, as we can see from the Equations 3.9 and 3.10 below, c=W. The 

mode area for this Gaussian beam is πW2 [11]. 

Electric field equation,       2
22

w
)y(x

oexpEy)E(x,
+−

=                 3.9 

 

Gaussian fit equation,        2
22

c
)b(x

expaG
+−

=                3.10 

Some preliminary measurements have been conducted using this technique on SF57 

WW HF with a triangular core but the results are not promising. More measurements 

will be investigated in the future using this approach in order to get a reliable Aeff 

measured from mode profiles. 

 

B. The second method is based on modelling, which is performed by my 

colleagues, Dr. V. Finazzi and Francesco Poletti, using the finite element method 

(FEM) from commercial software named FEMLAB. 

 

C. The third approach to obtain the measured mode area is to calculate it from 

Equation 3.5 via measured γ. The effective area for the HFs can be retrieved from the 

equation if other parameters are known. 

 

 

 

3.6  Dispersion 

 

 HFs are a rapidly emerging fibre technology which, because of the increased 
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range of fabrication parameters compared to standard fibres, can be designed and 

fabricated with a dispersion property beyond those previously possible. With the HF 

technology, it is now possible to exploit soliton and supercontinuum (SC) effects 

within sources operating in the visible to near infrared (NIR) up to mid-infrared (mid-

IR) regions of the spectrum [12-13]. 

 

 The dispersion value of the highly nonlinear fibre (HNLF) is a critical 

parameter for the efficient spectral broadening of the signal, and hence for the proper 

operation of the regenerator. While several different techniques can be used for the 

dispersion characterization, a relatively long piece of fibre, usually in the order of km 

is required; especially if accurate results are to be obtained. However, for non-

conventional HNLF, particularly in the case of HFs, only a few meters of length are 

necessary. 

 

 

3.6.1  Dispersion measurement 

 

3.6.1.1 Dispersion measurement for SEST HF at 1550nm 

 

To perform this measurement, alternative methods, based on interferometric 

techniques, have been developed at the ORC by Asimakis et al. [14, 15]. The setup 

used for the dispersion characterization is depicted in Figure 3.15.  

 

 

ASE
EDFA OSA

HNLF

BS 1 BS 2

M 1 M 2

L 1 L 2

ASE
EDFA OSA

HNLF

BS 1 BS 2

M 1 M 2

L 1 L 2

 
Figure 3.15: Setup for dispersion characterization of SEST, based on interferometric 

techniques. 
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Light from a broadband light source (in our case the ASE from an EDFA) is 

split with a beam splitter (BS1). Light is coupled into, and propagates through the 

holey fibre under test via a lens (L1) on the first arm of the interferometer. On the 

second arm, light propagates freely, covering a tunable path length which can be 

adjusted by the positions of the mirrors (M1 and M2). Light from each arm interferes 

with each other after BS2 before being directed into an Optical Spectrum Analyzer 

(OSA). Interference fringes superimposed onto the broad spectrum of the ASE should 

be observed provided that the path length in the second arm is adequately adjusted. 

After this a clear interference scheme can be obtained by artificially subtracting the 

ASE from the spectrum. Using the spectral distance of successive peaks, the group 

delay as a function of frequency can be calculated as: 

 

( ) ( ) ( )
1

2

i i

d
d
ω δ ω πτ ω
ω δω ω ω +

Φ Φ
′ = ≈ =

−                 3.11 

 

where iω   is the frequency of the i th peak, and 1( ) / 2i iω ω ω +′ = + . The delay is fitted 

to a polynomial curve. The derivative of the fit yields the dispersion /d dτ λ . Figure 

3.16 is the example of the spectrum obtained from the OSA, when a measurement was 

carried out on a 2m span of lead silicate SF57 HF. 
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 Figure 3.16: Interference fringes in the spectrum obtained by OSA. 
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3.7   Birefringence 

 

HFs can potentially be made very highly birefringent. Small core HFs offer an 

approach for producing highly birefringent fibres via asymmetric core/cladding 

structures. This type of birefringence is known as form birefringence and can be 

increased if the index contrast between the core-cladding is high and if the core-

cladding features are on the light wavelength scale. Minor imperfections in the fibre 

structure can lead to high form birefringence in small core HFs. Various asymmetric 

cladding geometries have successfully created highly birefringent small core HFs. An 

example of which, is a small elliptical core silica HF made in ORC [16] that has a 

beat length of 0.44mm, which is 10 times less than conventional high birefringence 

optical fibre of about 4mm [16]. Conversely, the form birefringence is typically low 

in large mode area single mode fibres with minor imperfections, in which the beat 

length is of the order of 3-5m at 1060nm [16]. Thus, this example shows that this 

effect decreases as the fibre core increases and the hole size decreases. 

 

 

3.7.1 Birefringence measurement setup 

 

 

 

 

 

 

 

 

 

 

Figure 3.17: SEM of the cross section of the WW HF and SEST HF  
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Figure 3.18: Experimental setup for beat length measurement using the wavelength 

scanning method. 

 

Figure 3.17 shows the type of HFs sample used in this measurement. As can 

be seen in the figure, the core has a quite symmetric shape (>2 fold symmetry), but 

due to the very small core size and high core-clad index difference, it is directly 

linked to a high value of birefringence in the fibre. 

 

Figure 3.18 shows the experimental setup for the beat length measurement 

using the wavelength scanning method. This wavelength dependent method has been 

used in measuring the beat length of HFs as most of the direct birefringence 

measurement methods of conventional fibre failed [17]. A broadband ASE source 

(Yb3+), with a spectrum span from 1030nm-1120nm, was used for the WW HF 

measurement while an EDFA source was used in the SEST HF measurement. Since 

the light from the ASE source is randomly polarised, a polarizer was used to polarise 

the light launched into the HFUT. The input polarizer was used to ensure that the light 

polarization at the fibre input was aligned at 450 to the principal axis of the test fibre. 

The fixed length L of the test fibre was laid flat to avoid bending effects. A second 

polarizer, which acts as a polarisation analyser, was placed at the output end with its 

principal axis aligned at 450 to the axis of the fibre, and the output is scanned through 

an OSA in small steps. Figure 3.19 depicts the scanned modulated spectral output 

from the OSA. 

 

 

3.7.2   Basic principle of the measurement approach 

 

Beat length is usually used as the figure of merit in quantifying the 

birefringence of a fibre. The wavelength interval Δλ for one complete cycle of 
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polarisation evolution is related to the physical beat length Lb (λ). Δλ is the spacing of 

the modulation (the wavelength separation between the 2 adjacent peaks in the 

modulation spectrum) . The beat length of a fibre can be calculated through this 

equation [11]: 

 

o
b λ

ΔλLL =                     3.12 

 

where L is the length of the HFUT, λ0 is the operating wavelength between the 2 

peaks. The group birefringence, B is the group index difference between 2 

polarisation modes and it is related to the beat length by the equation below [1]: 

bL
λB =                     3.13 

 

From the OSA modulated spectrum, the fibre beat length and a group 

birefringence is calculated from the equation respectively.  

 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 

Figure 3.19: Scanned modulated spectral output from the OSA. 

 
 
Table 3.1: The list of measured birefringence properties 

Sample F2#1(1.2μm core) 
L(mm) 960 
Δλ (nm) 3.4 
λ0 (nm) 1060 

Lb (mm) 3.08 
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 For example, a 96cm HF was used in conducting the birefringence 

measurement. From the modulated spectral output shown in Figure 3.19, we can 

measure the operating wavelength between the 2 peaks, Δλ, as 3.4nm.  Based on 

Equation 3.12 and 3.13, we can obtain the beat length and group birefringence of the 

measured fibre. 

nm
mm

1060
nm 3.4.960Lb =  = 3.08mm 

 

 

 

3.8  Figure-of-merit (FOM) 

 

The FOM considerations are referred to H. Ebendorff-Heidepriem et al. [1]. 

The evaluation of nonlinear (NL) performance of a fibre is generally based on the 

power-length-product to create NL effects.  Take for example a NL phase shift ∆φ, 

 

∆φ = 2 x γ x Pin x Leff ,                       3.14 

 

where γ is the effective NL coefficient, Pin is the input power and Leff is the effective 

fibre length, which determines the NL interactive length. 

 

Leff = [1-exp(-α x L)]/α ,                  3.15 

 

where α is the fibre loss coefficient, 

 

α = -ln T/L ,                     3.16 

 

and T is the fibre transmission related to the output power Pout  and input power by 

T=Pout/Pin.  The fibre loss in dB/m is related to α by 

 

fibre loss in dB/m = 10 / 2.303 x α.                 3.17 

 



CHAPTER 3   HF optical properties measurement 

 

86

γ and α, in equation (3.14 and 3.15) respectively, are the fibre-specific parameters 

which determine the NL phase shift.  Therefore, the product of γ x Leff is a useful 

FOM as it takes into account both effective nonlinearity and fibre loss. A high value 

of FOM indicates that a larger NL effect (e.g. NL phase shift) can be achieved within 

a certain input power or a smaller power is required for a certain NL effect.   

 

Depending on the requirements of different device types, different fibre 

lengths are set and thus different FOMs will be identified. Here, we have identified 

two different fibre lengths and thus two different FOMs. For example, there are: a. 

devices based on maximum useful fibre length and, b. compact devices using 1 m or 

less fibre length.   

 

 

3.8.1 FOM for devices based on maximum useful fibre length 

  

The benefit of such devices is the minimization of the power requirements by 

maximizing the fibre length. Here we define L
*
as the maximum useful fibre length for 

which L
*

eff = 0.9×L
*
. For longer fibre lengths (i.e. Leff < 0.9×L), the difference 

between the effective fibre length and the real fibre length results in a degradation of 

the NL performance [18]. Using Equations 3.15 and 3.16, L
* 

corresponds to a fibre 

transmission of T
* 
= 0.8072 as described in the following: 

 

Replacing L
* 
and L

*

eff = 0.9×L
*
 in Equation 3.15, we obtain:  

L
*

eff = [1 – exp(– α × L
*
)] / α = 0.9 × L

*     
            3.18 

α = – ln T
* 
/ L

*                                                       
3.19  

L
* 
= − ln T

* 
/ α                      3.20  

Replacing α and L
* 
in Equation 3.18 results in:  

[1 – exp(– (– ln T
* 
/ L

*
) × L

*
)] / α = 0.9 × (− ln T

* 
/ α)                          3.21 

exp(– (– ln T
* 
/ L

*
) × L

*
) = exp(+ ln T

*
) = T

* 
                                                           3.22 
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Multiplying Equation 3.21 with α and using Equation 3.22 gives:  

[1 – T
*
] = 0.9 × (− ln T

*
)                   3.23  

Rearrangement of equation 3.23 gives:  

0.9 × ln T
* 
– T

* 
= 1                    3.24 

The solution for this equation is T
* 
= 0.8072.  

 

To obtain L
*

eff , use equations 3.15, 3.21, 3.22 and T
* 
= 0.8072. 

L
*

eff  = (1 – T
*
) / α = 0.1928 / α                   3.25  

 

Based on Equations 3.14 and 3.25, the FOM, γ × L
*

eff  is: 

γ x L
*

eff = (1 − T
*
) x γ/α = 0.1928 γ/α = Δ φ / (2 Pin) ,  

which indicates that γ/α serves as a FOM for the NL performance provided that fibres 

with lengths relating to identical fibre transmission values are compared to each other. 

In other words, fibres with the same ratio Leff/L are compared to each other.  

 

 

 

3.8.2 FOM for compact device using 1m fibre length 

 

In compact devices, the real fibre length is of the order of 1 m or shorter.  

Therefore, the real fibre length is fixed to 1m when evaluating the nonlinear 

performance of compact devices.  The FOM is then: 

 

γ x Leff,1m = [1-exp(- α x 1m)] x  γ/α = ∆φ /(2 x Pin) .                                       3.26 

 

It is noteworthy that for fibre losses < 10 dB/m. the term [1-exp(- α x 1m)] is 

significantly smaller than 1 and hence the term γ / α is not a useful FOM under this 

condition. 

 

Since the main focus of this study is on the HF for supercontinuum (SC) 

compact devices, we will pay more attention to FOM for compact device using 1m 
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although only tens of centimetres of our soft glass HF (WW and SEST HFs) is 

already sufficient to generate an efficient SC generation (Refer to Chapter 6 for more 

details). 

 

 

 

3. 9  Conclusion 

 

This chapter demonstrated the measurement techniques for the main optical 

properties of the small core soft glass HFs: the mode profile, the propagation loss, the 

effective nonlinearity coefficient, γ, the dispersion and the birefringence. Table 3.2 is 

the list of measurements we have performed on the studied HFs: WW and SEST HFs, 

and the results of the measurements will be discussed thoroughly later, in Chapter 4 

and 5 respectively. 

 

The mode profile of the both studied fibres was conducted by launching 

certain wavelength of laser source into them and checking on the near field images of 

the HFs. 

 

The propagation loss of the small core HFs is measured by the cut-back 

method. Both single wavelength/spot and spectral loss measurements were performed. 

Both sets of results from these measurements were compared to assess on the 

measurement accuracy. 

 

The effective nonlinearity of the small core HFs is measured by using the 

Boskovich method [10], which is based on the measurement of the nonlinear phase 

shift induced through the SPM effect with a continuous wave, dual-frequency optical 

beat signal propagating through the fibre.  

 

The effective mode area of the HFs can be calculated using Equation 3.5. 

Alternatively, it can be determined based on the modelling process. 

 

 



CHAPTER 3   HF optical properties measurement 

 

89

The dispersion value of the highly nonlinear fibre (HNLF) is a critical 

parameter for the efficient spectral broadening of the signal, and hence for the proper 

operation of the regenerator. Dispersion measurement based on the interferometric 

technique has been developed in the ORC by Asimakis et al. [14,15], and it has been 

used in measuring these highly nonlinear soft glass HFs. 

 

Small core HFs offer an approach for producing highly birefringent fibres via 

asymmetric core/cladding structures and highly birefringent HF is a promising 

medium for efficient supercontinuum generation. We conducted the wavelength 

scanning method to generate a modulated spectrum and, from this, the beat length of 

the fibres was calculated by using the Equation 3.10. 

 

Table 3.2:  A summary of the optical property measurements performed on both the 

WW HFs and SEST HFs. 

Type of optical property 

characterisation 

WW HF SEST HF 

Loss   

Spot measurement √ √ 

White light measurement √  

Mode profile   

@1040nm √ √ 

@1550nm √ √ 

Nonlinearity    

Effective nonlinearity Coeff. (γ) √ √ 

Effective mode area (Aeff) √ √ 

Dispersion    

@1550nm  √ 

Birefringence √ √ 

FOM √  

 

 

Last but not least, the proper FOM for our highly nonlinear soft glass HFs is 

discussed. Depending on the requirements of different device types, different fibre 
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lengths are set and thus different FOMs will be identified. Here, we have identified 

two different fibre lengths and thus two different FOMs: a) devices based on 

maximum useful fibre length and, b) compact devices using 1 m or less fibre length.  

Since the main focus of this work is on the HF for nonlinear compact devices, mainly 

SC, therefore the discussion will pay more attention to compact devices using 1m 

fibre length. 
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4.1 Introduction 
 

This chapter concerns the design, characterisation and particularly the 

fabrication of simple structure soft glass HFs with small cores, for nonlinear device 

applications. There are several distinctly different opportunities offered by small core 

soft glass HFs, compared with conventional fibres (CFs) and silica HFs: unique 

dispersion properties [1-7] and extremely high nonlinearity [4-9]. 

 

To date, most work on HFs has focussed solely on silica glass. However, 

recently, the use of some exotic non-silica glasses (for example, tellurite, lead silicate, 

bismuth silicate and chalcogenide glasses), has provided optical properties that are not 

available in silica such as mid-IR transmission, and high values of refractive index 

and nonlinearity. Therefore, these so called soft glasses have opened up a route to 

even higher nonlinear fibres [9]. Chalcogenide glasses, for example, exhibit more than 

2 orders of magnitude higher nonlinear refractive index than silica, and recently a 

very high nonlinearity conventional fibre (CF) of γ=1000 W-1km-1 has been reported 

[7]. The CF with the highest nonlinearity of γ=1360 W-1km-1 that is made from a 

bismuth-oxide glass is also reported [10]. However due to the conventional solid 

cladding, the dispersion of these waveguides was dominated by the high normal 

material dispersion of the glasses, which can be detrimental for device functionality 

and performance.  In contrast, the strong waveguiding properties of HFs allow to 

overcome the large normal material dispersion of high index glasses. Thus, in this 

work, we seek to combine the advantages of the HF technology with high nonlinearity 

glass to achieve a record nonlinearity for a HF. 

 

The initial phase of HFs fabrication is to make a preform of glass from which 

a fibre can be drawn.  A structured preform could potentially be synthesised by a 

CHAPTER 4 
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variety of methods such as the sol-gel methods, or be fabricated by the most 

commonly used method to date which is by stacking glass capillaries. Practical 

techniques that have been used in manufacturing the macroscopic structure of non-

silica HF preforms are capillary stacking, ultrasonic drilling, build in casting and 

extrusion. To date, most reported research on preform fabrication techniques for non-

silica HFs is by extrusion.  Extrusion offers a controlled and reproducible approach 

for fabricating complex structured preforms with a good surface quality. In addition, 

extrusion can be used to produce structures that could not be created with the capillary 

stacking approaches, and so a significantly broader range of properties should be 

accessible in extruded HFs. The extrusion approach was first applied in polymer HF 

preform production [11], and this alternative approach has been recently extended to 

the soft glasses such as tellurite [12-13], lead silicate [4-6,9,14-15], bismuth silicate 

[7] and chalcogenide glasses [16]. In addition, by avoiding stacking, fewer interfaces 

are involved. Single material HF designs also avoid core/cladding interface problems, 

and so should potentially allow low-loss fibres to be drawn from an extruded HF 

preform. In this research project, the HF preforms will be prepared from a bulk 

material by using extrusion. 

 

Schott SF57, a commercial lead silicate glass that we have focused on in this 

chapter, exhibits the highest nonlinearity among the commercially available lead 

silicate glasses. This is an attractive material for nonlinear devices. It shows a high 

material nonlinearity and at the same time, exhibits good mechanical, chemical and 

thermal stability that allows for an easy fibre fabrication process. Like many soft 

glasses, SF57 has a low processing temperature of ~5200C (note that the softening 

temperature for silica glass is 1500-16000C) and so it is possible to extrude the HF 

preform directly from the bulk glass. Aside from being simpler and less labour 

intensive than the more conventional stacking technique developed for silica HFs, 

extrusion readily allows the implementation of structures with high air content 

claddings as required for high nonlinearity fibre fabrication. Of all the aforementioned 

high index soft glass types, lead silicate glasses offer the highest thermal and 

crystallization stability and exhibits the least steep viscosity-temperature curves 

making them particularly attractive for HF fabrication. However, it must be 

appreciated that their intrinsic material nonlinearity is lower than that of chalcogenide 

and heavy metal oxide glasses [17].   
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 The objective of this work is to explore the limits of nonlinearity and 

dispersion control in lead-silicate based microstructured fibres, at the same time 

minimizing the loss of these soft glass HFs. Our focus has been on establishing the 

maximum nonlinearity that can be achieved in these fibres at telecommunications 

wavelengths, and to develop high nonlinearity fibres with dispersion-shifted 

characteristics suited for SC generation applications at 1.06 μm. In this chapter, 

preform fabrication involves extruding jacketing tubes and also the structured 

preforms. Good dimensional control and surface finish of preforms can be achieved 

through the optimization of the extrusion parameters such as temperatures, pressure 

and die design. In later sections, practical issues related to the preparation of preforms 

are described as it is necessary to correctly prepare the structure which has a direct 

influence on the optical fibre’s performance. The optical characteristics of the 

fabricated WW HFs are also discussed in Sections 4.4.4 - 4.4.9. 

 
 
4.2 Fibre fabrication approach 

 

4.2.1 Preform making technique: Extrusion 

 

 Figure 4.1 depicts the flow chart for the fabrication of the extruded HF. Each 

step in the flow chart will be explained in detail in the following sections.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.1: The flow chart for the fabrication of the extruded HF 
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4.2.1.1  Principle of extrusion  
 

For bare fibre and HF fabrication, different shaped glass elements (rods, tubes, 

WW preforms, structured elements) are required. In this work, we used the extrusion 

technique for the fabrication of these shaped elements from bulk glass billets, which 

were obtained from glass blocks by ultrasonic drilling (please refer to Appendix 2(I)). 

In the extrusion process, the glass billet and the stainless steel die are placed within a 

stainless steel body, and this assembly is heated up to near the glass softening 

temperature. Then, by applying pressure, the glass is forced through the die and the 

shaped glass element emerges from the die, whereby the die exit geometry determines 

the glass element geometry. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.2: Schematic drawing of the ORC custom-designed extrusion apparatus  
 

 Before extrusion can take place, it should be ensured that the glass billet and 

all parts (die, sleeve, stainless steel (SS) sheet, graphite sheet and piston (see figure 

4.3)) are well assembled within the parent body. Referring to Figure 4.2, the sleeve is 

first inserted into the body; followed by the glass billet, and then the SS sheet and 

graphite sheet. The piston is the last to be added in the assembly. 
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 Generally, there are four main parameters: temperature, pressure, the viscosity 

(η) and the surface tension (σ) of the glass, involve in the extrusion process. During 

the extrusion process, the SF57 glass billet is heated up near to the glass softening 

temperature (5200C), or temperatures that are corresponding to the glass viscosity 

range of 109-107 poise, where the solid glass billet makes the transition into 

viscoelastic flow. Then pressure is applied to press the softened glass through the die 

at elevated temperatures near the softening point. The geometry of the extruded 

preform will be determined by the exit structure of the die. Once the optimum die 

geometry and process parameters have been established, good reproducibility in the 

preform geometry can be achieved. The advantage of this extrusion method is that the 

preform for the microstructured fibre can be produced without the need for stacking 

which is not only very labour intensive but also inferior in reproducibility. 

 

 Good dimensional control and surface finish of preforms can be achieved 

through the optimization of the extrusion parameters such as temperatures, pressure 

and die design. The size, shape and quality of an extruded glass element depend on a 

variety of factors.  

• die characteristics (material, surface roughness, exit geometry and size)  

• process parameters (speed, temperature, pressure)  

• glass type  

The impact of these factors on the extruded glass and their mutual relationships are 

described in the later sections.  

 
 
 
4.2.1.2 Extrusion apparatus 
 
 Figure 4.2 shows a custom designed extrusion apparatus, comprising of an oil 

based hydraulic press and a high temperature furnace,  providing up to ~15 tons of 

force with the maximum operating temperature of 7500C, which was used in 

extruding different shaped glass elements (rods, tubes, WW performs). The system 

gives a reasonable pressure control where the pressure can be changed during 

extrusion in order to obtain a targeted speed. More detailed explanations about the 

procedure for the extrusion process are given in Appendix 2 (II). 
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 Figure 4.3 shows the parts and dies that are used for extruding the jacketing 

tube and structured preforms.  

 

 
Sleeve                 tube die core                tube die nozzle 

 

 
     WW die core                              WW die nozzle          SF57 glass disc 

 

 
Stainless steel sheet          graphite sheet       piston 
 

Figure 4.3: Parts and die for extrusion 
 
 

The extrusion set-up basically consists of 4 main parts, which are: 

a. Rig- for applying pressure on the melted glass and it provides up to ~15 tons 

of force. 

b. Furnace- the heating elements have an operating temperature up to 7500C. 

c. Glass billet- glass billet of certain surface tension, σ and viscosity, η is heated 

at the corresponding glass viscosity range of 109-107 poise where the solid 

glass exhibits viscoelastic flow so that the preform with the desired 
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microstructure can be produced after the glass flow is extruded through the 

structured die. 

d. Die- The geometry of the extruded preform will be determined by the exit 

structure of the die. The quality of the extruded preform will be determined by 

the die characteristic in terms of the die material, surface roughness and 

design. 

 

 

 

4.2.1.3 Die characteristics 

 

For all the previous work done on extrusion, the dies used were made of 

stainless steel 303, which is composed of 70%Fe-18%Cr-10%Ni. This die material is 

chosen because it is cheap and has good machining ability. Besides that, stainless 

steel has high thermal stability temperature, which is up to ~7000C compared to SF57 

soft glass, which has a softening temperature at 5200C.  

Figure 4.4: The rough idea of surface quality of various dies fabricated through 

different techniques: conventional machine cutting and spark erosion (image provided 

by Dr. H. Ebendorff-Heidepriem) 

 

In this work, dies of two different fabricated types were used: machined 

fabricated type and eroded and dry lubricant coated type as shown in Figure 4.4. 

Normally, dies are produced using conventional metal cutting machines, but this 

approach is not suitable for fabricating dies of a complex and intricate structure, 

although it is still manageable for WW design. Another alternative approach is spark 

erosion, which is a modern machining technique that machines two electrically 

conductive materials using electrical discharges, or sparks. During this process, a 

spark is generated from an electrode to a work piece. With each electric discharge, a 
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minute metal particle is eroded from the work piece at the location of the smallest gap 

between the two objects. In the case of dies required for WW preform extrusion, spark 

erosion is cheap, less labour intensive and the dimensions of the die design can be 

readily altered. However, spark erosion does not produce a completely smooth surface 

but a slightly rough, indented one and its surface is rougher (lots of voids) compared 

with the die fabricated from conventional machining. Furthermore, WW preforms 

extruded through the eroded dies contain a large number of grains at the inner surface 

of the preform walls, as observed in the earliest work on SF57 lead silicate glass 

extrusion. Therefore, in order to decrease the friction between glass and die, a good 

surface finishing for eroded dies is needed. There are several ways to overcome this 

problem, such as coating with dry lubricant, honing (mechanical polishing), use of 

another die material such as M333-steel (86%Fe-14%Cr) or nickel. Nickel helps in 

lowering the friction between the glass and the die, and thus provides a better surface 

finish. In this work, we coated the eroded dies with the dry lubricant, tungsten 

disulphide, because this method is fairly economical and it is believed to give a better 

surface finish compared to honing and the use of M333-steel or nickel dies (see 

Figure 4.5). As a result, less die swell occurred which led to better geometry 

preservation. Furthermore, extrusion at a low temperature at a certain speed can be 

applied and this results in less formation of crystals.  

 

 

 

 

 

 

 

Figure 4.5: The surface quality of dies fabricated through (a) the machine cutting 

technique without any coating and (b) the spark erosion technique where it is coated 

with dry lubricant, tungsten disulphide. 

 
 
 
4.2.1.4 Cleaning process 

 
Cleaning the glass billets and the extrusion dies is crucial in order to avoid 

(a) (b) 
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contaminants that might be incorporated into the extruded preforms (such as 

chemicals used in eroded dies). An eroded die is made by eroding the stainless steel 

using chemicals. This can subsequently cause defects in the preforms due to the 

elevated temperature in the extrusion rig, where residues within a preform can be 

burnt and some elements can be diffused into the glass, which will increase the loss in 

the fibre and subsequently affect the performance and physical strength of the end 

fibre.  

 

Generally, the dies are cleaned with detergent combined with a heating 

application, while the glass billet is cleaned with methanol. Both, the glass billet and 

the dies are cleaned in an ultrasonic bath. Detailed descriptions of the procedure for 

cleaning glass discs and dies, prior extrusion process, is attached in Appendix 2 (III). 

 

† Note: for the coated die, another cleaning process is applied. 

 

 

 

4.2.1.5 Extrusion process parameters 

 

Basically, an extrusion process consists of 4 main stages as illustrated in 

Figure 4.6. The extrusion process was monitored by measuring the speed of the ram 

movement (extrusion speed), which is affected by temperature, pressure and die 

characteristics (material, surface roughness, exit geometry and size). From the graph, 

we can see: 

1st stage: The glass in the die is heated up to the softening temperature – extrusion 

speed is constant. 

2nd stage: Pressure applied. The melted glass is filling the die at higher extrusion 

speed. 

3rd stage: The glass starts to come out from the die exit and the extrusion speed drops 

rapidly until a certain level, if the temperature and pressure remain constant, the speed 

shows a more or less pronounced decrease with time. 

4th stage: Towards the end of the extrusion, the glass in the ‘dead zone’ is forced into 

the die and the process encounters significant decrease in extrusion speed until all 

glass has been extruded. 
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Figure 4.6: Extrusion phases 

 

The extrusion speed is a very important process parameter. As described 

above it affects the shape and size of the extruded glass element. A slow speed results 

in a small die swell and, in case of WW preforms, core and wall start to emerge from 

the die exit at the same time. In contrast, a fast extrusion speed results in larger die 

swell and the occurrence of a taper is more likely unless the speed is maintained by 

active control. 

 

 In addition to geometrical changes, the extrusion speed appears to affect the 

surface quality of the extruded glass. There exists a slight tendency that glass 

elements that have been extruded with a slow speed exhibit more surface defects than 

glass elements extruded at a faster speed.  

 

The requirements on the extrusion speed differ for jacketing tubes and glass 

elements that are used as preforms for caning. Jacketing tubes have to fit exactly to 

the canes over a certain tube length and this makes great demands on the tube 

geometry. They should exhibit identical dimensions over 150 mm length (i.e. no 

taper), precise ID (i.e. precise die swell) and curvature of flats as small as possible. 

On the other hand, the requirements on the surface quality are less strict, since they do 

not form the waveguiding region. According to these demands, a slow extrusion speed 

and, preferably, active speed control to maintain a certain speed is desired. For cane 

preforms, taper and die swell can be tolerated to a larger extent compared with 
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jacketing tubes, since the OD of the cane is controlled during caning by the tractor 

speed. Note also that 1 mm of preform results in about 100 mm of cane. On the other 

hand, the demands on surface quality and curvature are high. A smooth surface and 

the absence of surface defects are of great importance to minimize the propagation 

loss in the final fibre. To meet the demands for surface quality and curvature, different 

speeds are necessary. A fast speed will result in better surface quality, whereas a low 

speed will minimize the curvature. This demonstrates that for each preform type, an 

optimum range for extrusion speed exists. 

 

 

 

4.2.1.6 Defects of extruded elements 

 

A. Dimensional defects: die swell, taper and curvature 

The quality of the extruded elements can be determined by their size and 

shape in terms of the deviation of the extruded elements from their die exit 

geometries. A low quality preform tends to have die swell and is often tapered at the 

ends. Curvature will also present in preform structural bending and preform 

geometries that involve flats. 

 

Die swell: Die Swell, more correctly called Extrudate Swell, is a result of the 

viscoelastic properties of a material. Die swell is the radial expansion or reduction of 

the glass structures with respect to the corresponding die dimensions. Because of the 

extrudate swell, the optimal die geometry and final shape of extruded elements are not 

easily determined. Thus producing elements of complicated geometry is difficult. The 

origin of die swell is the friction of the glass melt at the die wall. Within the die, the 

glass melt exhibits laminar flow behaviour with complete sticking of the glass melt at 

the die wall. Such flow behaviour is characterized by a parabolic speed profile. At the 

die exit, this parabolic profile within the die channel is converted into a box-type 

profile within the emerging glass element. As a consequence, the preform geometry 

deviates from the die exit geometry [18-21].  

 

Taper: All extrusions typically exhibit a degree of a taper. Taper refers to the 
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variation of the glass element in size along its length, for example a difference in OD 

for both ends of an extruded element. 

 

Curvature: Curvature is the amount by which a geometric object deviates from being 

flat or straight. For example, glass elements whose shape involves flats, e.g. an 

hexagonal outer or inner shape, can demonstrate a curvature of these flats. 

 

 

B. Surface defects  

 

 One of the major contributions to the loss in these extruded HFs is due to the 

presence of defects in the fibre. To date, extrusion of soft glass HFs is still at an early 

stage of development. The first SF57 glass WW fibre produced by H. Ebendorff-

Heidepriem et al, [9, 22], which has the smallest core 1.7μm, exhibits an average loss 

of ~9dB/m with several localised sections with losses ranging from 5 to 18dB/m 

which were found along the length of the fibre drawn. These large variations of loss 

values indicate localised losses, possibly due to the surface defects, i.e. bubbles, 

grains, crystals, imprint and striats, in the preform [9]. Those defects are undesirable 

and ways of decreasing defects are still in the research stage.  

 
  
 
4.2.2 Caning and fibre drawing 
 

After the extrusion process, the next step in the process of producing HFs is to 

convert the extruded preforms into hair-thin fibres. This is done in an operation called 

fibre drawing. Basically, there are two types of drawing approaches, the single step 

fibre drawing and the two step fibre drawing. Depending on the final dimensions of 

the structure in the fibre, either one of these two approaches will be used. In the single 

step approach, the preform is directly drawn into a fibre. Fibres with relatively large 

scale structures can be pulled directly from preforms on a fibre drawing tower. In the 

two step method, a structured cane is drawn first from a structured preform, and is 

then pulled again after jacketing with another tube. This approach is particularly 

effective for obtaining the small structures with core OD of less than 2μm.  
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4.2.2.1 Principle of fibre drawing  

 

 All extruded preforms, irrespective of design, are scaled down into optical 

fibre using a fibre drawing tower with induction heating. The configuration of the 

fibre drawing tower is first outlined and it is illustrated in Figure 4.7 and 4.8. The 

limits and practical ranges of the fibre draw parameters available on the tower are also 

discussed. 

 

The ORC custom-designed fibre-drawing tower shown in Figure 4.5 is mainly 

used for soft glass HF fabrication. It possesses very rapid heating and cooling rates, 

which is up to 1000C/min from room temperature (RT) to 11000C; and also various 

furnace atmospheres (argon Ar, nitrogen N2, and oxygen O2) can be selected when 

drawing fibres based on different glasses.  The assembled fibre perform is clamped by 

a chuck onto a motorised stage so that the feed speed, Vf can be accurately controlled. 

Note that, fibres are prone to break when using high speed. 

 

As shown in Figure 4.7, the preform is lowered centrally inside a radio 

frequency (RF) induction element furnace with a hot zone temperature of 730-7500C. 

Pure gases (N2:O2=70:30) are injected into the furnace to provide a clean and dry 

atmosphere. A stainless steel susceptor is used and the temperature of the heating 

zone at the bottom of the susceptor is measured. As the tip of the preform enters the 

hot zone, tightly controlled temperatures approaching ~7500C will soften the tip of the 

preform. Once the softening point of the preform tip is reached, gravity takes over and 

allows a molten gob to drop by its own weight until it has been stretched into a thin 

strand. The drop is collected from the bottom of the furnace and the fibre drawing 

process starts after the elongated preform end is taken up by a fibre drum at the 

bottom of the tower, which controls the draw speed, Vd. The drawn fibre is then 

respooled and wound on a winding drum. During the draw, the preform is heated at 

the optimum temperature to achieve an ideal drawing tension. Draw speeds depend on 

the size of fibre to be drawn. Depending of the degree of down-scaling, we distinguish 

between caning, i.e. fabrication of canes with 1-2 mm OD, and fibre drawing, i.e. 

fabrication of fibres with OD < 400 µm. The cane is drawn using a tractor to employ 

the drawing force, whereas the fibre is spooled on a rotating drum. 
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The furnace temperature control provides moderate relative accuracy. A stable 

fibre drawing process needs a very good relative temperature stability of the furnace 

because the viscosity of a glass depends exponentially on the temperature. Any 

temporal temperature variations will lead to fibre diameter fluctuations due to 

resultant changes in the fibre tension. A laser-based diameter gauge is placed at the 

bottom of the furnace and it is used to monitor the diameter and the concentricity of 

the fibre. The typical diameter fluctuation observed for soft glass HFs drawn on this 

ORC custom-designed fibre-drawing tower is ±1μm (depends on drawing parameters 

such as drawing speed and temperatures applied). The actual value of the drawn fibre 

diameter is compared to the targeted diameter. If the diameter of the fibre increases 

above its target, the drawing speed is increased and vice versa. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.7: Schematic drawing of the ORC in house custom-designed fibre drawing 

tower 

 

† Note that: the quartz glass body and susceptor of the furnace are dismantled and 

reassembled frequently for different drawing temperatures, thus the reproducibility of 

the furnace temperature measurement is ±100, which makes it a challenge to cane and 
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draw glasses of a steep viscosity curve like SF57. (The viscosity curve of SF57 and 

other soft glasses is explained in Chapter 2, Section 2.5.4). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.8:  Schematic drawing of fibre drawing furnace 
 
 
 
4.2.2.2 Preform preparation before caning and fibre drawing 

 

 Extruded glass elements required several treatments before the caning process 

and fibre drawing could be performed.  

 

A. Annealing 

The extruded elements were annealed at the transition temperature (4200C for 

SF57 glass) for an hour and slowly cooled to room temperature in order to remove 

any thermal stresses due to the fast cooling during extrusion. The fibre/cane will break 

during the drawing or caning process if the preform is highly stressed. (Please refer to 

Appendix 2(V) for further details). 
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B. Cutting 

The maximum usable preform length for the drawing tower was 150mm. 

Now, with the use of an extension chuck, the usable preform length can be increased. 

However, the extruded preforms will usually have slight bends at one end and they 

need to be sawn off. It is important to note that the sawing should be done without 

applying sawing liquid (lubricant) as very fine glass particles will be trapped inside 

the holes, which are very difficult to remove by normal cleaning procedures. 

Furthermore, WW preforms are too fragile to be cleaned intensively. 

 

C. Cleaning 

 Again, cleaning of the fibre preforms is an important step in fibre fabrication. 

This is to prevent the incorporation of residuals into the glass. Outer and inner surface 

impurities can diffuse into the glass due to the elevated temperature in the fibre 

drawing furnace and, hence, localized defects occur in the end fibre which will lead to 

scattering loss. 

 

 In this project, so far, four HFs with core diameter less than 2μm have been 

fabricated. The cut glass elements were not cleaned in the first attempt. For further 

improvement of the surface quality, the cut glass elements were cleaned for the rest of 

the attempts. The glass elements were first ultrasonically cleaned. Detergent solution 

was used to assist the removal of fine impurities/particles within the inner and outer 

surface of the glass elements. Unfortunately, WW preforms will have some slight 

cracks on the ends when they are cleaned in an ultrasonic bath with detergent 

solution. The pH value of the ultrasonic bath content was checked and it was >7. This 

implies that most glasses especially lead silicate glass will have reaction with alkaline 

and with the use of ultrasonic bath, it will enhance the reaction and lead to glass 

cracking. Thus, it is advice to clean the preforms ultrasonically without the use of the 

detergent solution. This will help to prevent the cracks occur on the glass preforms. 

 

The procedure for cleaning glass preforms (the jacketing tube and the 

structured preform) is shown in Appendix 2 (IV). 
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4.2.2.3 Caning and fibre drawing process 

 

 Caning is the next step after preform extrusion in the extruded HF fabrication 

scheme. For a small scale features HF, the structured preform is first reduced in scale 

on a fibre drawing tower into a smaller scale ‘preform’ called a cane. Before caning, it 

is wise to anneal the structured preform to ensure more stable fibre drawing process. 

The bent part of the structured preform was cut to give the maximum usable length. In 

this caning process, no internal pressure was applied and the structured preform was 

caned down to a typical OD of about 1.7mm or any OD range that could fit into the 

extruded jacketing tube. Cleaning plays a crucial role in preform caning as it helps to 

eliminate fine particles that are trapped at the inner and outer preform’s surfaces.  

 

 In the fibre drawing process, furnace temperature, preform feed speed, draw 

speed and the use of pressure/vacuum within the preform determines the size and 

shape of the features in the final fibre. The drawing process has now developed to a 

degree where the cladding configuration can be controlled relatively well by careful 

choice of the process parameters. 

 

The maximum length of preform that can be used in this soft glass fibre 

drawing furnace is ~150mm. The bent part of the preform is sawn off and the cane is 

then inserted into the jacketing tube with one of the cane’s ends fused/sealed as in 

Figure 4.9. This serves to build up pressure within the cane in order to retain the 

geometry of the structure. The assembly with the fused end is clamped on a chuck. It 

is important to make sure that both of the cane ends are not sealed because gas will 

trap inside the cane and it will explode if the temperature is too high.  

              

The temperature was ramped up to ~7350C. The furnace uses RF induction 

heating. The tip of the preform was heated and formed into a gob when it melted. At 

this point, it was important to make sure that the neckdown was concentric, and a 

smaller drop was preferred for the drop to be well centered into the cold finger. 

Vacuum was applied only after the neckdown for a full collapse between the tube and 

the cane by removing the air from the small gap (reducing the pressure of the 

preform). If a vacuum is applied too early, it will suck the cane up from the assembly 

preform. High pressure in the cane pushed it outward while the jacketing tube was 
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pushed inward; this gave a good interface between the tube and cane. 

 

 

 

 

 

 

 

 

 

Figure 4.9: Assembly with one fused cane end 

 

 

 

4.2.3 Bare/unclad Fibre fabrication  

 
Unclad fibre is a heavily multimode solid fibre without a core. The unclad 

fibre fabrication process is preformed under almost identical conditions to the WW 

HFs fabrication process because we wish to keep both of the processes under the same 

extrusion and fibre drawing conditions as possible for comparative purposes. 

Figure 4.10: Ultrasonic drilled SF57 glass billet and unclad fibre machined cut 

stainless steel die.  

 

To study the impact of the microstructure and thermal treatments of the fibre 

fabrication (extrusion, canning, fibre drawing) on the fibre loss, we drew unclad and 

unstructured fibres (so called bare-fibres) from extruded rods made from the same 

batch of SF57 material used to produce our HFs. The rod preforms were extruded at a 

temperature of 5050C and glass pressure of 155.2bar. An oil pressure of 20bar was 

applied during the extrusion process. The extrusion speed was maintained at 0.2-
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0.4mm/min through out the process.  Machined cut dies were used in this extrusion, 

as shown in Figure 4.10. The unclad fibre extruded glass element as depicted in 

Figure 4.11 was then drawn into fibres of nominal outer diameter (OD) of 125μm.  

 

Figure 4.11:  Unclad fibre extruded perform 

 

 

 

4.3 WW HF design  

 

4.3.1 WW HF design targets 

 

  WW HF is a HF where its microstructured region consists of three large air 

holes surrounding a very small core. The air suspended core is supported by three 

long and fine struts as demonstrated in Figure 4.12. The targeted optical properties for 

these WW designed HFs are high effective nonlinearity (small effective area), low 

confinement loss, single mode or essentially single-mode guidance and near zero 

dispersion at 1060nm. There are different trade-offs between these optical properties 

and the design that best satisfies all the research requirements will be ascertained. 

 

 

 

 

 

 

 

Figure 4.12: A SEM image of a typical WW structured HF 
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A. High effective nonlinearity (γ>100W-1km-1)/small effective mode area 

The requirement of γ>100W-1km-1 is set because the maximum effective 

nonlinearity that can be achieved in silica HF is ~60 W-1km-1 [8]. Effective mode area 

Aeff and effective nonlinearity γ of a fibre at wavelength λ are related via the equation 

1.1, γ = 2πn2/ (λ Aeff). From the equation, we know that in order to achieve ultimate 

nonlinear coefficient, we must either use glass of higher n2 (in this case, SF57 glass is 

used) or the effective mode area must be decreased in order to pursue tight mode 

confinement. The combination of the wavelength scale features and large air holes 

will lead to tight mode confinement. WW HFs have the following advantages 

compared with other HF designs where HFs with large relative hole size and very 

small cores can be readily produced. These designs allow high index difference 

between the core and the air-filled cladding and resulted in extremely high fibre 

nonlinearity due to tight mode confinement. 

 

B. Low confinement loss (αc <0.1dB/m) 

The requirement of the confinement loss, αc <0.1dB/m is fixed in order to 

have a confinement loss that is less than the intrinsic material loss. The confinement 

loss is the most unique loss mechanism in HFs, which arises from the fact that the HF 

has a single material design where the core of the HFs has the same refractive index 

as the region beyond the finite holey cladding. Hence, the modes within the HFs are 

inherently leaky. Although this fibre supports only leaky modes, it is possible to 

design a lower loss fibre by ensuring that the supporting struts are long and fine 

enough so that they act purely as structural members that isolate the core from the 

external environment [23]. In the WW HFs, the structural parameter that can be 

varied is the core size, which is adjusted by scaling the microstructured region. The 

relative hole size or air filling fraction is limited by the struts’ length and the thickness 

required to ensure low confinement loss [22]. The downscaling of the microstructure 

allows high effective nonlinearity but generally worsens the fibre confinement.  

 

C. Zero or near zero dispersion (±5ps/nm/km) 

The dispersion characteristics of non-silica HFs can be manipulated to create 

fibre having zero, low or anomalous dispersion at IR wavelengths. Combining these 

features with small mode field areas results in outstanding nonlinear HFs, for instance 
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WW HFs. The air filled cladding of WW HFs results in strong wavelength 

dependence in the characteristics of the fibre and is responsible for the large 

waveguide dispersion possible in such fibres. The waveguide dispersion can be used 

to compensate the large material dispersion in the SF57 lead silicate glass and proper 

manipulated design will lead to zero dispersion at the targeted wavelength. In order to 

tailor the SF57 WW fibre’s ZDW to 1060nm from the bulk glass material ZDW of 

1970nm, a small WW HF core is needed. 

 

D. Single mode (SM) or effectively single mode guidance (ESM) 

Effectively single mode (ESM) guidance is achieved when the fibre is 

multimoded but the higher order modes exhibit very high values of confinement loss. 

Fibres can be ESM over a broad range of wavelengths since the confinement losses 

associated with any higher order modes are significantly higher than that of the 

fundamental mode. For WW design, which is comparable to the air suspended rod 

structure (ASR), the single modality can be achieved when reducing the scale of the 

microstructure to a certain value. Practically, the WW HFs will be SM or ESM for the 

core size at 1.8μm, or below, according to the experimental observations. 

 

† Note that, as the scale of the structure is reduced, the coupling efficiency will 

degrade and the birefringence of the fibre will increase. 

 

 

 

4.3.2 WW HF fabrication scheme 

 

The three-step procedure we use for the fabrication of our soft glass small-core 

HFs has been previously reported in [4-7,9], and consists of (1) two extrusion 

procedures for the fabrication of preform elements (core preform and an outer jacket 

tube), (2) caning of the core preform, and finally (3) drawing of the assembled 

preform into fibre. 
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Figure 4.13: Fabrication scheme of the extruded HFs 

 

 Basically, the extruded WW HFs are made in 3 main steps. Firstly, a block of 

cylindrical shaped glass of outer diameter (OD) =30mm and height=30mm is cut out 

from a block of SF57 bulk glass by ultrasonic drilling. The structured preform and the 

jacketing tube are then to be extruded. Secondly, the structured preform, which has an 

OD of about *16mm, is annealed and then drawn on a fibre drawing tower into a 

smaller scale fibre, called a cane, of about *1.6mm OD. The jacketing tube is 

extruded with OD of *10mm and inner diameter (ID) of about ~*1.6mm (preferable 

the same as the cane size). It is important to make sure that the cane is tightly fitted to 

the inner hole of the jacketing tube. Finally, the annealed cane is inserted within the 

extruded jacketing tube and the assembly is again drawn down to an end fibre. 

Hundreds of meters of fibre can be drawn in this way with our typical preform length 

of 15cm. The fabrication scheme of the extruded HFs is shown in Figure 4.13.  

 

* The dimensions of the OD and ID will be different depending on the die designs. 
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4.4 Results and discussion 

 

4.4.1 Extruded preforms 

 

This is the list of the extruded WW elements I have made during my thesis 

work: 

a. Jacketing tube (T1) of OD=10mm , ID=1.7mm  with machined die 

b. Jacketing tube (T2) of OD=10mm , ID=1.7mm  with machined die 

c. Jacketing tube (T3) of OD=10mm , ID=1.1mm  with machined die 

d. WW preform (WW1) of OD=15mm with machined die 

e. WW preform (WW2) of OD=15mm with eroded and coated die 

f. WW preform (WW3) of OD=15mm with machined die 

 

A. Extrusion of jacketing tubes (T1 and T2) 
 The aim was to extrude straight and long jacketing tubes with an OD of 10mm 

and ID of 2mm. Figure 4.14 illustrates the outcome of sample T1. On the whole, the 

tube can be considered straight with a little bending of 1 mm at the start of the 

extrusion. The overall length of the jacketing tube preform is 20.9cm and weighs 

94.23g. The OD is about 10.42mm while the ID is around 1.67mm-1.77mm. The ID 

of the tube determines the dimension of the cane to be used and is drawn from a WW 

structured preform.  

 

Figure 4.14: Extruded jacketing tube preform T1 
 
 

 A cross-sectional view and a side view of the extruded jacketing tube T2 are 

shown in Figure 4.15. From the Figure 4.15, we can see that the tube T2 is quite 

straight with 2mm bending at the start of extrusion. The overall length of the tube 

preform is 20.6cm and the weight is 94.01g. The OD is 10.26-10.39mm while the ID 
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is about 1.67mm. The OD of the cane should preferably be the same as the ID of the 

tube. It is important to make sure that the cane is tightly fitted to the hole, in order to 

get a good collapse between the cane and tube during fibre drawing. 

 

 

 

 

 

 

 

Figure 4.15: Extruded jacketing tube perform T2 

 

 

B. Extrusion of structured preforms (WW1 and WW2) 

Two structured preforms that extruded with the same conditions except 

regarding the quality of the extrusion dies. The first sample (WW1) was extruded 

using machine cut stainless steel dies while the second trial (WW2) was extruded 

using coated eroded stainless steel dies (refer to Figure 4.5). 

 

 The aim of these trials was to extrude a wagon wheel (WW) structured 

preform with OD = ~ 15mm. The WW structure comprises a central solid core 

supported by three long thin membranes, and this transverse structure extends along 

the preform length.  Figure 4.16 illustrates the outcome of sample WW1. On the 

whole, the WW1 preform can be considered straight with a slight bending of 1 mm at 

the start of extrusion. The overall length of the WW1 preform is 19.2cm and it weighs 

96.03g. The OD is about 15.24-15.57mm. The core diameter is ~1.55mm while the 

wall thickness is ~2mm. The length of the struts is ~5mm and the thickness of the 

struts is ~0.22mm.  
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Figure 4.16: Extruded WW structured perform WW1 

  

 Figure 4.17 illustrates the outcome of the sample WW2 in cross-sectional view 

and side view. We can see that the preform WW2 is quite straight with 0.5mm 

bending at the starting of extrusion. The overall length of the WW2 preform is 17.5cm 

and it weighs 92.04g. The OD is about 15.57-15.67mm. The core diameter is 

~1.52mm while the wall thickness is ~2mm. The length of the struts is ~5mm and the 

thickness of the struts is ~0.4mm.  

 

 

 

 

 

 

 

Figure 4.17: Extruded WW structured perform WW2 

 

 

 

4.4.1.1 Extrusion process parameter 

 

Table 4.1 shows the summary of the extrusion parameters for various tubes 

and WW extruded at different conditions. Extrusion process parameter such as 

temperature and pressure alter directly the glass viscosity and thus the extrusion 

speed. The die characteristics determine the friction of the glass melt at the die wall, 

for instance, the friction increases with smaller size of the die exit, and thus a lower 

viscosity is needed to overcome the higher friction. Therefore, WW preform extrusion 

through the die of very fine slot widths (350μm each) requires a higher temperature or 
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a lower viscosity than rod extrusion through a die of a circular exit of OD=10mm. 

Friction between glass-die also decreased by using coated dies (dry lubricant, WS2), 

thus for the same extrusion speed, lower temperature is applied and this approach 

does help in decreasing the tendency of crystallisation. Lower extrusion speed will 

take a longer time but produces straighter and non tapered preforms while higher 

extrusion speed accelerates the extrusion process but produces preforms of smaller 

core and thinner struts.  

 

 

Table 4.1 shows the summary of the extrusion parameters for various tubes and WW 

extruded at different conditions. 

Sample 
Temp 
(oC)   

Glass 
pressure  

Extrusion 
speed 

extrusion 
time  

overall 
length 

  
Z1 

(body) Z2 (bar) (mm/min) (min) (cm) 
Machined 

die             
Tube #1 (T1) 510 510 115 ~0.3 ~123.5 20.9 

              
Tube #2 (T2) 510 510 99-114 0.2 ~130 20.6 

              
*Machined 

die             
Tube #3 (T3) 515 515 114 0.15-0.2 ~220 20.3 

              
Tube #4 (T4) 515 515  114 0.15-0.2 ~150 20.3 

              
Machined 

die             
WW #1 
(WW1) 510 510 115-202 0.1-0.2 ~220 19.2 

              
WW #3 
(WW3) 520 520  114.5-175 0.15  ~230 20.0  

              
eroded and              
coated die             

WW #2 
(WW2) 510 510 98.9-114.2 0.2 ~150 17.5 

              
WW 

#4(WW4) 515 515  * *  *  * 
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4.4.1.2 Defects of extruded elements 

 

4.4.1.2.1 Dimensional defects: die swell, taper and curvature 

 

 Table 4.2 shows the summary of the quality in terms of die swell and taper for 

the tubes and WWs extruded under different conditions. From the data shown, it can 

be concluded that: 

 

A. Die swell: 

 With the increment in the difference between the maximum speed in the centre 

of the die channel and the average extrusion speed, the die swell increases 

with increasing extrusion speed. E.g.: T1 with 0.3 mm/min extrusion speed 

has more die swell compared with T2 that was extruded at the speed of 0.2 

mm/min. 

 Die swell becomes more pronounced with the decreasing die exit size. Eg: T3 

and T4 that were extruded through a smaller die exit size (ID=1.1mm) have a 

larger die swell compare to T1 and T2 which were extruded with a larger die 

exit (ID=2mm). 

 Die surface quality also contributes to the effect of die swell. Preforms that 

were extruded through the die that was coated with dry lubricant exhibit lower 

die swell than preforms that were extruded from the machined cut die. See 

examples WW2 and WW1. This is because the dry lubricant results in a 

decrease of the friction between the melted glass and the die wall, thus 

decreasing the die swell phenomena. 

 

B. Taper: 

 The size of the extruded element becomes increasingly smaller as the 

extrusion speed decreases with time. This can be shown where an extruded 

preform will have larger OD at the start of extrusion and smaller OD at the 

end of extrusion. 

 WW preforms with more intricate inner structures are more sensitive to 

tapering compared with the jacketing tubes. 
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Table 4.2 shows the quality of the tubes and WW extruded under different conditions. 

(Refer to table 4.4 for the extrusion conditions) 

Sample OD (mm) ID(mm)  surface quality preform 
       of glass straightness 

Machined 
die 10 2 

surface of die 
smooth   

          

Tube #1 (T1) 
10.42-
10.47 

1.67-
1.77 less rough very straight 

        slight bending at the start(~1mm) 

Tube #2 (T2) 
10.34-
10.39 

1.57-
1.67 rough straight 

        
slight bending at the 

start(~1.5mm) 
*Machined 

die 10 1.1 
surface of die 

smooth   
          

*Tube #3 
(T3) 

10.33-
10.41 

0.80-
0.85 rough very straight 

        
slight bending at the 

start(~0.5mm) 
*Tube #4 

(T4) 
10.21-
10.31 

0.75-
0.80      rough very straight 

        
slight bending at the 

start(~0.5mm) 
Machined 

die 15.6 
1.4 

(core) 
surface of die 

smooth   
          

WW #1 
(WW1) 

15.24-
15.57 

1.55-
1.57 rough  quite straight 

         slight bending at the start 
WW #3 
(WW3) 

15.39-
15.44 

 1.55-
1.56 

smoother but with 
large   quite straight 

      bubbles on surface  slight bending at the start 

eroded and  15.6 1.5(core)
surface of die 

smooth   

coated     
after coating with 

WS2   
WW #2 
(WW2) 

15.57-
15.67 

1.52-
1.53 

smoother but with 
large   quite straight 

      bubbles on surface  slight bending at the start 
WW#4 
(WW4)  * *  

smoother but with 
large   quite straight 

      bubbles on surface  slight bending at the start 
Dimension of the tube dies: 
- OD of die: 10.0mm 
- ID of die: 2.0mm 
* - ID of die: =1.1mm 
 
Dimension of WW dies: 
- OD of die: 15.6mm 
- OD of core: 1.5mm 
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4.4.1.2.2 Surface defects 

 

 The quality of the extruded glass samples in terms of surface defects and 

bubbles was examined using an optical microscope and localised defects were found 

at the inner and outer surfaces of the preform walls. Here I will show the occurrence 

of various types of defects in a few selected jacketing tubes and WW performs I have 

fabricated. 

 

 A. Jacketing tube 

 There were fewer defects found in the jacketing tubes compared with the 

structured performs. It is because less glass and die interface is involved during the 

extrusion process. 

 

 Sample T1 

 The defects found were as shown in Figure 4.18. Three large bubbles and a 

row of tiny bubbles that stretch about 1cm can be seen at the end part of the extrusion. 

A sketch of the whole tube T1 is shown in Figure 4.19 in order to point out where the 

defects are located.                  

        Bubble-1                                           Bubble-2                                          Bubble-3 

Black particle on surface                        imprint                                         scratches                                    
Figure 4.18: defects found in T1 
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Figure 4.19: A sketch of the tube T1 to point out where the defects are located. 
 

 

 Sample T2 

 Hardly any defects are evident on this tube except two stretches of tiny 

bubbles (~2cm) from the end of extrusion. Some defects found are shown in Figure 

4.20. Figure 4.21 shows a sketch of the whole tube T2 pointing out where the defects 

are located. 

             Bubble                                   Black particle                                imprint/bubble 
Figure 4.20: Defects found in T2 

 
 

Figure 4.21: A sketch of the tube T2 to point out where the defects are located. 
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 B. WW structured preform 
  There were more defects found in the structured preform compared to the 

jacketing tubes. The defects found were imprints, bubbles, black particles, and 

scratches. The number of defects in the coated dies preform was fewer compared with 

the uncoated dies preform. 

 

 Sample WW1 

 WW1 was extruded using the machine-made stainless steel dies. The defects 

found were as shown in Figure 4.22. Tiny bubbles were accumulating beside the 

struts (refer to Figure 4.24) and bubbles were more on the end of extrusion as 

compared to the starting point of extrusion. There were several randomly scattered 

particles along the preform. A sketch of the whole WW preform is shown in Figure 

4.23 in order to point out where the defects are located. 

 

Black particle -1                               Black particle -2                            imprint 

A stretch of black particles                      Bubble                                     Bubble 

Figure 4.22: Defects found in WW1 
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Figure 4.23: A sketch of the preform WW1 to point out where the defects are located. 
 
 

                                   
Figure 4.24: Defects accumulate beside the struts 

 
 
 
 Sample WW2 
 WW2 was extruded using an eroded stainless steel die. The defects found 

were less and are as shown in Figure 4.25. Tiny bubbles were again accumulating 

beside the struts (refer to Figure 4.24) and bubbles were more on the end of extrusion 

as compared to the starting point of extrusion. The grain density also increased from 

the start to the end of extrusion. There were several randomly distributed scattering 

particles along the preform, as shown in Figure 4.26. Patches of stain-like black 

particles with a few big bubbles were also noted in the middle of the preform. This 

might be because the air bubbles that are trapped inside the body burst due to 

overheating. 
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            Stretch of bubbles              Stretch of black particles                         imprint 

             Bubble and stain                      Black particle stains           Stretches of bubbles 

Figure 4.25: Defects found in WW2 

 

Figure 4.26: A sketch of the preform WW2 to point out where the defects are located. 

 

 

C. Discussion 

 From table 4.3 and 4.4, we can see that the extrusion speed does affect the 

surface quality of a preform. There exists a tendency that glass elements that are 

extruded with a slow speed show more surface defects than the glass elements 

extruded at a faster speed because at lower speed, there is more friction between the 

glass and die. 

 

a

b

The core out before the struts 
means the temp. is too hot!

End of 
extrusion

Start of 
extrusion

a = 15.57 mm
b = 15.33 mm

a = 15.55 mm
b = 15.44 mm

a = 15.55 mm
b = 15.55 mm

a = 15.59 mm
b = 15.52 mm

a = 15.61 mm
b = 15.62 mm

a = 15.67 mm
b = 15.69 mm

0 2 cm 9 cm 12 cm

0.5 mm 0.5 mm 0.5 mm

17.5 cm8 cm6 cm4 cm 15 cm

oooooooooooooooooooooooooooooooooooooo …………………
……
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 Glass elements extruded from a coated die shows less defects compared to 

those glass elements that extruded from a machined die. This is clearly shown in 

preforms WW1 and WW2. The coated die helps in decreasing the friction between the 

melted glass and the die wall. 

 

 More work is needed to identify the cause of defects in a preform and further                              

improvement in the preform fabrication is envisaged to decrease defects and 

eventually the loss of the end fibre. Table 4.3 and 4.4 show the summaries of defects 

for jacketing tubes and structured preforms. 

 

 

Table 4.3: The summary of defects found in jacketing tubes under different extrusion 
conditions 

Temperature (oC) Sample 
Z1 Z2 

Glass 
Pressure 

(bar) 

Extrusion
 speed 
(mm/min)

Surface 
quality 

Defects 

T1 510 510 115 0.3 less 
rough 

-no significant 
defects 
observed 
-Tiny bubbles at 
the end 
- a stretch of 
tiny bubbles at 
the end of  
extrusion 

T2 510 510 99-114 0.2 rough - 2 rows of tiny 
stretch bubbles 
at the end of 
extrusion 

T3 515 515 114 0.15-0.2 rough - a stretch of big 
bubbles at the 
middle part of 
extrusion 

T4 515 515 114 0.15-0.2 rough - a stretch of big 
bubbles at the 
middle part of 
extrusion 
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Table 4.4: The summary of defects found in the structured preforms 
Temperature (oC) Sample 

Z1 Z2 
Glass 

Pressure 
(bar) 

Extrusion
speed 

(mm/min) 

Surface 
quality 

Defects 

WW1 510 510 115-202 0.1-0.2 Rough - tiny bubbles 
accumulate 
beside the struts 
- More bubbles 
at the ending 
point compared 
to the start of 
the extrusion 
-several 
randomly 
distributed 
scattering 
particles 

WW2 510 510 152 0.15 Less 
rough 

-more bubbles 
are on the end 
of the extrusion 
-randomly 
distributed 
scattering 
particles  
-big bubbles 
with a stretch of 
stains towards 
the end of 
extrusion 
(eroded 
particles) – 
might be due to 
the explosion of 
trapped air 

† WW3 and WW4 are not included in this table. 
 
 

 
4.4.2 Extruded Cane 

 

In this caning process, no internal pressure was applied and the structured 

preform was caned down to a typical OD of about 1.7mm or any OD range that could 

fit into the extruded jacketing tube.  

 

 Cleaning is playing a crucial role in preform caning as it helps to eliminate 

fine particles that are trapped at the inner and outer preform’s surfaces. WW1 preform 
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was not ultrasonically cleaned before caning as at first, we thought that the ultrasonic 

bath might be too strong and harsh for fragile WW preforms. WW2 and WW3 were 

cleaned ultrasonically and this resulted in brighter and shinier preforms (improved 

surface quality). 

 

The cross sectional SEM and optical microscope images of cane C1, C2 and 

C3 along with their structural features are listed in Table 4.5. C1 exhibits a core 

supported by 3 thin and long struts. It has a quite asymmetric and elliptical structure 

where its 3 struts are not of the same length (one of the struts is slightly shorter) and 

the 3 angles are slightly different from 1200. C2 and C3 have symmetrical and 

rounded structures where their 3 struts are well positioned at 1200 difference. The 3 

struts of each C2 and C3 are of quite similar length. C2 which was caned from WW2, 

that was extruded through an eroded and coated die shows shorter and thicker struts 

compared with C1; both C1 and C2 were caned under the same conditions. From 

Table 4.5, we can see that the machined die WW preforms WW1 and WW3 resulted 

in canes C1 and C3 that had long and fine struts.  

 

 The better geometry preservation for C2 and C3 is due to some alterations in 

the caning process, where: 

a. Preforms WW2 and WW3 were held by a chuck during caning. This means 

that the holes at the top of the WW preforms were blocked. Pressure is built up 

inside the preforms when the glass assembly is necking at the bottom part of 

the preforms, which leads to air trapped in the holes. Furthermore, temperature 

gradients within the preforms are reduced because no air flows inside the 

preforms. 

b. For C3, the geometrical structure is very symmetrical and round. This is due to 

the increase of drawing tension during caning. At the beginning of the caning 

process, the cane was elliptically shaped, and slowly, the cane evolves to a 

circular cane structure as the drawing tension is increased (Figure 4.27). High 

tension drawing will result in canes that have less curvature in the air lobes 

and long and thin struts (Figure 4.27). However, if the tension is too high, it 

will lead to cane or struts breakage, as SF57 glass is very fragile and is not 

strong enough to withstand the high tension. 
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In conclusion, the end products of these caning processes show good results in 

retaining the WW structures and good reproducibility. A summary of 3 cane samples 

(C1 (from WW1), C2 (from WW2) and C3 (from WW3)) are listed in Table 4.5. 

 
 
Starting of caning                                                                                      desired cane 

                                                    
                         
                                                   Decreasing tension 
 
Figure 4.27: High tension drawing will result in canes that have less curvature in their 
air lobes and long and thin struts. 
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Table 4.5: A summary of 3 cane samples (C1, C2 and C3) drawn 
Cane OD = 1.7mm for C1 , OD= 0.8mm for C2 sample Image Preform 

anneal Core 
OD 
(μm) 

Strut 
Length 
(μm) 

Strut 
thickness 
(μm) 

Wall 
thickness 
(μm) 

comment 

C1 
(X4 objective) 
-machined  
die 

 

 

annealed 142 413 
457 
481 

13 
14 
15 

na Quite 
Asymm. 
 
Preform was held by 
wires 

C2 
(X4 objective) 
- eroded and 
coated die 

 

annealed 177 386 
423 
425 

30 
31 
34 

na Symm. 
 
Preform was held by 
chuck. No air flow 
inside the preform 
and the pressure is 
built up inside it. 

*C3 
(X4 objective) 
- 
machined die 

 

annealed 70.7 222.7 
215.3 
220.9 

5.8 
5.4 
5.4 

102.6 Very Symm. 
 
Preform was held by 
chuck 
 
Going for a smaller 
cane size in order to 
achieve a smaller core 

* C3 parameters were measured from the SEM image while C1 and C2 measurements were taken from optical microscope image 
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4.4.3 Extruded HF 

 

In this research work, HFs with core diameters in the range of 0.8-2.0μm were 

produced from 3 different assemblies. The core diameter was adjusted during the fibre 

drawing by an appropriate choice of the external fibre diameter. Note that, the ratio 

between core size and fibre diameter can be changed via the choice of jacketing 

geometry and corresponding cane size, which allows the fibre diameter for a certain 

core size to be set to the desired value.  

 

The fibres, F1, F2 and F3, were made from annealed canes and jacketing 

tubes. Good drawing stability was achieved for these fibres (there was a decrease in 

the number of fibres breaking during drawing). The details of the fabricated fibres are 

summarised in Table 4.6. The dimensions of the structural features within the HFs 

were measured from the SEM images of the fibres.Visual inspection through an 

optical microscope indicates that the cross-sectional profile of the samples remained 

essentially unchanged over meters length of fibre. The core is suspended by three long 

and fine supporting struts. These supporting struts allow the solid core region to guide 

light by being optically isolated from the outer cladding region. The core diameter is 

around 0.8-2.0μm and the struts are about 3-5μm long. From Table 4.7, we can see 

that Fibres F1, that were fabricated from the machined die extruded preform, show 

longer struts length and thinner struts wall ( high ratio value, >20) compared with the 

fibres made from the dry lubricant coated die extruded preform, F2 (low ratio value, 

<20).  

 

In Table 4.6, we can see that some fibres broke easily during the drawing of 

fibres with very fine structures (core diameter < 1μm). This is because: 1. In order to 

achieve fibres with core diameter less than 1μm, the drum speed has to be increased 

rapidly, which leads to the phenomenon of fibre breakage, as the SF57 glass is too 

fragile to withstand the high drawing speed. Therefore, the fibre drawing process 

should be refined for a good drawing stability. 2. During the fibre drawing of very 

small core fibres, very high tension was applied in order to preserve the fibre 

geometry. However, high drawing tension will result to fibre breakage. Thus, good 

control on the drawing tension is required for a stable fibre drawing. 
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Table 4.6: The dimensions and structural features of 3 WW HFs : F1,F2 and F3, measured from the SEM images 
fibre sample image Band 

no 
Vacuum 
(mbar) 

(absolute) 

Avg 
OD 

(μm) 
OD 

(μm) 
Core 

enclosed 
(μm) 

Strut 
length 
(μm) 

Strut 
Thickness

(μm) 

stability Cane 
annealed 

#1 

 

4 0 ± 5 132 18.5 1.415 4.93 
5.07 
4.80 

0.204 
0.208 
0.207 

stable annealed 

#2 

 

3 0 ± 5 148 23.1 1.638 6.24 
6.17 
6.00 

0.234 
0.268 
0.308 

Broke 
once 

 

F1 

#3 

 

2 10 ± 5 148 22.0 1.667 5.29 
5.99 
5.66 

0.384 
0.387 
0.381 
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#4 

 

1 none 149 22.3 1.667 5.68 
6.00 
6.44 

0.234 
0.240 
0.240 

  

 
fibre sample image Band 

no 
Vacuum 
(mbar) 

(absolute) 

Avg 
OD 

(μm) 
OD 

(μm) 
Core 

enclosed 
(μm) 

Strut 
length
(μm) 

Strut 
Thickness

(μm) 

stability Cane 
annealed 

#1 

 

3 10 ± 5 88 14.1 1.2 3.4 
3.5 
3.3 

0.29 
0.26 
0.27 

Broke 
once 

annealed F2 

#2 

 

2 10 ± 5 101 16.9 1.4 4.4 
3.9 
4.5 

0.22 
0.24 
0.22 

Broke  
once 
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#3 

 

1 10 ± 5 124 22.3 1.8 5.8 
5.3 
5.4 

0.30 
0.32 
0.31 

  

 
 
 
 
 
 
 
 

fibre sample image Band
no 

Vacuum 
(mbar) 

(absolute) 

Avg 
OD 

(μm) 
OD 

(μm) 
Core 

enclosed 
(μm) 

Strut 
length
(μm) 

Strut 
Thickness

(nm) 

stability Cane 
annealed 

F3 #1 

 
 

1  15 ± 5 168 15.3 0.9 4.1 
4.1 
4.0 

92.90 
108.15 
95.55 

Broke 
many 
times 

annealed 
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Overall, the 3 HFs, made from different preforms, show good geometry 

microstructures with 3 long and fine struts. This shows that by using this approach, 

excellent reproducibility is obtained. 

 

Table 4.7:  The ratio of struts length: struts thickness for fibres F1, F2, F3 and WW 
die 

  length  thickness core OD unit 
ratio 
(length/thickness) 

Fibre           
F1           

1 4.93 0.21 1.4 μm 23.48 
2 6.14 0.27 1.6 μm 22.74 
3 5.65 0.28 1.67 μm 20.18 
4 6.04 0.24 1.67 μm 25.17 

           
F2          

1 3.77 0.25 1.2 μm 15.08 
2 4.4 0.31 1.4 μm 14.19 
3 5.3 0.32 1.81 μm 16.56 

           
F3          

2 2.61 0.11 0.8 μm 23.73 
3 4.1 0.11 0.9 μm 37.27 

           
Machined WW die         
  5.55 0.25 1.7 μm 22.20 

 

 

 

4.4.4  Propagation loss 

 

4.4.4.1  Bare/ Unclad fibre 

 

The cut-back method of loss measurement was performed on the unclad fibre. 

A tungsten halogen lamp, which has a spectral range of 250nm-2.5μm was used as the 

broadband light source and an optical spectrum analyser was used to record the 

transmission spectra from 350-1750nm. A long length of unclad fibre was used 

(~15m) and 6 cutbacks were performed along the measurement. 

 

The graph in Figure 4.28 illustrates the propagation loss of the unclad fibre 

based on Schott SF57 glass. It is clear that the unclad fibre loss for SF57 glass is quite 
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low. It exhibits the lowest attenuation values between 1000nm and 1300nm 

(~0.3dB/m), and increases to a value of ~0.75dB/m at 1550nm due to the overtone of 

the fundamental vibration of the hydrogen bonding at 3-3.5μm. Unclad fibre is 

fabricated to determine the impact of the microstructure on the propagation loss. The 

unclad fibre was made from the same glass batch. The average loss of the unclad fibre 

is under 2dB/m from 700nm to 1600nm and there is an OH peak present at 1440nm. 

Note that the loss of bulk SF57 at 1550nm is 1.6dB/m from the Schott catalogue [24] 

(The bulk glass loss is different from one batch to another). From the Table 4.8, we 

can see that higher loss is measured for the extruded HFs as compared to the unclad 

fibre. This is likely to be due to the surface imperfections within the structured 

preform. 

 

 

 

 

 

 

 

 

 

Figure 4.28: Loss spectrum of SF57 unclad fibre. 

 

 

 

4.4.4.2  Comparison of the loss spectra between the WW HF and the bulk glass  

 

An experiment on measuring the loss of a polished glass disc (similar to those 

glass discs use in preforms extrusions) was performed using Fourier Transform 

Infrared Spectroscopy (FTIR). The loss result of the polished glass FTIR loss 

measurement is compared with the loss result of the WW HF in Figure 4.29. The loss 

curve of the polished glass disc is adjusted such that the bulk glass has the same loss 

as the WW HF at 1200nm. From the graph, it is noticeable that both bulk glass and 

the WW HF share the same characteristic (the curves look similar). The OH peak for 
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both cases is about the same, which is ~2dB/m loss. This shows that not much water 

is incorporated into the glass during extrusion, annealing, caning and the fibre 

drawing process. Thus, we can say that additional hydroxyl ions are not the major 

contributor of fibre loss. 

 

 Therefore, SF57 glass is the one of the suitable choices for achieving low loss 

non-silica HFs.  
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Figure 4.29: Comparison of spectral curve for the 1.8μm core WW HF of ~2m and 

polished glass disc of thickness 33mm. 

 

 
 
4.4.4.4 WW HFs 

 

The optical micrographs shown in Table 4.6 show bright guided light 

transmitted through the cores of the F1, F2 and F3 fibres. This proved that the 

extruded HFs are guiding light but with a certain loss. The starting lengths of the 

measured HFs were 2-3 metres and each cutback length was 0.3-0.5m, whilst for the 

unclad fibre, >10 metres was used and cut back lengths were ~1m each. This is to 

ensure that the difference of the transmission spectra (output power for spot 

measurement) before and after the cutback was dominated by the removal length of 

the fibre rather than other variability such as the quality of the cleaved fibre ends. The 

power measurement at a given cutback length was repeated at least 3 times for 3 

different cleaves to reduce the random errors in the measurement. 
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Figure 4.30: Loss comparison between WW HF (F2) of different sizes 
 

Table 4.8:  Fabrication conditions and loss properties of WW HFs extruded fibres. 
The propagation loss measurement was taken using a laser diode and whitelight 
source. 

fibre  sample sample 
enclosed 

core  
Spot  
loss 

broadband 
loss comment 

 no.   no. 
diameter 

(μm) 
at 

1550nm(dB/m) 
at 

1550nm(dB/m)   
unclad  fibre   125 na 0.8 machined die 

            ultrasonic cleaning 
            

F1 ww WW1 1550     machined die 
            no ultrasonic cleaning 
  cane  C1 142.5     no internal pressure 
      Cane oval shaped 
  fibre F1#1 1.4  na na broke once 
    F1#2 1.6 5.5..23.5 na   
    F1#3 1.7 2.9..7.4 na   
    F1#4 1.7 4.3..5.9 na   

F2 ww WW2  1520     
eroded and coated 
die 

           ultrasonic cleaning 
  cane  C2 176.6     internal pressure 
  fibre F2#1 1.2 2.64±0.5 2.84 2 fibre breakage 

    F2#2 
1.4(before 

break) 2.53±0.33 2.4   

     
1.63 (after 

break) na *3.2   
    F2#3 1.85 2.02±0.12 1.9   
F3 ww WW3  na   machined die 
          ultrasonic cleaning 
  cane  C3 70.7     internal pressure 
  fibre F3#1 0.76 na   na many breakage 
    F3#2 0.8 2.6  na during drawing 
    F3#3 0.9 2.5  na high tension 

* from second drop 
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Loss for each tested WW HF sample and unclad fibre is listed in Table 4.8 and 

the spectral loss curves for F2 (for different bands of different core sizes) and unclad 

fibre are illustrated in Figure 4.30. We can clearly notice that all the WW HFs have 

higher losses than the unclad fibre, which is ~0.8dB/m at 1550nm. The lowest loss 

range is between 1000nm-1300nm and the water peak is at ~1440nm. 

 

 

4.4.4.3.1 Effect of the core diameter on loss 

 

For small core HFs, the principal cause of loss is typically introduced by the 

surface roughness at the core/air interface. The effect of surface roughness at the 

air/glass boundary becomes more significant as the core size is reduced, which can 

increase the loss as a result of enhancing scattering [22]. Since the modal field 

overlaps with the air holes of the WW fibre, as depicted in Figure 4.31(a), structured 

fibres will have higher loss due to surface imperfections at the air/glass interface 

around the core. The decrease of fibre loss with increasing core size for WW HFs F1 

and F2 shows that the impact of the surface imperfections becomes more pronounced 

as the core size is reduced. Figure 4.31(b) shows the typical measured WW HF loss 

versus core diameter at a wavelength of 1550nm for fibres F2, which have core sizes 

of 1.2μm, 1.4μm and 1.85μm respectively. 
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Figure 4.31: (a) Predicted mode profile of SF57 WW HF [9] showing modal field 

overlap with the air holes within the HF which causes scattering loss due to surface 

imperfection and (b) typical measured WW HF loss versus core diameter at a 

wavelength of 1550nm for WW HFs F2 
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4.4.4.3.2 Effect of the die characteristic on the loss 

 

 Table 4.9 illustrates the relationship between the types of dies used with the 

loss of the fibre. The WW HF F2 exhibits the lowest loss which is ~2dB/m at 

1550nm, compared with F1, even though it has smaller core sizes then F1. The WW2 

preform was extruded through a dry lubricant coated die which offers a smoother and 

better extruded preform surface quality as it decrease the friction between the glass 

and die as discussed in section 4.2.1.3. Furthermore, lower temperatures are required 

during extrusion through the coated die at a fixed speed, thus the preforms have less 

tendency to crystallisation. Through visual inspection with naked eyes using intense 

white light and under an optical microscope, WW2 exhibits less scattering flaws 

compared with preforms extruded through machined dies which results in a rougher 

preform surface (refer to the preform defects in Figure 4.22 for machined die, Figure 

4.25 for eroded and coated die). Further investigations are still required to explore and 

establish the impact in quantitative terms of the coated dies in producing low loss 

HFs. 

 
Table 4.9:  The relationship between types of dies used with the loss of the fibre 

SF57 Die Loss at 1550nm 
(dB/m) 

Enclosed core size 
(μm) 

WW fibre 

Machined only 

2.7 [22] 
 

1.7 

WW fibre 

 Eroded and coated 

2.0 (lowest loss in 
WW HF) 

 

1.8 

Bare fibre 

Machined only 

0.8 
 

- 
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4.4.4.3.3 Effect of the fibre structure on the loss 

 

As discussed in Section 4.3.1, HFs made from a single material are inherently 

leaky since the core refractive index is the same as the index beyond the finite core 

region, so they can exhibit high confinement losses. A modest increase in the 

structure scale can lead to dramatic improvements in the confinement of the mode 

without compromising the achievable effective nonlinearity significantly [25]. The 

cane of WW1 was drawn without internal pressure, which leads to an oval-shaped 

distorted cane C1 that might lead to increased confinement loss compared to the cane 

of WW2 which has a very symmetrical circular shaped cane resulting from using an 

extension chuck that give internal pressure to the WW perform during caning (see 

Figure 4.32) 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.32: The canes and the resulted end fibres. (a) Cane C1 and fibre F1 and (b) 

cane C2 and fibre F2. 

 
 
 

4.4.4.3.4 Effect of the defects and cleaning on the loss 

 

Fibre F1 exhibits exceptionally high loss compared with Fibre F2. The range 

of losses in F1 is very big, with a difference of more than 2dB/m. The large variations 

of loss values of F1 indicates localised losses present in the fibre itself, possibly due 

to defects along the preforms like bubbles and unwanted particles (section 4.4.1.2.2).  

 

 

(b) 

(a) 
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Furthermore, the fact that extruded WW1 preform was not cleaned 

ultrasonically prior to the caning process is believed to have contributed to the higher 

degree of surface contamination and deposition of fine particles inside the WW 

preform. Besides using coated dies, the WW2 preform was ultrasonically cleaned 

before the caning process. Ultrasonic cleaning helps to eliminate unwanted particles 

on the preform surface which will greatly decrease the amount of defects in a fibre. It 

is believed that lower loss fibres can be produced in the future with a proper and 

systematic fabrication process. 

 

 

4.4.4.3.5 Effect of the temperature on the loss 

 

Referring to Figure 4.30, the loss values of F2 (different core sizes) from both 

different loss measurement approaches are in agreement except for the 1.4μm core 

fibre which showed a higher loss (3.2dB/m) than the loss of the fibre measured via 

spot measurement at a similar core size (2.53dB/m). The main difference of these 2 

fibres was the fibre part with higher loss was made from the second drop after the 

fibre broke during the fibre drawing process. To restart the pull, slightly higher 

temperature was applied to decrease the tension and thus to allow drawing of a fibre 

with smaller OD without breakage. From here, we can say that higher temperature 

may increase the loss of the fibre due to some thermally induced effects. Besides, 

from the graph, it is clearly seen that the spectral loss of the 1.4μm core fibre is 

different from other loss spectra. The uncertainty in the result of the 1.4 um core fibre 

of the broadband loss measurement might be due to Rayleigh scattering due to the 

inhomogeneity in the structural geometry along the fibre after breakage. 
 

 

4.4.4.4 Conclusion 

   

In short, we managed to produce low loss lead silicate WW HFs, at about 2dB/m 

at 1550 nm. The fibre loss was reduced via experimental optimisation of the 

fabrication process. The contamination of the preform was reduced by cleaning the 

extruded elements ultrasonically prior fibre drawing while the preform surface quality 
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was improved by using dry lubricant coated dies during the extrusion process. Further 

investigations will be done to improve the fabrication process in order to reduce the 

fibre losses to values nearer to the unclad fibre. However even at the 2dB/m level, 

those fibres are usable for characterisation and device demonstrations. 

 
 
 
4.4.5 Mode profile  

 

For our calculations we first studied the modal characteristics of the HF 

waveguide. Single transverse mode operation is a pre-requisite for most applications. 

However, because of the extremely high NA of these HFs, single mode operation is 

not always rigorously obtained. Nevertheless, many HFs can be effectively single 

mode over a broad range of wavelengths since the confinement losses associated with  

any higher order modes supported theoretically by the structure are significantly 

higher than those of the fundamental mode. For our specific design single mode 

operation can be achieved when reducing the scale of the microstructure beyond a 

certain value. Practically, for this type of HF, single mode or effectively single mode 

operation was obtained for a core diameter of 1.8 μm or less at 1.047 μm (Nd:YLF 

laser). Note that when specifying core diameters for our fibres we are referring to the 

diameter of the circle that just fits within the triangular core region as illustrated in 

Figure 4.33(a). The fundamental modes of our fibres reflect the triangular symmetry 

of the fibre core as illustrated in Figure 4.34 where we plot the theoretical 

fundamental mode-profiles at wavelengths of both 1 μm and 1.55 μm for a fibre with 

a ~0.95 μm core diameter (F3#3). These calculations were performed using a 

commercial beam propagation package based on a core geometry as extracted from an 

SEM image of the fibre. For both wavelengths, the predicted profile of the guided 

mode has a triangular shape. The predicted effective mode areas are 0.84 μm2 at 

1.06 μm and 1.1 μm2 at 1.55 μm. 
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Figure 4.33: (a) SEM image of the small core extruded SF57 HF (F3#3) with ~0.95 

μm core and the enclosed area is given by the area of the circle that fits just inside the 

core region. (b) Measured mode profile for fibre F3#3 at core diameter of ~0.95 μm 

 

 

 

 

 

 

 

 

 

Figure 4.34:  Predicted mode profiles for fibre F3#3 of core diameter ~0.95 μm at (a) 
1.06 μm and (b) 1.55 μm. 

 

We have studied closely the properties and supercontinuum generation 

performance of two HFs with core diameters of 0.95±0.05 and 1.30±0.05 μm 

(denoted F3#3 and F2#1 respectively).The spatial mode guidance characteristic of 

F3#3 and F2#1 at 1.047 μm (Nd:YLF laser) were first investigated by imaging the 

near-field of the guided mode from the output end of the HF onto an infrared CCD 

camera. At this wavelength, the measured fundamental mode profile for both fibres 

has a triangular shape (Figure 4.33(b)), which is in good agreement with the predicted 

mode profile (Figure 4.34). It can be concluded that robust SM guidance is observed 

for both fibres at 1.047 μm, and consequently for all wavelengths longer than 

1.047 μm. 

(a) (b)
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Table 4.10: SEM images, IR images of the near-field pattern of various core size WW 

HFs (sample from F2). 
Near field image Enclosed 

core 
diameter 

(μm) 

SEM image 
 

comment 

 
1.2 
(F2#1) 

  
 

 
Fundamental mode 
observed : 
single moded 

 
1.4 
(F2#2) 

  
 

 
Fundamental mode 
observed : 
single moded 

 
1.8 
(F2#3) 

 
 

  
Fundamental mode 
observed : 
single moded 

 

 

 

4.4.6 Nonlinearity  

 

Recent progress in bismuth-oxide based glasses has been particularly 

noteworthy with reports of a bismuth-oxide HF with a γ of 1100 W-1km-1 [7], and a 

step-index bismuth-oxide glass fibre, (made from an even more nonlinear glass 

composition), exhibiting a γ value of 1360 W-1km-1, and at a lower loss of ~1dB/m  

[4-5]. The latter number represents the current state-of-the-art to the best of our 

knowledge in terms maximum reported fibre nonlinearity for a soft glass CF. 
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 Here we describe our recent progress in lead-silicate glass HF fabrication. 

Previously, my colleague, Dr. H. Ebendroff-Heidepriem fabricated a lead-silicate 

(Schott SF57 glass) HF with γ=640 W-1km-1 [9]. By improving our fabrication 

process, and optimizing our fibre design, we have now achieved a value of γ=1860 W-

1km-1 at 1.55 μm and at the same time improved fibre losses. This γ value approaches 

the ultimate limit for this material and represents the highest value of nonlinearity yet 

reported for a fibre. 

 

 

4.4.6.1 Fibre design modeling and core size optimization 

 

Before starting any fabrication work we performed an initial assessment of 

how the nonlinear and dispersive properties of high nonlinearity lead silicate fibres 

vary with core structure. We assumed a similar geometric WW fibre design to that 

adopted in our earlier work in SF57 [9, 22] and bismuth-oxide HFs [7]. WW fibres 

are readily fabricated through the three step preform extrusion technique discussed in 

Section 4.3.2, where a small core is supported by three fine and long struts (see Figure 

4.35(a)). This high-NA design closely resembles the ASR structure - an idealized 

configuration of a circular glass core surrounded by air as illustrated in Figure 

4.35(b). Consequently, we used an ASR model in our initial studies to help us 

establish the range of core dimensions that we should target in our initial fabrication 

attempts to realize high nonlinearity dispersion shifted fibres. It is however to be 

appreciated that our three-strut WW design, which naturally results in a triangular 

shaped core, gives slightly increased values of Aeff and increased confinement losses 

compared to an ASR of the same geometric area. Therefore, in order to refine our 

findings we repeated our calculations after fibre fabrication using scanning electron 

microscopy (SEM) images of the actual fibres fabricated. It is the results of these 

refined calculations on real structures that are presented in later sub-sections of 4.4.6 
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                 (a)                        (b) 
Figure 4.35:  (a) SEM of the cross section of the extremely high nonlinearity WW HF 

(b) a circular solid core fibre surrounded by an air-cladding 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.36: Effective nonlinear coefficient at 1.55 μm and 1.06 μm (simulation 

performed by Dr. V. Finazzi) 

 

 

Figure 4.36 shows a prediction of the effective nonlinearity, γ, of an SF57 HF 

as a function of the core diameter calculated at 1.06 and 1.55 μm. These calculations 

were performed using a commercial full-vector modal solver, FEMLAB, based on the 

Finite Element Method (FEM). The figure shows that the effective nonlinearity can be 

drastically enhanced by decreasing the core diameter due to the tighter mode 

confinement. The nonlinearity increases up to the point that the core becomes too 

small to confine the mode tightly. For diameters below this critical diameter the 

effective nonlinearity decreases rapidly as the mode spreads progressively further out 

of the core and into the air. The highest limit on fibre nonlinearity at 1.55 μm is nearly 
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2000 W-1 km-1 for enclosed core HFs with core diameters in the range 0.6 – 1.0 μm. It 

should be noted that higher values of effective nonlinearity can be achieved at shorter 

wavelengths due to a combination of the 1/λ wavelength of γ, and the fact that shorter 

wavelengths can be confined to the core down to smaller core dimensions. 

 

 

4.4.6.2  Effective mode area and nonlinearity 

 

 Table 4.11 summarizes the measurements and modelling results on the 

effective mode area and the WW HF nonlinearity. The experimental tests were 

performed to determine the γ and the Aeff of the HFs while ASR modelling was 

simulated for comparison between the theoretical predictions and the measured 

results. The measurements were performed using the Boskovich method [26], which 

is the standard nonlinearity measurement technique for small core fibre as discussed 

in detail in Section 3.5.1.  
 

 

Table 4.11: Comparison between the theoretical predictions and the measured results 

for the effective mode area and nonlinearity of the WW HFs. 

    fabricated WW HFs ASR model 

Simulation 
performed on 

real fibre 
Denclosed Dtriangular nonlinearity measurement predicted predicted 
(μm) (μm) γ (W-1km-1) Aeff (μm2) γ (W-1km-1) γ (W-1km-1) 

   not not   
0.62 0.8 fabricated fabricated 2200 1800 

       
0.9 1.15 1860 1.39 2100 1800 

        
1.2 1.54 598 ±31 2.78 1400 1300 

           
1.4 1.8 na na 1100 1000 

           
*1.7[13] 2.19 640±64 2.6 800 na 

           
1.8 2.31 404±21 4.11 750 na 

note that all the γ and Aeff values are measured and predicted at 1550nm  
* SF57 WW HF made by Dr. H. Ebendorff-Heidepriem [9] 
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   (a)nonlinear measurement for Denclosed 1.8μm                 (b)nonlinear measurement for Denclosed 1.2μm 

Figure 4.37: Measured nonlinear phase shift as a function of input power for (a) F2#1 

with Denclosed 1.2μm and (b) F2#3  with Denclosed 1.8μm at 1550nm 

              (a) Leff curve for  Denclosed 1.8μm                            (b) Leff curve for  Denclosed 1.2μm      

Figure 4.38: Curves of effective length for (a) F2#1 with Denclosed 1.2μm and (b) F2#3 

with Denclosed 1.8μm at 1550nm and 1060nm 

 

In Figure 4.37 (a) and (b).,  the nonlinear phase shift is plotted as a function of 

input power for WW HFs (F2) of Denclosed 1.2μm and 1.8μm respectively. For the 

fibre with Denclosed 1.8μm, about 12metres of test fibre was used during the 

measurement, although the effective length is ~ 2.16m, as shown in Figure 4.38. The 

effective lengths of the HFs were calculated using equation 3.6. The coupling 

efficiency was quite low, ~15%. For the fibre with Denclosed 1.2μm, a shorter length of 

fibre, about 0.78m of HF was used with a Leff =0.62m. The best coupling efficiency 

we managed to get with this fibre was 12.42%. From the slope of the linear fit and 

taking account of the Leff of the test fibres, an average value of γ was estimated to be γ 

= 598 ± 31 W-1km-1 for Denclosed 1.2μm and γ = 404 ± 21 W-1km-1 for Denclosed 1.8μm. 
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From the graph shown in Figure 4.39(a), the measured γ for both fibres are low 

compared with the predicted values (the ASR γ curve was modelled by Dr. V. 

Finazzi). In contrast, the previous SF57 WW HFs of Denclosed 1.7μm [9], agreed well 

with the ASR modelled curves with n2=35x10-20m2/W. Note that n2 measured by 

Friberg is 41x10-20m2/W [27]. 

 

 

Figure 4.39: (a) Effective nonlinearity of ASRs and WW HFs as a function of 

triangular core diameter (b) Effective nonlinearity of simulated SEM of the real fibre 

structure and WW HFs as a function of core diameter 

 

Fibre F3 #3, which has a core diameter of 0.9μm, is close to the peak of the 

nonlinearity curve that corresponds to 1.55 μm in Figure 4.39(b). Note that, we 

targeted a diameter of ~1μm as this provides a reasonable trade-off in terms of 

nonlinearity and ease and efficiency of coupling into the fibre. Refer to Figure 4.39 

(b), we had estimated a γ value of 1860W-1km-1 for fibre F3#3 with a core diameter of 

0.9μm, which to the best of our knowledge is the highest nonlinearity value ever 

reported for an optical fibre at this wavelength. This number is in fact slightly higher 

(~10%) than we anticipated theoretically, and we estimate it to be within ~10% of the 

maximum value possible in this glass. 

 

The performance of a nonlinear device depends both on the effective 

nonlinearity and the effective length of the fibre [7]. The latter is determined by the 

fibre propagation loss. Although the soft glass HFs we present herein have much 

higher losses than state-of-the-art silica based highly nonlinear fibres, their effective 
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nonlinearity is also much higher (by almost two orders of magnitude). It follows that 

the required fibre length to implement a nonlinear device for practical power levels 

can thus be reduced considerably relative to high nonlinearity silica fibres. Therefore, 

the real potential of soft glass HFs is for the realisation of short length nonlinear 

devices operating at low power levels. The use of a short fibre length is significant in 

that it offers several important performance benefits including reduced sensitivity to 

external perturbations, reduced susceptibility to dispersion variation along the device 

length, and reduced device latency as required for example in devices such as all-

optical demultiplexers, clock recovery systems and logic gates. 

 

 

 

4.4.7 Dispersion  

 

 For most nonlinear fibre applications control of the fibre dispersion is more 

important than achieving the maximum possible nonlinearity per unit length, and here 

again the use of HF technology provides unique opportunities. The small core 

dimensions possible in HFs with a high cladding air-fill fraction result in a strong 

wavelength dependence of the effective cladding index which affects both the 

magnitude and spectral profile of the waveguide dispersion. This can be used to 

control the total fibre dispersion over extended wavelength ranges compared to 

conventional solid fibres. For example, in silica glass HFs it is possible to achieve 

anomalous dispersion at visible wavelengths, i.e. at wavelengths much shorter than 

the material ZDW, allowing soliton formation at wavelengths shorter than 600nm [1]. 

Similar benefits in terms of controlling the dispersion properties of fibres at 

wavelengths of technological interest can be obtained in soft glass HFs. The material 

ZDW for SF57 glass is ~1.97 μm yet as we show in this section, it is possible to use 

the large waveguide dispersion available in SF57 HFs to obtain fibres with ZDWs 

shifted by more than 1000nm to allow efficient SC when pumped at wavelengths 

around 1μm. 
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4.4.7.1 Fibre design modelling 

 

Refering to Figure 4.41, for SF57 lead silicate glass, the bulk glass has a large 

normal material dispersion at wavelength <1970nm. The air-filled region and small 

core of the HFs is responsible for the large waveguide dispersion possible. The strong 

waveguide properties of the HFs can be used to dominate the large (normal) material 

dispersion of lead silicate glass to provide fibre with overall anomalous dispersion at 

wavelengths below 1μm and flexibility in terms of the dispersion profiles is therefore 

possiblely much bigger in HFs than in conventional fibres. Changing the design of the 

microstructure (hole sizes, core size) strongly influences the waveguide dispersion 

and it is possible to design WW HFs with ZDWs in the visible wavelength ranges. 

The group velocity dispersions of these WW HFs were calculated by Dr. T. Monro 

from the index profile of the fibres using an orthogonal function technique (OFT). 

The modeling results, shown in Figure 4.40, shows that at a given wavelength, the 

dispersion of the fibre increases with decreasing core size due to enhanced waveguide 

dispersion, and thus zero dispersion values are shifted to a shorter wavelength. Based 

on the modelling results, SF57 WW HFs with core size smaller than 1.5μm, are 

anticipated to enable zero dispersion at 1060nm with very high fibre nonlinearity. 

Therefore, the potential of using such fibres in supercontinuum generation at the 

commonly available fs-laser pumping source wavelengths become apparent, since 

they can effectively lower the power and length demands of the nonlinear devices. 

 

When we did a comparison between the OFT and the finite element method 

(FEM) (calculated by Dr. V. Finazzi),  we noticed that OFT (Figure 4.40) behaves 

very well when applied to large scale structures, but it is "challenged" when dealing 

with high refractive index contrasts and small core fibre structures. The two methods 

were compared with the calculation of an air-suspended rod made of SF57 with 

similar sizes. The solution by FEM is much closer to the exact one than the solution 

by the orthogonal function technique. Thus we concluded that the predictions found 

by FEM in the case of the WW fibres are more reliable than the one found via the 

orthogonal function method.  
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Figure 4.40: Simulated dispersion of bulk SF57 glass and HFs with different core 

diameters, using OFT by Dr. T. Monro. 

 

In order to assess the dependence of the fibre dispersion characteristics on the 

HF core diameter more accurately, we evaluated the group velocity dispersion of a 

range of HFs with different core dimensions using an FEM-code, adopting the 

refractive index profile of the real fibre. The results of our calculations are 

summarized in Figure 4.41 where we plot the corresponding dispersion curves for 

different core diameters. The waveguide dispersion is seen to have a more and more 

pronounced effect on the shape of the overall fibre dispersion curve as the core 

dimension is reduced. The plots show that a fibre with a core diameter of ~ 1.3 μm 

results in a ZDW at 1.06 μm (Note however that the dispersion slope is still quite high 

at this wavelength, ~1ps/nm2.km). From Figure 4.42,  it is seen that this fibre exhibits 

γ = ~2000 W-1km-1 at this wavelength, a factor of 3 or so less than the maximum 

possible nonlinearity is achievable with such fibres at this wavelength. HFs with 

diameters around 1.3μm thus appear well suited for nonlinear fibre optics applications 

such as supercontinuum generation around 1 μm, where the combination of high 

effective nonlinearity and low values of chromatic dispersion are essential to realise 

power-efficient nonlinear devices. 
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Figure 4.41: Simulated dispersion curves for bulk SF57 glass and HFs with different 

core diameters, using FEM by Dr. V. Finazzi 

 
 

Figure 4.42: (a) Effective nonlinearity coefficient at 1.55 μm and 1.06 μm, and (b) 

zero-dispersion wavelength as a function of core diameter for our SF57 HF design. 

The lines F3#3 and F2#1 represent structures targeted and fabricated within our 

research.  

 
 

At present, we have no ready way to measure the dispersion profile of short 

lengths of our fibres around 1 μm, so we rely on our spectral broadening/SC 

experiments to confirm that these HFs have a low dispersion in the 1 μm range (this 

will be discussed further in Chapter 6) 
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4.4.8  Birefringence 

 

Figure 4.43 is the fibre sample with core size of 1.2μm (F2#1) used in this 

measurement. As can be seen in Figure 4.43, the core has a quite symmetric shape (>2 

fold symmetry), but due to very fine core size and high core-clad index difference, it 

is directly linked to a high value of birefringence in the fibre and short beat length, 

which is about 3mm at 1060nm. The fibre length used is 96cm. 

 

 

 

 

 

 

 

 

 

Figure 4.43: SEM of the cross section of the WW HF with a beat length of ~3mm 

 

 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.44: Optical spectrum with removed spectral background 
 
 

This measurement was performed using the wavelength scanning method. 

This wavelength dependence method has been used in measuring the beat length of 

HFs as most direct birefringence measurement methods of conventional fibre failed 

[28]. The result of the scan from 1050nm to 1070nm is shown in Figure 4.44, showing 

a clear polarisation beating for the WW HF of length 96cm. 
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Table 4.12: Comparison between the measurement and modelling results 
Sample L(mm) Δλ (nm) λ0 (nm) Lb (mm) B(x10-3) 
F2#1(1.2μm core) 960 3.4 1060 3.08 0.28 
Preliminary modelling  
(Dr. V. Finazzi) 

960 - 1060 ~2.2 0.48 

 
  

Here, we obtained a fairly high birefringence fibre, which shows a beat length 

of 3.08mm and group birefringence of 0.28x10-3 at 1060nm. The measurement result 

is in reasonable agreement with the preliminary simulation result by Dr. V. Finazzi, 

who predicted a beat length of about 2.2mm. The discrepancy between theory and 

experimental results might be due to the effect of possible additional stress 

birefringence during fibre fabrication, although form birefringence is dominant in the 

structure. 

 

 For smaller core HFs, the beat length of less than 1mm should be expected. 

Note that this WW HF shows lower values of birefringence compared with typical 

small core silica HFs. This is primarily due to the more symmetrical core and 

structure of the WW HF.  

 

 

 

4.4.9 Figure-of-merit (FOM) for nonlinear performance 

 

To date, it is accepted that higher γ can be achieved within the highly 

nonlinear soft glass HFs than in silica HFs, standard silica fibres and highly nonlinear 

dispersion-shifted silica fibres (HNL-DSF); and that the fibre based nonlinear device 

length can be significantly shortened by using highly nonlinear soft glass HFs. The 

highest nonlinearity achievable to date within the soft glass HFs is of γ value of 

1860W-1km-1 at 1550nm [4-5] (i.e. Aeff=1.39μm2 assuming n2~ 41x10-20m2/W 

measured by Friberg [27]).  

 

However, there are several drawbacks in the highly nonlinear small core soft 

glass HFs compared to standard silica fibres (SMF-28) and highly nonlinear 

dispersion-shifted silica fibres (HNL-DSF): interface issues and losses. The losses are 



CHAPTER 4   Fabrication of simple structure soft glass HF 

 

 

157

in particular a severe factor since the useful fibre nonlinearity is determined by the 

product of the nonlinearity and the effective device length. Apart from the dispersion 

properties, which make the most impact for most nonlinear applications; one possible 

way to evaluate the soft glass fibre for nonlinear device applications, is to define a 

new figure of merit (FOM) for highly nonlinear soft glass HFs, since the effective 

length is ultimately limited by the attenuation length (i.e. α -1). 

 

Referring to Chapter 3, Section 3.8, γ and α are the fibre-specific parameters 

which determine the nonlinear phase shift. Thus, the product γ × Leff is a useful FOM 

since it takes into account both effective nonlinearity and fibre loss. Higher FOM 

values indicate that a larger nonlinear effect can be achieved with a certain input 

power, or a smaller power is required for a certain device length. Based on the 

requirements for different device types, we have identified two different fibre length 

regimes and thus two different FOMs according to Dr. H. Ebendorff-Heidepriem’s 

work in [7]. Since the main focus of this work is on the HF for nonlinear compact 

devices, mainly SC, therefore the discussion will pay more attention to compact 

devices using 1m fibre length. 

 

 

 

4.9.1   Device based on maximum useful fibre length 

 

Here we define L
* 

as the maximum useful fibre length for which L
*

eff = 

0.9×L
*
. From Table 4.13, the highest FOM γ × L

*

eff is achieved with standard silica 

fibre. However, the necessary fibre length of ~4.7 km is not suitable for practical 

devices. This demonstrates that γ × L
*

eff or simply γ/α are not useful FOMs for fibres 

having maximum useful fibre lengths longer than practical fibre lengths. For fibres 

with higher losses and thus shorter L
*
, the SF57 lead silicate glass HF with very high 

fibre nonlinearity and low loss of 1 dB/m can compete with the silica HFs.  
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4.9.2 Compact devices using 1m fibre length 

 

The FOMs for silica HFs, standard silica fibre, HNL-DSF, nonlinear bismuth 

oxide WW HFs, tellurite HFs and SF57 lead silicate WW HFs, are listed in Table 

4.13. The γ and α values for the silica HFs fibre refer to two fibres that have been 

demonstrated recently.  The γ and α values for the SF57 glass HF refer to measured 

values. The anticipated decrease of the fibre loss also takes into account realistic 

fabrication improvements such as die design and better surface finish.   

 

From the comparison of the FOM values, it can be concluded that SF57 lead 

silicate glass HFs, despite a current loss of ~2dB/m, demonstrate better performance 

than the best silica HF in terms of higher γ x Leff,1m values .  This can be explained by 

the fact that for shorter fibre lengths of ≤1m, the drastic increase in nonlinearity 

clearly outweighs the decrease of the effective fibre length due to higher propagation 

loss.  It is noteworthy that for fibre lengths <1m, the decrease of the effective fibre 

length becomes less pronounced and hence the NL coefficient dominates the FOM.  

This shows that for compact devices ≤ 1 m, higher fibre losses of ≤ 2 dB/m can be 

easily tolerated.  The distinctly higher FOM values of SF57 clearly indicate that lower 

powers are required to obtain a certain NL effect even for short fibre lengths of <1m. 

 

From Table 4.13, we can clearly see that SF57 lead silicate WW HF with 

0.9μm core diameter and 2.5dB/m loss, achieved  the highest FOM value compared to  

the best silica HFs, standard silica fibre, HNL-DSF fibres and other soft glass HFs 

from [29-31] and [7,13].  For comparison, we also included the anticipated values of γ 

and α for the lead silicate WW HFs. The estimation of the γ values is based on the 

ASR model using the smallest WW fibre core size achieved. The anticipated value of 

fibre loss also decreases when further fabrication improvements (i.e. cleaning and die 

surface finish) is taken into account.  With the maximum value of nonlinearity 

coefficient in the lead silicate WW HF, 1860W-1km-1 and anticipated reduced loss of 

1dB/m, we estimated the FOM values will be greatly increased to 1661.  Besides that, 

compared to other soft glass HFs such as the tellurite and bismuth HFs, it is possible 

for SF57 WW HFs to have ZDW at 1060nm at reasonable core sizes. This is because 

the SF57 glass has a lower refractive index than both tellurite and bismuth glass, thus 
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leads to lower material dispersion than these two glasses. Less waveguide dispersion 

is needed to compensate the material dispersion of the SF57 to get net GVD at 

1060nm.  

 

Table 4.13: FOMs for silica, bismuth oxide, tellurite and lead silicate glass fibres 

Fibre Parameters (a) (b) Glass 
Fibre 
Type 

Comment 
γ 

(W-1km-1) 
Loss 

(dB/m) 
α 

(km-1) 
L* 
(m) 

γxL*eff 
(W-1) 

γ/α 
(W-1) 

Leff, 1m 
(m) 

γxLeff,1m 
(10-3W-1) 

Standard Fibre 1 0.0002 0.05 4650 3.86 22 1.00 1 Silica  
CF HNL-DSF [29] 20 0.0005 0.12 1860 33.48 174 1.00 20 

[30] 30 0.05 11.5 18.6 0.500 2.6 0.99 30 

[31] 70 0.19 43.8 4.9 0.31 1.6 0.98 69 Silica  
HF 

Anticipated γ 
and α values 

70 0.05 11.5 18.6 1.17 6.1 0.99 70 

Bismuth [7] 1100 3.4 783 0.27 0.28 1.4 0.69 763 

Tellurite [13] 675 0.18 41.45 5.17 3.27 16.3 0.98 661 

1.2μm core 
measured 600 2.6 608 0.35 0.18 1.0 0.75 450 

0.9μm core 
measured [4,5] 1860 2.5 576 0.37 0.57 3.2 0.76 1414 

Measured γ for 
0.9μm core and 
anticipated α 

1860 2.0 461 0.46 0.72 4.0 0.80 1490 

Lead 
Silicate 

WW 
HF 

(SF57) 
Measured γ for 
0.9μm core and 
anticipated α 

1860 1.0 230 0.93 1.44 8.0 0.89 1661 

 

 

 

4.10  Conclusion 

 

We have used extrusion techniques to fabricate low loss small-core HFs with 

an extremely high effective nonlinearity in lead silicate glass (SF57). The fibres we 

have fabricated exhibit an effective nonlinearity of 1860 W-1km-1, which is the highest 

value reported to date for a fibre at 1550nm. By carefully tailoring the size of the 

microstructure we achieved a ZDW of ~1 µm, which make our fibres extremely 

useful for SC generation applications at that wavelength. 

 

By reducing contamination and roughness of the preform surface, we 
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gradually reduced the fibre losses to as low as 2 dB/m at 1550 nm for some ranges of 

WW structural HFs. Further surface refinement and the use of glasses with lower bulk 

loss is envisaged to reduce the HF losses down to <1 dB/m. 

 

The nonlinearity of the HFs is enhanced further by decreasing the core size. 

The higher dispersion of the lead silicate HFs promises zero-dispersion at 1060 nm 

combined with very high nonlinearity. These results demonstrate that SF57 lead 

silicate is indeed a promising component for the development of compact nonlinear 

devices operating at low powers and offering appropriate dispersion. 

 

Based on the requirements for different device types, we have identified two 

different fibre length regimes and thus two different FOMs according to Dr. H. 

Ebendorff-Heidepriem’s work in [7]: (a) Device based on maximum useful fibre 

length (b) Compact devices using 1m fibre length. We focused more on the FOM for 

compact devices using 1m fibre length, as our work is on producing HF for nonlinear 

compact device application, i.e. SC.  For such devices, all SF57 glass WW HFs even 

those with ~3dB/m exhibit clearly better performance (higher γ × Leff,1m values) than 

the best silica HF. This is due to the fact that for shorter fibre lengths ≤1 m the drastic 

increase of the nonlinearity clearly outweighs the decrease of the effective fibre length 

due to higher propagation loss. In short, for compact devices ≤ 1 m, higher fibre 

losses of ≤ 2 dB/m can be easily tolerated. This shows that the distinctly higher FOM 

values of SF57 HFs clearly indicate that lower powers are required to obtain a certain 

NL effect even for short fibre length of <1m and it can compete with the silica HFs 

for compact and low power nonlinear devices. 
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5.1  Introduction 
 

From the previous Chapter 4, we focused efforts on maximizing the γ value by 

fabricating soft glass fibres with a small core supported by three fine struts depicted in 

Figure 5.1 (a). By making these struts sufficiently thin and long the waveguide 

properties of these structures become very similar to those of a circular solid core 

fibre surrounded by an air-cladding as shown in Figure 5.1 (b). These suspended-core 

HFs offer very large nonlinearities but allow for only relatively limited dispersion 

control around 1.55μm. The aim of this project is to develop a new class of highly 

nonlinear HFs, with better dispersion management characteristics, using Schott SF57 

lead silicate glass. The targets for such fibres are high effective nonlinearity, low 

confinement loss, single-mode or effectively single-mode guidance, near-zero 

dispersion and flattened dispersion slope at 1550 nm. From Figure 5.2, it is noticeable 

that it will be a challenging task to control the fibre dispersion and, at the same time, 

shift the ZDW of the WW HF to longer wavelengths, i.e. 1550nm, due to its very 

sensitive and steep dispersion profile at that particular wavelength range. In the WW 

HF, as discussed in Chapter 4, the only structural parameter that can be varied is the 

core size, which is adjusted by scaling the microstructured region. The relative hole 

size or air-filling fraction is limited by the strut length and thickness required to 

ensure low confinement loss. Referring to Figure 5.2, it is clear that, to achieve zero 

dispersion in the C-band, a very fine core (with a diameter of <0.7μm) is needed for 

appropriate waveguide dispersion to counteract the large normal material dispersion. 

Obviously, this will not only complicate the small core WW HF fabrication process, 

but the sensitivity and the steepness of the WW HF dispersion profile at 1550nm will 

also increase the complication of dispersion management. Furthermore, the WW HF 

with ZDW in the C-band will be heavily multimoded. 

 

CHAPTER 5 
 

Fabrication of complex structure soft glass HF 
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      (a)                                               (b) 

Figure 5.1:  (a) SEM of the cross section of the extremely high nonlinearity WW HF 

(b) a circular solid core fibre surrounded by an air-cladding 

 

 

 

 

 

 

 

 

 

 

Figure 5.2: Dispersion profiles of the WW HFs 

 

The control of the dispersion is a critical issue for the majority of nonlinear 

device applications and therefore fibre designs that allow a trade-off in nonlinearity 

for improved dispersion control (whilst maintaining single mode operation) are of 

great technological interest. Generally, these designs require far more complex 

arrangements of air holes than a simple air-suspended core. More complex air hole 

arrangements such as a hexagonal lattice in silica HFs is needed for control of the 

holey cladding, so that it has a sufficient waveguide dispersion to compensate for the 

normal material dispersion at 1970nm, at the same time it provides a flattened 

dispersion profile. It is currently difficult to achieve this kind of holey cladding by 

extrusion alone due to the complexity of the die-design required, or by simple 

capillary stacking. However, improvements in glass extrusion technology now allow 

the production of more complex preform stacking elements, providing far greater 
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possibilities for producing dispersion tailored soft glass HFs. In this project, we 

describe some alternative fabrication approaches which we refer to as the hexagonally 

capillary-stacking-technique (CAST) and Structured Element Stacking Technique 

(SEST), which combine the best features of both extrusion and stacking and allow the 

production of the more complex preforms required to achieve good dispersion control 

in soft glass HFs.  

 

Three approaches have been used to produce high nonlinearity soft glass HFs. 

One is the fabrication of the so-called WW HF, whereby the structured preform is 

made directly using the extrusion technique. The feasibility of this approach for the 

fabrication of small-core high-NA HFs has been proven at the ORC by the 

demonstration of low-loss, high nonlinearity WW fibres made from lead silicate glass 

with anomalous or zero dispersion in the near infrared region [1-5]. This fibre type 

has been discussed in detail in Chapter 4. The second approach is the stacking of 

capillaries to produce the structured preform for the CAST fibre. This approach is 

widely used for silica HFs but had not been used at the start of this project for the 

fabrication of small-core soft glass microstructured fibres with air holes. The third 

approach for soft glass HF fabrication combines the extrusion of structured elements 

with the stacking technique to produce the SEST fibre.  

 

The characteristics and advantages of each HF type are summarized in Table 

5.1. The structured preform of the WW fibre is produced directly in one step using the 

extrusion technique. In contrast, the fabrication of the structured preforms of the 

CAST and SEST fibres is much more labour-intensive. Three extrusions, two canings 

and one stacking process are required. Since considerably fewer elements have to be 

stacked for the SEST preform, the stacking process is simplified for this fibre type 

and thus it is less labour-intensive compared with the CAST preform.  

 

The WW fibre type has the following advantages. HFs with large relative hole 

size and very small cores can be readily produced, which allows extremely high fibre 

nonlinearity. This is difficult to achieve using the stacking approach. However, the 

stacked fibre type offers larger freedom in the structural design and thus in the 

tailoring of dispersion profiles and the number of guided modes.  
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Table 5.1: Comparison of WW, CAST and SEST HFs 

 

 

Both WW and SEST fibres have the advantage that the core region and its 

directly surrounding holes are parts of one extruded glass element. By contrast, in the 

CAST fibre, the core rod and surrounding capillaries are separate elements and thus 

an interface between the core and the first ring of holes exists in the preform and 

possibly in the final fibre.  

 

This chapter is structured as follows. The next section describes the design and 

modelling of the two fibre designs CAST and particularly SEST. Section 5.3 

describes the SEST fabrication technique employed to produce the fibres. Fabrication 

and characterization of different types of SEST HFs is described in detail in Section 4. 

In addition, we report on the progress in controlling the die designs to improve the 

preform quality. Finally, conclusions and future prospects of SF57 glass SEST HFs 

are given in Section 5.   
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5.2 Complex structure holey fibre design and modelling 

 

5.2.1 Fibre design target 

 

 Generally, a design of a far more complex arrangement of air holes than a 

simple air-suspended core is required for dispersion management of a HF. From the 

history of pure silica HF design, we found that with the hexagonal-stacking design, it 

allows far greater freedom in HF dispersion management; at the same time providing 

a flattened dispersion profile with a ZDW shifted to the 1550nm regime (Figure 5.3 

(a)) [6]. This idea was then applied to the hexagonal-capillary-stacking soft glass HF 

and it showed a promising result where it was possible to shift the ZDW of the SF57 

glass HF from 1970nm (material ZDW) to the C-band regime with an improved 

dispersion profile (Figure 5.3 (b)).  This idea prompted us to come up with novel soft 

glass HF fabrication approaches, which we named CAST and SEST. 

 

 

A 

 

 

 

 

 

 

Figure 5.3:  (a) Calculated dispersion profile for pure silica HF [6] (b) Initial 

simulated dispersion profile of hexagonal stacking SF57 glass HF, showing the 

possibility of moving the ZDW to 1550nm. 

 

The highly nonlinear complex structure soft glass HF design targets, for an 

optical wavelength λ of 1550nm are: 

 

A. High effective nonlinearity (γ>100W-1km-1)/small effective mode area 

The requirement of γ>100W-1km-1 is set because the maximum effective 

nonlinearity that can be achieved in silica HF is ~60 W-1km-1.  
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B. Low confinement loss (αc <0.1dB/m) 

The requirement of the confinement loss, αc <0.1dB/m is fixed in order to 

have a confinement loss that is less than the intrinsic material loss. Confinement loss 

can always be decreased by increasing the extent of the cladding region. However for 

stacking designs, ideally, a limited number of rings of air holes or elements (SEST) is 

required to ease the fabrication process. 

 

C. Zero or near zero dispersion (±5ps/nm/km) 

 Like the single modality behaviour, the dispersion of the fibre can be tailored 

by acting on the size and arrangement of air holes in the stacking designs. ZDW in the 

C-band regime, with a flattened dispersion profile required for highly nonlinear HFs 

for their use in telecommunication nonlinear devices. 

 

D. Single mode (SM) or effectively single mode guidance (ESM) 

For the stacking designs according to the hole-to-hole spacing Λ, there is a 

maximum d/Λ ratio for which the fibre is SM. Also, the smaller the Λ, the higher this 

maximum d/Λ ratio. ESM guidance is achieved when the fibre is multimoded but the 

higher order modes exhibit very high values of confinement loss.  

 

 

 

5.2.2 CAST and SEST design 

 

We started our initial research of SF57 HF for highly nonlinear applications in 

telecommunications by firstly considering the hexagonally CAST and SEST designs 

as shown in Table 5.1, and comparing them to the WW design. The microstructured 

region of the WW fibre consists of 3 large air holes surrounding a small core. The air-

suspended core is supported by three fine struts. In contrast, the CAST and SEST 

fibres contain a hexagonal arrangement of air holes, whereby the CAST fibre has a 

regular lattice and the SEST fibre has a modified lattice (see sketches in Table 5.1).  

 

Before starting any fabrication work, we performed an initial assessment of 

both CAST and SEST designs. The details of the HF modelling process discussed in 

this chapter were courtesy of Francesco Poletti. We first exploited our previous study 
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on highly nonlinear silica holey fibres in order to choose an initial SF57 HF design [6-

7]. Both of the CAST and SEST designs were characterised by two main parameters, 

hole size d and hole-to-hole spacing Λ. In this case, the hexagonal CAST design, with 

interstitials, was characterised by Λ= 1.3μm and d/Λ=0.53 with 5-rings of holes while 

the SEST design was characterised by Λ= 1.300-1.325μm and d/Λ=0.48 with 1-

element holes (effectively 4 rings of air-holes).  

 

Here, we have identified both the CAST and SEST designs that fulfil the 

project targets. The comparison between both designs is performed, in order to 

ascertain the design that best satisfies all the requirements for fabrication. The SEST 

design is similar to the CAST design but with a different (more spread) holey 

cladding region. Table 5.2 summarises the predicted fibre properties at 1550nm for 

both CAST and SEST fibre. 

 

In conventional fibres, the fibre becomes single mode as the core size is 

reduced, and, for a given core size, as the numerical aperture (i.e. the core/cladding 

refractive index contrast) is reduced. Thus, in order to ensure SM or at least ESM 

guidance in holey fibres, we need to decrease the hole-to-hole spacing Λ (which is 

equivalent to decreasing the core size) and/or the d/Λ ratio (which corresponds to 

decreasing the numerical aperture). Note that the confinement loss significantly 

increases when decreasing Λ, thus more rings of holes might be required, and the 

achievable effective nonlinearity is reduced when decreasing d/Λ. Also, we need to 

verify that single mode guidance can be achieved along with near-zero dispersion. In 

order to continue this survey, we again take advantage of our previous studies on 

small-core silica holey fibres, which indicate that when 2 or more rings of air holes 

are present,  the nonlinear and dispersive properties of the fibre are remarkably 

constant [8]. Note also that if a holey fibre structure is single mode when 2 rings of air 

holes are present, it will be single mode when more rings are added to the structure. 

Therefore, we analyse structures comprised of >2 rings of holes only, and eventually 

analyse the reasonable number of rings necessary to achieve low confinement loss for 

the cases that satisfy the zero dispersion/single modality requirements. In this case, we 

employed COMSOL MULTIPHYSICS®(COMSOL), a commercial Finite Element 

Method modeling package, which can accurately represent the large refractive index 

contrast present in high nonlinear soft glass HFs and a full vector method is required. 
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The modelling process was preformed by Francesco Poletti. Here, we found that the 

CAST design, comprised of 5 rings of air holes with interstitials, is sufficient to 

reduce the confinement loss to 0.003dB/m, whereas the SEST design with 1 ring 

element holes (effectively 4 rings of air-holes) exhibits an impractically high 

confinement loss of 20dB/m. Therefore, another additional ring of element holes is 

necessary to lower the confinement loss to 0.0011dB/m, which is below the SF57 

glass material loss (see the details in Table 5.2). 

 

Table 5.2: Comparison between the properties of the initial CAST and SEST HF 

designs 
HF type Ring 

of 
holes 

Λ 
(μm) 

d/Λ 
(μm) 

Calculated 
confinement 

loss 
(dB/m) 

Aeff 

(μm2) 
γ 

(W-1km-1) 
│D│<5 ps/nm/km 

span @ 
1550nm 

(nm) 
 

CAST 

 

5 1.3 0.53 0.003 2.39 694 ~90 

SEST 

 

Eff. 

4 

1.314 0.48 20 3.2 526 ~180 

 

 

Eff 

6 

1.314 0.48 0.0011 3.2 526 ~180 

 

From Table 5.2, we also can see that, despite the larger extent of the cladding 

region, the confinement loss for SEST HF is larger with respect to the CAST case, 

due to the presence of wider glass bridges in the former. The main impact of the 

different cladding arrangement is on the dispersion values, which is the most sensitive 
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of the optical properties.  

 

From the table, our results show that it is possible for both CAST and SEST 

HFs to overcome the material dispersion (1970nm) and have a flattened dispersion 

profile at 1550nm regime with │D│<5 ps/nm/km over a wavelength range spanning 

>100nm, and a γ value >500W-1km-1 i.e. about 25% of the maximum possible in SF57 

glass, at a reasonably low confinement loss. However, both the structures are ESM. 

 

 

 

5.2.3 1-ring-element stacking SEST HF (1R-SEST) 
 

For many telecommunications applications, a fibre with as low and flat a 

dispersion profile as possible within the C-band is required. In order to identify fibre 

designs providing near-zero, flat dispersion at 1.55 μm, we employed an inverse 

design procedure similar to that previously applied to the optimization of dispersion-

flattened high nonlinearity silica fibres [7,9]. We restricted our studies to simple 

idealized SEST structures characterized by just 2 free-parameters, as depicted in 

Figure 5.4, where Λ is the hole spacing, and d is the hole size. The distance between 

the 6 outer holes and the boundaries of each stacked element was kept constant and 

equal to Λ/2. The Nelder-Mead Simplex Method was then employed to minimize the 

objective function defined by Obj= │Dslope│+ k.│D│ where k= 5.10-3 and D and 

Dslope are the dispersion and dispersion slope calculated at 1.5 μm. The Nelder-Mead 

simplex method is a commonly used nonlinear optimization algorithm and it is a 

numerical method for minimising an objective function in a many-dimensional space. 

Our target for the inverse optimization is to achieve zero GVD at 1550nm and also to 

have a dispersion profile flattened over 100nm. 

 

A plot of the dispersion profile for our optimized SEST structure (structural 

properties d/Λ=0.48, Λ=1.314 μm) is shown in Figure 5.5. Our results show that it is 

possible for the SEST design to have a flattened dispersion with │D│<5 ps/nm/km 

over a wavelength range spanning from 1430nm to 1610nm, and a γ value 

approaching 526W-1km-1 at 1550 nm. 
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Figure 5.4: Idealized SEST structures characterized by just 2 free-parameters, Λ is the 

hole spacing, and d is the hole size 

 

 
 
 
 
 
 
 
 
 
 
Figure 5.5: Dispersion profiles for the idealised SEST HF, where the |D|<5ps/nm/km 
spanning from 1430nm to 1610nm is possible with an optimized structure (green 
curve) 
 
 
 
5.2.4 2-ring-element stacking SEST HF (2R-SEST) 

 

From previous discussion in Section 5.2.3, our modeling showed a promising 

result, that a flattened dispersion profile, with a γ value approaching 526W-1km-1 at 

1550 nm, is achievable via the single element ring optimized SEST structure. 

However, the core size for this design is substantially small (~2 μm) and this has 

implications in terms of confinement loss, as highlighted in Figure 5.6 (b) where we 

predicted confinement loss of the idealised SEST structure for both 1-ring-element 

stacking and the 2-ring-element staking designs at 1.55μm. It is seen that the 

confinement loss is extremely high value for such a small core if we use just a single 

Λ 

d 

Λ/4 Λ 

d 

Λ/4 
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d/Λ = 0.48 
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d/Λ = 0.48 
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ring of stacked elements around the core. 

 

So, we need to have a trade-off between nonlinearity and confinement loss 

where, for very small core and high nonlinearity fibres, in order to reduce the 

confinement loss, it is necessary to include a second ring of elements within the 

structure, as depicted in the inset of Figure 5.6 (a). In this instance our calculations 

show that the confinement loss for our optimized SEST design can be reduced by 

approximately 4 orders of magnitude, relative to the single ring case down to a level 

of <20dB/km (Figure 5.6 (b)) – well below the bulk loss of SF57, and at the same 

time maintain the dispersion profile (Figure 5.6 (a)) and the fibre nonlinearity. Note 

that from a theoretical perspective this fibre is expected to support higher order 

modes. However, the high confinement loss of these higher order modes, and the 

large difference in effective index between these and the fundamental mode, leave us 

confident to predict that this fibre design is likely to be effectively single mode in 

practice. Note also that the coupling efficiency will degrade and the birefringence of 

the fibre will increase as the scale of the structure is reduced. 

 

(a)       (b) 

Figure 5.6: (a) Dispersion profiles for the optimized SEST HF and the SF57 glass 

(Inset: an additional second ring of elements within the optimized SEST structure), 

(b) Predicted confinement loss of the idealised SEST HF for both 1-ring-element 

stacking and the 2-ring-element stacking designs at 1.55μm. 

 

 

 

 

2 rings 
CL= 0.0011 

1 ring 
CL= 20 
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5.3 Complex structure HF fabrication 

 

5.3.1 Introduction 
 

Three different fibre designs have been considered: WW, CAST and SEST, in 

producing highly nonlinear soft glass HFs. The WW design has been discussed in 

Chapter 4. The analysis of the CAST and SEST design is discussed in the earlier 

Section 5.2. It shows that in the C-band regime, both the designs can provide near-

zero dispersion, single mode fibres which exhibit effective nonlinearities larger than 

>500W
-1 

km
-1 

and confinement losses lower than 0.1 dB/m, using a reduced number 

of rings of air-holes/elements (5 rings of air-holes for the CAST design and 1-2 rings 

of stacking elements for the SEST design). The CAST and SEST designs with 

equivalent core size result in similar optical properties, apart from the fact that the 

SEST design is more advantageous than the CAST design in terms of reducing the 

confinement loss, when the scale of the structure is reduced and the cladding extent 

needs to be enlarged.  

 

The fabrication scheme for a CAST fibre is shown in Figure 5.7. Basically, it 

comprises of 5 main steps, where: 1) The stacking elements (hexagonal rod and tube) 

and the jacket tubes are produced using the extrusion technique. 2) The stacking 

elements of OD~10mm are reduced in size to canes (capillaries) of OD~1mm. 3) 

These capillaries are stacked inside the stack jacket tube. 4) The stacked preform of 

OD>10mm is again reduced in size to a cane of OD~1.3mm and last but not least, 5) 

the stacked cane is inserted into the jacketing tube and finally drawn to the stacked 

fibre. We have chosen a hexagonal outer shape for the stacking elements to minimize 

the gaps between the capillaries in the stack and thus to facilitate fusion of the 

capillaries without closing the inner holes of the capillaries. The stack jacket has a 

hexagonal inner shape to suit the hexagonal outer shape of the stack. This facilitates 

the stacking process and minimizes the gap between jacket and stack. 
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Figure 5.7: fabrication scheme of CAST fibres 

 

Fabrication-wise, SEST design fabrication is less labour intensive compared to 

CAST design fabrication. Refer to Figure 5.7, note that 3 rings of capillaries (i.e. 36 

air-holes) are basically equivalent to 1 ring of elements (i.e. 48 air-holes). However, 

the addition of an extra ring of elements (i.e. a total of 132 air-holes) to a SEST 

structure implies a larger reduction in loss than the addition of a ring of capillaries 

(i.e. a total of 60 air-holes) to a CAST structure. Thus, it is easier to add an extra ring 

of elements to a SEST structure than an extra ring of capillaries to a CAST structure.  

Figure 5.8:  Comparison of CAST and SEST HFs on the fibre drawing reduction ratio 

 

We also did not widely explore the CAST fabrication for this project as it is 

produced through single capillary stacking and the reduction ratio from the stacked 

preform directly to the end fibre is too small from a single pull compared to SEST 
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fabrication. Figure 5.8 depicts the fibre drawing reduction ratio for both CAST and 

SEST HFs.   

 

Therefore, after a consideration of the pros and cons of both the CAST and 

SEST design with different aspects of their functionality, we chose to concentrate on 

the SEST design fabrication. 

 

 
 
5.3.2 SEST  HF Fabrication scheme 
 
 In Figure 5.9, we present a diagram showing the principle of the SEST 

approach which combines the benefits of extrusion and stacking to achieve a more 

complex preform structure with greater flexibility in the HF design. This approach is 

the combination of the following fabrication steps: 1) extrusion (or drilling) to 

produce macroscopic capillary tube, which acts as the jacketing tube and 6,7-hole-

structured elements, which are for stacking. 2) caning of the structured performs to 

mm scale, 3) stacking within the protective jacket and 4) fibre drawing. In short, this 

technique includes 2 essential fabrication techniques: extrusion and stacking. Three 

steps of heating processes, extrusion, caning and fibre drawing, are required to 

achieve the final fibre, when starting from the melted glass. 

 

Schott SF57 lead silicate glass was again selected as the glass host for this 

work. In order to realise SEST fibres, we first developed a new die design that 

allowed us to directly extrude 6- and 7-hole hexagonal preforms. The resulting 

structured preforms were then drawn to canes with an outer diameter of ~600 µm and 

stacked into an extruded jacketing tube. Finally, the assembled preform was drawn 

into >200m of fibre. Thus, with the SEST approach we were able to fabricate HFs 

with a hexagonal arrangement of effectively 4 rings of holes, (48 holes in total), 

simply by stacking together just 7 structured elements. This approach is less labour 

intensive than simple capillary stacking and provides a larger reduction ratio from the 

stacked preform to the final fibre. Moreover, since the core region and the first ring of 

holes are formed from one extruded glass element a greater degree of glass 

homogeneity is obtained in the core region. Note that the core size of the SEST fibres 
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depends on both d (the hole size) and Λ (the hole spacing), and is ~ 2Λ-d. Unlike our 

previously extruded WW HFs, whose critical properties are determined primarily by 

just one parameter, the core diameter. The core sizes of the fabricated HFs that we 

report here ranged between 2.4-4.5 µm and had a d/Λ ratio of 0.48 in the outer 

cladding region, and 0.55 in the ring immediately surrounding the core.  

 

 

Figure 5.9: Fabrication scheme of the SEST HFs 
 

 
 
5.3.3 Extrusion process and apparatus 

 

 Basically, the extrusion apparatus and processes for SEST HF fabrication are 

the same as WW HF fabrication described in Chapter 4. Figure 5.10 shows a custom 

designed extrusion apparatus comprising an oil hydraulic press and high temperature 

furnace providing up to ~15 tons (1 ton = 1000kg) of force with the upper operating 

temperature of 7500C, was used in extruding differently shaped glass elements (rods, 

tubes, WW preforms). The system gives a reasonable pressure control where the 

pressure can be changed during extrusion in order to obtain a targeted speed. More 

detailed explanations in the procedure for extrusion process are given in Appendix 2 

(II).  
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Figure 5.10: Sketch of extrusion set up and process for SEST preform fabrication 
 
 

  
5.3.4  Die characteristics 
 

For all the work done on these extrusions, the dies used were made of stainless 

steel 303, which is of 70%Fe-18%Cr-10%Ni composition as discussed in Chapter 4, 

Section 4.2.1.3. It is chosen because it is cheap and has good machining ability. Also, 

stainless steel has high thermal-stability temperature, which is up to ~7000C compared 

to SF57 soft glass, which has a melting temperature at 5200C. For fabricating dies of 

complex and intricate structure like the SEST design, we were using another 

alternative approach, which is known as spark erosion because it is cheap, less labour 

intensive and the dimensions of the die design can be readily altered compared to 

fabrication using conventional metal cutting machines (Refer to section 4.2.1.3 for 

further details on the die materials and die making). 

 

Through introducing complex structure into the extrusion die, more complex 

structured HF preforms can be fabricated. For the SEST design, we need 2 sets of die 

for the 7-hole structured element, which acts as cladding and the 6-hole structured 

element for the fibre core. Note that each set of SEST dies consists of two parts: the 

outer nozzle yielding the outer hexagonal shape and the inner core yielding the inner 

“holey” structure as shown in Figure 5.11. 
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(a) 
 
 
 
 
 
 

(b) 
Figure 5.11: (a) 6-hole die set (b) 7-hole die set for SEST preform extrusion 

 
 
 
5.4 Results and discussion 

 

In this section, we will discuss the technical progression of the fabrication 

work in order to achieve the objective of this project, which is producing a soft glass 

HF that has a near-zero, or zero dispersion with a flattened dispersion profile, SM or 

ESM, exhibiting effective nonlinearities larger than >60W
-1 

km
-1 

and confinement 

losses lower than 0.1 dB/m. 

 

Four trials were carried out: 

1. 1st experiment on 1-ring-element stacking technique: 1R-SEST  

2.  2nd experiment on  improved 1-ring-element stacking technique: Improved 

1R-SEST  

3. 3rd experiment on  2-ring-element stacking technique: 2R-SEST  

4. 4th experiment on  improved 2-ring-element stacking technique: ‘2+1’R-SEST  

Firstly, we produced 2 sets of preforms, which consisted of a jacketing tube, a 6-hole 

core preform and a 7-hole cladding preform each; and another set of preforms which 

consisted of a 18-hole preform and a 7-hole cladding preform, using SF57 lead 

silicate glass. We varied the fabrication technique and die design to study the impact 
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on the preform/structure quality and ultimately on the SEST fibre loss.  

 

 

 

5.4.1 1st experiment on 1-ring-element stacking technique: 1R-SEST 

 

5.4.1.1 Die design 

 

Through introducing complex structure into the extrusion die, more complex 

and intricate structured holey glass preforms can be fabricated. Figure 5.12 shows 

drawings of the 6-pin-die and 7-pin-die that were used in the 1st experiment of 1R-

SEST fabrication. Note that each 6-pin-die or 7-pin-die consists of 2 parts: the outer 

nozzle yielding the outer hexagonal shape and the inner core yielding the inner “6-

hole” or ‘7-hole’ structure.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.12: Drawing of 6-pin-die and 7-pin-die for the 1st experiment on 1-ring-

element stacking 1R-SEST fibre fabrication 
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Figure 5.13: The schematic drawing for the die and the desirable geometry of the 

extruded element 

 

Figure 5.13 depicts the cross section of the perfectly extruded hexagonal 

structured element. This is the desirable hexagonal geometry that we would like to 

fabricate, in order to facilitate the stacking process. 

 

 

5.4.1.2 Extruded element 

 

When the glass viscosity is between 109-107 poise, it can be regarded as being 

in the viscoelastic flow regime. By applying high pressure (up to 1 ton) onto the glass 

flow and forcing the melted glass by pressing it through the intricately structured die, 

complex structured holey preforms can be fabricated. 

 

A hexagonal outer shape is chosen for the stacking elements (6,7-hole-

preform) to minimize the gaps between the elements of the stack and thus to facilitate 

fusion of the elements without closing the inner holes of the elements. The initial 

stack jacketing tube also has a hexagonal inner shape to suit the hexagonal outer 

shape of the stack (see Figure 5.14(c)). We believe that it can facilitate the stacking 

process and minimizes the gap between jacket and stack. However, with the later 

trials on stack jacketing tube with circular inner shape (see Figure 5.14(b)), we found 

that it is unnecessary to have a hexagonal inner jacket,  as the gap between the 

jacketing tube and stacked elements will be collapsed during fibre drawing. 
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Figure 5.14 (a) shows the extruded jacketing tube, while Figure 5.15 displays 

the extruded 6-hole and 7-hole preforms for this first trial. For the complex structures, 

6, 7-holes are incorporated within the hexagonally shaped extruded element. As 

shown in Figure 5.14 and 5.15, this fabrication approach is capable of producing 

extruded simple structures (jacketing tube) and complex structures (6,7-hole-preform) 

that are reasonably good in quality, uniformity and length.  

 

The hexagonal and circular shapes of the die exits are preserved well in the 

extruded glass elements. The flats of the hexagons exhibit only a slight convex 

curvature for extruded 6-hole preform (Figure 5.15(a)), while the outer holes of the 7-

hole preform were slightly squashed inwards (Figure 5.15(b)). The high pressure 

applied during the extrusion process of the 7-hole preform, has resulted in the 

deformation of the outer pins of the 7-hole die. However, referring to Table 5.3, we 

noticed that the d, Λ and the ratio d/Λ of the extruded elements do not deviate too 

much from the original die. 

 

 

 

 

 

        (a)       (b)             (c) 

 Figure 5.14: (a) 14cm long of extruded jacketing tube of 12 mm OD/1.8mm ID , (b) 

cross sectional view of the jacketing tube, (c) jacketing tube with hexagonal inner  

 

 

 

 

 

 

 

Figure 5.15: extruded SF57 glass structured preforms  (a) 6-hole preform, with hole 

size of ~ 1.0mm, hole spacing of ~3mm and diameter across the flat of ~9.2mm, (b) 

7-hole preform, with hole size of ~ 1mm, hole spacing of ~2.2mm and diameter 

across the flat of ~9.0mm 

(a) (b) 
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Table 5.3: Dimensions of the original die and the extruded preforms 
Sample d Λ d/Λ 

Die    

6-pin 1.0mm 3.17mm 0.32 

7-pin 1.0mm 3.17mm 0.32 

Extruded preform    

6-pin 1.0mm 3.0mm 0.33 

7-pin 1.0mm 2.2mm 0.45 

 

 

5.4.1.3 Caning and structured element stacking  

 

After the caning process, we noticed that caning did not alter the curvature of 

the flats and the original geometry of the extruded element significantly (see Table 

5.4). The relative hole size d/Λ increases with increasing drawing tension. Thus, at 

high tension, canes with the same relative hole size as the preform or even higher can 

be made. In addition, high drawing tension prevents oval distortion of the circular 

hole. From both hexagonal 6,7-hole preforms, we produced >10m of uniform cane 

with Λ ~0.35 for the 6-hole cane and Λ ~0.48 for the 7-hole cane. 

 

According to the modelling, 1-ring-element-stacking of SEST HF (effectively 

4 rings of air holes) would results in a significant confinement loss, ~20dB/m (Section 

5.2.4). However, as a test trial, the first stack was made of a 1-ring-element stacking, 

in order to check the feasibility of producing simple SEST structured HF using SF57 

lead silicate glass. This technique is a new fabrication concept that had not been 

reported elsewhere in the literature at the time when the work was carried out.  

 

Before the actual stacking procedure, the stacking element canes (OD = 570-

630μm 6,7-hole-elements) are cleaved to suitable sizes and fused at one end.  

 

Another issue was the size of the stack jacket. Prior to extrusion of the jacket, 

we observed that jacketing tube of 10 mm OD and 1.8mm ID demonstrate a die swell 

such that the ID of the extruded glass is slightly smaller than the corresponding die 

diameters. That is why the stacked elements chosen were not of the same size, which 

is in between the range of 570-580μm across the flats, for obtaining the best tight fit 
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of the stack inside the jacketing tube (Figure 5.16). The definition of measurement 

across the flat for both the hexagonal elements is shown in Figure 5.17.   

 

 

Table 5.4: The dies and the structural features of the extruded elements and canes for  

1R-SEST fibre fabrication 

Sample 6-hole-element 7-hole-element 

Die 

 

 

 

 

 

 

  

Preform 

  

Preform 

Cross section  

 

 

 

 

 

  

Cane 

Cross section 
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Figure 5.16: The stack is tightly fitted inside the jacketing tube.  

 

 

 
 

 

Figure 5.17: Definition of measurement across the flat for the hexagonal elements is 

depicted by the red arrows. 

 

 

5.4.1.4 1R-SEST HF  

 

For drawing of the stacked preform, we used vacuum and internal pressure 

similar to the assemblies of WW canes inside jacketing tubes (Section 4.2.2.3, Figure 

4.9). Note that all the structured canes were sealed at a top end by flame treatment. 

The fusion of each microstructured cane end allows the build-up of pressure inside the 

canes during necking of the stacked preform, which is crucial to keep the holes open. 

The use of vacuum enables collapse of the structured canes onto each other and onto 

the stack jacketing tube and thus enables closing of the interstitial holes between the 

canes. 

 

The first fabricated 1R-SEST HF gave quite promising fibre geometry as 

shown in Figure 5.18. All holes were open with reasonable uniformity in the circular 

shape of the holes. However, we noticed that some holes in the 1R-SEST HF are out 

6-hole-element 7-hole-element
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of position. This is because the stacking elements can be rotated due to the gaps/ 

interstitial holes between the interfaces of stacked elements.  Another expected issue 

of 1R-SEST fibre was the thick bridges formed between the interfaces of the stacks. 

This resulted from the thick side walls of the 7-hole stacking canes.   

 

Figure 5.18: SEM of the 1R-SEST fibre 

 

 

5.4.1.5  Characterisation 
 
 

Figure 5.19(a) demonstrates an IR image of the far end of the 1R-SEST fibre, 

when laser pulses at 1558nm were launched into the fibre, showed that the light was 

not only guided in the core, but there is also a strong guidance evident at the fibre 

cladding due to the bridges formed between the interface of the stacks. This resulted 

from the thick side walls of the 6,7-hole stacking canes ( Figure 5.19 (b)). 

 
It should be appreciated that the first SEST HF produced was guiding light in 

the first trial, but unfortunately, the fibre was too lossy to proceed with any further 

optical properties characterisation, such as loss, nonlinearity and dispersion 

measurements. We assume that the scattering at the interface between the core-

element and the surrounding cladding-element deteriorates the waveguiding property 

of the microstructure. 
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Figure 5.19: (a) IR image of the near-field pattern of 1R-SEST fibre when the light 

was launched into the fibre (b) SEM of 1R-SEST fibre 

 

 

 

5.4.2 2nd experiment on  improved 1-ring-element stacking technique: 

Improved 1R-SEST 

 

5.4.2.1 Die design 

 

From the previous 1R-SEST fibre fabrication, it was obvious that the extruded 

element side walls were too thick which led to light guidance at the cladding of the 

fibre due to the bridges formed between the interface of the stacks. From the 

observations of the extruded hexagonal preforms, a concave form was noticed 

towards the end of extrusion, this was credited to a reducing glass volume and this 

was seen to be desirable to facilitate the stacking. Therefore, we tried to change the 

die ‘skirt’ diameter, hoping it would enable some control over the volume of the glass 

extruded throughout the extrusion process. The length of the pins was also reduced 

from 10mm to 5mm, in order to avoid the pins from deformation when high pressure 

(>10bar) (1 bar = 100 000 pascals (Pa)), is applied during the extrusion process. This 

happened to the 1st trial of 1R-SEST fibre, as we can see the holes were squashed to 

the centre. The drawing of the improved die structures is depicted in Figure 5.20. 
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Figure 5.20: Drawing of 6-pin-die and 7-pin-die for the 2st experiment on improved 1-

ring-element stacking Improved 1R-SEST fibre fabrication 

 

 
5.4.2.2 Stacking preform 

 

A number of modifications were made to this second fabrication experiment to 

eliminate problems that arose in the previous 1R-SEST fibre attempt. Firstly, we 

realised that the jacketing tube used for the 1st experiment was produced via extrusion 

and die swell was observed. Thus, for a more accurate dimension, the drilling 

approach was used. 

 

Glass is a very fragile and brittle material, so deep drilling into the glass is 

normally not possible. With the assistance of ultrasonic vibration on a diamond-

coated drill, the pressure from the drill onto the glass surface can be largely reduced 

so that the deep drilling becomes feasible. Here we demonstrated the ultrasonic 

drilling technique, which is rarely used in the silica HF fabrication, to produce the soft 
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glass stack jacketing tube. The jacketing tube with 12mmOD /1.8mmID was prepared 

via ultrasonic drilling by my colleague Dr. Xian Feng. Note that ultrasonic drilling 

has been successfully used for the production of polymer HFs [10]. (no image 

available for this jacketing tube as it was lost in the fire at the University of 

Southampton on the 30th October 2005) 

 

Figure 5.21 displays the extruded 6-hole and 7-hole preforms for the second 

experiment. These stack preforms are of better quality in terms of the structural 

geometry and hole position compared to the stack preforms of 1R-SEST. The 

hexagonal and circular shapes of the die exits are again well preserved in these 

extruded glass elements. From the Figure 5.21, it is clearly shown that the holes of 

both Improved 1R-SEST 6-hole and 7-hole preforms are more peripherally placed as 

compared to the stack preforms of 1R-SEST; where the holes are more centralized 

(as shown in Figure 5.15). However, the flats of the hexagons exhibit more convex 

curvature for the stack preforms of Improved 1R-SEST compared to the previous 

stack preforms of 1R-SEST.  

 

 

 

 

 

 

 

Figure 5.21: extruded SF57 glass structured preforms for 2nd experiment, (a) 6-hole 

preform (b) 7-hole preform, for Improved 1R-SEST fibre fabrication. 

 

 

5.4.2.3 Caning and stacking 

 

From both hexagonal 6, 7-hole preforms, we managed to draw >10m of 

uniform cane with Λ ~0.52 for the 6-hole core-cane and Λ ~0.46 for the 7-hole 

cladding cane. 

 

Referring to Table 5.5, the hexagonal canes of the Improved 1R-SEST, 

(a) (b) 
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which were drawn using high tension, demonstrates a larger relative hole size and less 

oval distortion of the hole compared with the hexagonal canes of 1R-SEST.  The 

canes of the Improved 1R-SEST also exhibited less variation in hole shape, as 

caning did not alter the original geometry of the extruded element significantly. 

 

 

Table 5.5: The dies and the structural features of the extruded elements and canes for 

Improved 1R-SEST fibre fabrication 

Sample 6-hole-element 7-hole-element 

Die 

 

 

  

Preform 

  

Preform 

Cross section  

  

Cane 

Cross section 
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There was a problem with this stacking process. The drawn cane was too fine 

(550-590μm) which increases the complexity in terms of positioning the canes during 

stacking. Furthermore, the inner OD of the jacketing tube was too large (~1.8mm) for 

the 1-ring-stack and we could not achieve a tight fit of the stack inside the jacketing 

tube. 

 

 

5.4.2.4 Improved 1R-SEST HF 

 

Similarly to the WW fibre drawing, we fused the end of the structured cane to 

create internal pressure, and we used a vacuum to obtain collapse of the cane onto the 

jacketing tube. The cane length was about 160 mm. Note that the negative pressure of 

the vacuum suction was quite low since we just needed to remove the very tiny holes 

with the size of at most tens of microns. 

 

The considerable improvement in the 1-ring-element SEST fibre is consistent 

with the clearly longer stacked preform and the tight fit of the stack in the jacket. As a 

consequence, a higher pressure inside the stack could be generated right after the 

necking. In addition, we have drawn the cane by hand right after necking and 

dropping and this drastic increase in drawing tension has resulted in opening of all 

holes. Note that necking at the beginning of the drawing process always causes fusion 

of all holes within the neck.  

 

In this fibre drawing process, we used a weight to enhance the necking speed. 

The faster necking and the use of a significantly higher drawing tension (= lower 

drawing temperature) has indeed resulted in a good microstructure of the Improved 

1R-SEST fibre (Figure 5.22). All holes are open and within the cross-section the hole 

size varies only slightly (∆d/Λ = 0.1). However, along the fibre, we observed larger 

variations in hole size (∆d/Λ ~ 0.3), which are attributed to variations in the drawing 

tension and temperature. In addition, the pressure inside the air holes decreases with 

time due to decreasing preform length.  

 

The core sizes of the fabricated Improved 1R-SEST HFs ranged between 2.4-

4.5 µm and had d/Λ values of about 5% more to those in the corresponding cane, 
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which are d/Λ ratio of 0.48 in the outer cladding region, and 0.55 in the ring 

immediately surrounding the core. We planned to further downscale the fibre, but the 

high drawing tension weakened the fibre robustness, and thus the fibre broke as it was 

gradually downscaled.  

 

 From the SEM shown in Figure 5.22, the final draw of the Improved 1R-

SEST fibre was significantly improved, although some of the holes of the outer-stack 

were off position and hence, in a way, this structure might help in lowering the 

confinement loss of the idealised SEST structure where we predicted to have 

confinement loss of 20dB/m from the modelling.   

 

Figure 5.22: The evolution of the fibre structure from the start to the end of the pull. 

 

 

 

5.4.2.5 Characterisation 

 

Experiments and measurements were performed on 3 different Improved 1R-

SEST fibres, with core sizes of 4.2μm, 3.4μm and 2.4μm (denoted HF#1, HF#2 and 

HF#3 respectively). 

 

Table 5.6: Types of Improved 1R-SEST fibre 

Improved 1R-SEST fibre HF#1 HF#2 HF#3 

Core size (μm) 4.2 3.4 2.4 

 

 

To derive a useful core diameter from the hexagonal fibre core shape, we 

employed the following method. First we determined the 3 diameters across the holes 
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that fit just inside the hexagonal core region as depicted in figure 5.23. The diameter 

of the core is represented by the average of the 3 diameters. Example below is applied 

on HF#3, and the same approach is used for the HF#1 and HF#2.  

 

A1= 2.46μm, A2= 2.72μm, A3=2.51μm and the average core diameter= 2.56μm 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5.23: Definition of hexagonal core diameter for SEST HF. Note that the 

measurements in red are in pixel units and will then be converted into μm. 

 

 

5.4.2.5.1 Mode profile 

 

The modal properties at 1550 nm were calculated for the all SEST HF from 

stack #2 (HF#1, HF#2 and HF#3) with a hexagonal core diameter of 4.2μm, 3.4μm 

and 2.4μm respectively using the SEM images of the fibre structure and a commercial 

Finite Element Method  (FEM) modeling package. In Figure 5.24, the predicted mode 

profile for HF#1 is superimposed on the index profile. Note that the mode profile has 

a near hexagonal symmetry shape, which underlines that the method used for 

calculating the core diameter in section 5.4.2.5 is a useful way to represent the core 

size. Figure 5.25 shows that the simulations demonstrate that all 3 fibres are not 

strictly single-mode. Indeed, free-space coupling experiments sometimes revealed that 

the fibre can be made to guide more than one mode.  

 

A1 = 
186 A2 = 

206 

A3 = 
190 

756 pixels 
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Figure 5.24: Predicted and near-field profiles of HF#1 

 

 

 

 

 

 

 

 

 

 

Figure 5.25: SEST HF#1 seems to be effectively single mode from the simulation 

 

We first studied the spatial mode guidance characteristics of the 3 sample HFs 

at 1.047μm and 1.55μm. The measured near field mode profiles for all 3 fibres 

demonstrate a clean single mode with hexagonal symmetry in good agreement with 

theoretical predictions as demonstrated in Table 5.7. 

 

Single-mode propagation can be easily recognized in an experiment by 

changing the launch conditions, which will only affect the launched power, while the 

spatial distribution of the light exiting the HFs is fixed. In some cases, strictly single-

mode guidance is not required; one can uses effectively single-mode fibres, having a 

few transverse modes, where however all higher-order modes have relatively high 

losses. Some bending of the HFs are often used to more efficiently suppress higher-

order modes. 
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Table 5.7: SEM images and IR images of the near-field pattern of various core sizes 

of improved 1-ring stacked element SEST 

Near field image Fibre 
Type  

Core 
diameter 

(μm) 

SEM image 
 

comment 

 
HF#1 

 
4.2 

  

 
Fundamental 
mode observed : 
single moded 

 
HF#2 

 
3.4 

  

 
Fundamental 
mode observed : 
single moded 

 
HF#3 

 
2.4 

 

  

 
Fundamental 
mode observed : 
single moded 

 
 
 
 
5.4.2.5.2 Propagation loss 
 
 

As for the WW fibres, the propagation loss of the SEST HFs was measured at 

1550 nm using free-space coupling from a laser diode and the cut-back method. Both 

the SEST HFs and bare fibre losses are listed in Table 5.8. All the SEST fibres have 

clearly higher losses than the corresponding bare fibres because bare fibres have a 

much smaller surface/volume ratio and thus slight surface changes are supposed to 

have negligible impact on the fibre loss. 

 

The increase of the fibre loss with decreasing core size for the HF#1, #2 and 

#3, is consistent with the prediction that the impact of surface imperfections becomes 

more pronounced as the core size decreases, as shown in Figure 5.26. 
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Table 5.8: Improved 1R-SEST HFs and bare fibre losses 

Fibre type Core diameter (μm) Propagation loss at 1550nm (dB/m) 

HF#1 4.2 3.2±0.5 

HF#2 3.4 3.5±0.5 

HF#3 2.4 4.3±0.3 

Bare fibre 125 0.8 

 

 

 

 

 

 

 

 

 

Figure 5.26: The propagation loss at 1550nm vs. the core diameter for Improved 1R-

SEST HFs 

 

The loss of the Improved 1R-SEST HFs is higher than that of the bare fibres 

by at least 3 dB/m (Table 5.8). This suggests that the additional loss in the HFs is due 

to scattering. The additional scattering is due to surface imperfections (roughness, 

contamination) at the air/glass interface, which also justifies the increase of the HF 

loss with decreasing core size. This demonstrates that further improvement in the 

preform surface quality is a promising route to decrease the losses of HFs down to the 

bare fibre losses.  

 

 
 
5.4.2.5.3 Mode area and Nonlinearity 
 
 

The results on the measurement and modelling of the fibre nonlinearity and 

effective mode area are summarized in Table 5.9. We next evaluated the effective 

nonlinear (NL) coefficient γ and the effective mode area at 1550 nm for the 3 SEST 

HFs using the Boskovich method [11] based on the measurement of the NL phase 
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induced through self-phase modulation of a continuous wave, dual-frequency, optical 

beat-signal propagated through the fibre.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.27: Measured nonlinear phase shift as a function of input power for 

Improved 1R-SEST HF#3 with 2.4µm hexagonal core diameter 

 

Figure 5.28: Effective nonlinearity coefficient at 1.55 µm as a function of core 

diameter with superposed measured data (Note that the SEST curve is calculated for 

the HF geometry corresponding to the fabricated fibre). 

 

In Figure 5.27, the NL phase shift is plotted as a function of the input power. 

From the slope of the linear fit and taking into account the effective length of the test 

HF, an average value of the effective NL coefficient was estimated up to 414W
-1

km
-1 

for HF#3. Given the NL refractive index of n2 = 41×10
-20 

m
2
/W for the SF57 Schott 

Core diameter (μm)

0 1 2 3 4

E
ffe

ct
iv

e 
no

nl
in

ea
rit

y 
co

ef
fic

ie
nt

 (W
-1

km
-1

)

0

500

1000

1500

2000

SF57 WW HF [2]
SF57 SEST HF
Silica HF
Measured HF#1
Measured HF#2
Measured HF#3
Measured WW HF

Core diameter (μm)

1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5

E
ffe

ct
iv

e 
no

nl
in

ea
rit

y 
co

ef
fic

ie
nt

 (W
-1

km
-1

)

0

100

200

300

400

500

600

700

HF#3

HF#2

HF#1

Simulation based on the SEM 
of the real SEST HF

Measured

Measured

Measured

Input Power (mW)

0 100 200 300 400 500 600 700

Ph
as

e 
S

hi
ft 

(r
ad

)

0.00

0.02

0.04

0.06

0.08

0.10

0.12

0.14

HF length: 2.2m 
HF core: 2.4µm (HF#3) 
γ= 410W-1 km-1 

Coupling eff.= 26.25% 



CHAPTER 5   Fabrication of complex structure soft glass HF 

 

 

199

 

glass, the measured γ value yields an effective mode area of Aeff ~4µm
2 

(Equation 

2.3). This measured Aeff value is in good agreement with the predicted Aeff value of 

3.1±0.1 µm
2 
(see Section 5.4).  

 

Our measurements are in excellent agreement with our modelling, which 

predicts γ values of ~170, 250 and 414 W-1km-1 for HF#1, #2 and #3 respectively ( see 

Figure 5.28).  

 

Table 5.9:  The results on the measurement and modelling of the fibre nonlinearity 

and effective mode area 

Optical property HF#1 HF#2 HF#3 

γ (W-1km-1) 170 250 414 

Aeff (µm
2
) 9.66 6.67 - 

Core diameter (µm) 4.2 3.4 2.4 

 

 

5.4.2.5.4 Dispersion  

 

The great advantages of SEST HFs, though, can be appreciated when the fibre 

dispersion is considered. We have performed numerical simulations using a full 

vector model to calculate the group velocity dispersion (GVD) profiles of the 3 fibres. 

The model used refractive index profiles based on SEM images of the real fibre 

structure. In Figure 5.29, we plot the predicted variation of GVD at 1.55μm with 

different core sizes, alongside a plot of the dispersion profile for our optimised SEST 

structure, where it is seen that very low values of dispersion can be expected for core 

diameters of ~4μm. Superimposed on the plot are experimentally determined 

dispersion values at 1.55μm measured for our samples using a low-coherence spectral 

interferometry technique [12]. The results are seen to be in very good agreement with 

our theoretical expectations.  

 

In Figure 5.29, we plot the theoretical variation of dispersion with wavelength 

for our three fibre samples, namely HF#1, HF #2 and #3. HF #2 and #3 are seen to 

exhibit anomalous GVD throughout the C-band due to an excess of waveguide 
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dispersion in this region. However, for HF #1 the effects of material and waveguide 

dispersion oppose each other in such a way that the zero-dispersion wavelength is 

shifted to the region between 1530-1540nm, as intended from our design calculations.  

 

 

 

 

 

 

 

 

 

 

Figure 5.29: Dispersion profiles for the SEST HFs (inset: GVD at 1.55μm as a 

function of core diameter for the SEST HFs) 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.30: Comparison between the dispersion profile of the WW HF and the 

fabricated SEST HF design 

 

We also plot in Figure 5.30 the theoretical dispersion profiles of several 

extruded SF57 suspended-core fibres previously fabricated with maximum 

nonlinearity in mind [3, 4]. The primary ZD wavelength for these fibres lies around 

1μm. The figure shows that the SEST designs offer far greater control and flatter 

dispersion profiles in the 1.55μm region compared to the suspended-core structures 
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previously fabricated. (Note that it is possible to envisage suspended-core fibres with 

primary ZD-wavelengths within the C-band however these designs are heavily 

multimode). The figure also shows the dispersion profile of a theoretical SEST design 

optimised for flattened dispersion at 1.55μm which highlights the excellent properties 

that should ultimately be achievable using the SEST approach. 

 

 

 

5.4.3 3rd experiment on 2-ring-element stacking technique: 2R-SEST  

 

5.4.3.1 2R-SEST fibre 

 

 The fibre fabrication approach for the 2-ring-element-stacking 2R-SEST HF 

is similar to the 2nd experiment, 1-ring-element stacking Improved 1R-SEST HF, but 

with an additional ring for reducing confinement loss to practical level.  For the 6 and 

7-hole-stacking elements, we used the canes from the previous pull (2nd experiment). 

 

   Start of the pull                  end of pull 

Increasing pressure 

                                           

Figure 5.31: The evolution of the fibre structure from the start to the end of the pull. 

 
 

From the stacked preform of 2R-SEST fibre, we obtained fibres with a large 

variation in hole sizes (Figure 5.31). Some holes were even closed completely, 

whereas others became very large, but the more crucial part (6-holes for the centre 

core element), were retained and the deformation was in the 7-hole stacks for the 

cladding region. This might be due to the temperature gradient inside the preform. In 
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addition, the ratio of d/Λ (0.48) of the holes is very small, so the effect of surface 

tension will be more significant than the air pressure inside the holes. The holes in the 

outer ring of the 7-hole elements can still survive because there are large air gaps 

between the canes and the jacketing tube, which allows the holes to be able to expand, 

while there is no room for the holes of the inner ring of the 7-hole elements as it was 

restricted within the hexagonal canes. We also noticed that some canes had been 

rotated during the fibre drawing and this had caused the holes to be out of position. 

One of the possible solutions is by using a 6-hole element with the hole size larger 

than the 7-hole elements and thus reduce the number of stacking rings. Further details 

on this solution will be discussed in the later section 5.4.4 (Improved 2R-SEST).  

 

 
 
 
 
 
 
 
 
 
 
 

Figure 5.32: Optical micrograph of the 2R-SEST HF 

 

 Figure 5.32 displays the image of the 2R-SEST HF taken from the optical 

microscope. Strong index guiding was clearly observed inside the core region, but 

unfortunately, due to the structure deformation, the fibre was too lossy to be used 

practically and therefore, we did not continue with the fibre characterisation. 

 

 

 

5.4.4 4th experiment on improved 2-ring-element stacking technique: ‘2+1’R-

SEST  

 

5.4.4.1 Design and modelling 

 

Figure 5.33 depicts the design structure of the improved SEST fibre (we 

named it as  ‘2+1’R-SEST fibre), with a smaller hole size for the central element 
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compared with the hole size of the outer ring, where we named the diameters as d1 

and d2 respectively. With this design, only one ring of stacking elements is needed as 

there are already 2 rings of holes in the central core element. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5.33: ‘2+1’R-SEST structure with the labelled parameters, d1 and d2 
 
 
 

 Improved 1R-SEST                            2R-SEST                       ‘2+1’R-SEST 

Figure 5.34: Development of SEST HFs 
 
 

We came up with this idea after several trials and improvements of the SEST 

fibre. Firstly, we found out that more rings of holes were needed for the 1-ring-

element stacking SEST, to reduce the impractically high confinement loss. However, 

we realised that it is very difficult to stack multi-ring elements, let alone to make sure 

the holes are in their proper position. Therefore, an alternative design of the improved 

SEST was needed to provide less labour intensive fabrication, at the same time better 

optical properties, in terms of nonlinearity, dispersion and confinement loss than the 

SEST fibres we produced in the previous 3 trials. Figure 5.34 shows the development 

of the SEST design from trial 1 to trial 4. 

d2 d1 
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Figure 5:35: ‘2+1’R-SEST design with the optimised parameters  

   

 Again, the inverse design approach, similar to that previously applied to the 

optimisation of the SEST HF [7], is employed in order to identify the ideal SEST 

design which can provide a flat and zero dispersion profile in the C-band, also high 

nonlinearity and low confinement loss. The structure is described using four 

parameters: d1, d2, Λint and Λ, as shown in Figure 5.35. 

 

 
Figure 5:36: Dispersion profiles and predicted mode profile of the ‘2+1’R-SEST 

design 

 

Figure 5.36 illustrates some dispersion profiles simulated by varying the 

values of the 3 mentioned parameters. The idealised dispersion profile has the 

│D│<1 ps/nm/km, spanning from 1500nm to 1600nm, where the Λ=2.286μm, 

Λ  = 2.286 μm 
Λint  = 1.394 μm 
d1/Λint  = 0.456 
d2/Λ  = 0.636 
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d1/Λint= 0.456 and d2/Λ= 0.636. The γ value is approaching 464W-1km-1 at 1550 nm, 

with the effective mode area of 3.58μm2, while the confinement loss is predicted to be 

0.026dB/m. In short, this structure has offered a very good dispersion curve, with a 

high nonlinearity and a very low confinement loss which is what we are targeting. 

 

 

5.4.4.2 Die design 

 

Figure 5.37 shows the drawing of the 18-pin-die and 7-pin-die that were used 

in the 4th experiment of ‘2+1’R-SEST fibre fabrication. Note that each 18-pin-die or 

7-pin-die consists of 2 parts: the outer nozzle yielding the outer hexagonal shape and 

the inner core yielding the inner “18-hole” or ‘7-hole’ structure. The pin size of the 7-

pin-die was increased from 1mm to 1.5mm, compared to the previously made 7-pin-

die for 1st, 2nd and 3rd experiments.  

 
Figure 5.38 depicted the cross section of the perfectly extruded 18-hole 

hexagonal structured element. This is the desirable hexagonal geometry that we would 

like to fabricate, as it can facilitate the stacking process but it will be very challenging 

to extrude an element of more than a ring of holes. 

 

        (a)             (b) 
Figure 5.37: Drawing of (a) 18-pin-die and (b) 7-pin-die of the ‘2+1’R-SEST HF 
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Figure 5.38: The schematic drawing for the die and the desirable geometry of the 18-

hole extruded element 

 
 
 
 
5.4.4.3 Extruded preform, caning and structured element stacking 
 
 

Table 5.10 displays the extruded 18-hole and 7-hole preforms. We managed to 

achieve a reasonably good length and uniformity for the two preforms.  Both of the 

18, 7-hole extruded preforms exhibited circular outer shape compared to the original 

hexagonal shape in the dies. From the cross-section view of the preforms, all holes in 

are in appropriate position and do not deviate too much from the original die. 

However, the 18-hole preform demonstrated smaller holes than originally expected. 

This is probably due to extrusion parameters (speed, pressure and temperature) 

variations. Thus, active control of the extrusion by appropriate die design and correct 

parameters are needed to allow the fabrication of preform with good structural 

geometry. 

 

Table 5.10 shows the canes for both extruded 18-hole and 7-hole preforms. 

The 18-hole cane exhibited even smaller relative hole size compared to the original 

preform although high drawing tension was applied during the caning process. High 

drawing tension is used to prevent distortion of the circular holes. From both 

hexagonal 18,7-hole preforms, we produced >10m of uniform cane with the OD range 

of  630-700μm. 

 

There were some difficulties in canes stacking due to the circular outer shape 

of the canes. With the circular outer shape, the canes were more prone to rotate during 
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the stacking process and this will lead to hole displacement. 

 

 

Table 5.10: The dies and the structural features of the extruded elements and canes for 

the ‘2+1’R-SEST design 

Sample 18-hole-element 7-hole-element 

Die 

 

 

 

 

  

Preform  

*Photo is not available 

 

Preform 

Cross section  

 

 

 

 

 

 

Cane 

Cross section 
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5.4.4.4 ‘2+1’R-SEST Fibre 
 
 
Start of the pull                          end of the pull 
 

increasing pressure, higher tension 
 

Figure 5.39: The evolution of the ‘2+1’R-SEST fibre structure from the start to the 

end of the pull along the whole length 

 

The fibre structure was observed after the fibre pulling. From the observation, 

the evolution of this ‘2+1’R-SEST fibre is illustrated in Figure 5.39.  All holes are 

open, except a hole in the inner ring is collapsed. We also observed that the inner 

holes gradually appear from the 2nd ring to the 1st ring within the cross-section, the 

hole sizes are significantly smaller than the optimised ratios from the modelling. 

Along the fibre, we also noticed variations in hole size. During the fibre-drawing, the 

air-filled microstructured cladding will usually be deformed, due to the effects of the 

of the air pressure inside the air-filled holes, the surface tension of the glass and the 

temperature gradient in the HF preform. The hole deformation that we have discussed 

above, are attributed to the variations in the drawing tension and temperature. In 

addition, a high pressure that builds up inside the air holes can be generated and it will 

increase with time due to the decreasing preform length, which means the decrease in 

the internal volume of the air-filled holes. Therefore, we believe that a considerable 

improvement in fibre structure will be achieved with a significantly longer fibre 

preform. Moreover, in order to minimize the collapse of the holey cladding when 

drawing fibres, all the holes in the preform need to be sealed properly before fibre-

drawing. 
 

One of the possible solutions for this problem is to use a 18-hole-element with 

a larger hole size than the 7-hole-elements. So after some compensation during fibre 

drawing, the holes around the core can be maintained. 
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5.4.4.5 Characterisation  

 

 Samples of the ‘2+1’R-SEST fibre was observed under the optical 

microscope. Using the reflection optical microscope, strong index guiding was clearly 

observed inside the core region, but due to the fire at the ORC on 30th October 2005, 

the drum of these HFs was destroyed and we could not perform further fibre 

characterization. Therefore, we can only predict the optical properties of the HFs from 

the available SEM images via simulations. The details of the ‘2+1’R-SEST HF 

modelling process discussed in this section were courtesy of Francesco Poletti. 

 

 Again, in order to study the improved SEST HFs, we employed COMSOL 

MULTIPHYSICS®(COMSOL), a commercial Finite Element Method modeling 

package, which can accurately represent the large refractive index contrast present in 

high nonlinear soft glass HFs and a full vector method is required. This model used 

the refractive index profiles based on the SEM images of the real fibre structure as 

shown in Figure 5.40(a). The missing inner hole of the real ‘2+1’R-SEST fibre is 

included for the simulation purpose as described in Figure 5.40(b)(c). 

 

 We first investigated the spatial mode guidance characteristic of this HF at 

1.55μm. The predicted fundamental mode profile exhibited a near hexagonal 

symmetry of the fibre core (Figure 5.41 (b)), which looked quite similar to the 

predicted fundamental mode of the optimized ‘2+1’R-SEST HF (Figure 5.41(a)), but 

less confined. The effective mode area and the effective nonlinear coefficient for this 

fibre at 1.55μm were then evaluated, and predicted values are 15.51μm2 and 107W-

1km-1 respectively with the confinement loss of 0.03dB/m (see Figure 5.42). 

 

 

      

 

 

 

Figure 5.40: (a) SEM image of the ‘2+1’R-SEST HF with a missing inner hole (b) 

For the modeling purpose, the missing hole is included in the SEM image (c) The 

exact fibre structure is defined in black and white 

(a) (b) (C)
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                  (a)                                                                       (b) 

Figure 5.41: (a) Predicted mode profile of the optimized ‘2+1’R-SEST HF at 1.55μm 

(b) predicted mode profiles of the exact ‘2+1’R-SEST HF at 1.55μm 

 

 

 The great advantages of the ‘2+1’R-SEST HFs though can be appreciated 

when the fibre dispersion and mode confinement are considered. We have performed 

numerical simulations using a full vector model to calculate the basic properties of the 

fibre such as modal effective area, confinement loss and group velocity dispersion 

(GVD) as depicted in Figure 5.42. The fibre exhibits normal GVD throughout the C-

band due to insufficient waveguide dispersion to overcome the large material 

dispersion for SF57 glass in this region. The GVD at 1.55μm is about -40 ps/nm/km 

at 1550 nm. This is due to the fabricated fibre has larger Λ than the optimized 

structure (Λ=2.286μm), and this can be clearly seen by plotting the optimized fibre 

and fabricated fibre in the same scale. Also we can notice that d1/Λint of the holes in 

the central element is smaller than the optimized structure, which probably generates 

smaller waveguide dispersion that is required to compensate the large material 

dispersion (-50 ps/nm/km at 1550nm) and to shift the ZDW to the C-band regime as 

intended from our design calculation, which eventually leads to the normal GVD. 

However, this HF shows an improved dispersion profile in terms of the profile 

steepness compared to the WW HFs.  
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Figure 5.42: Some basic optical properties of the ‘2+1’R-SEST HF based on the 

exact fibre SEM image. 

 

The next investigation will be on the variation of fibre size towards the fibre 

dispersion management. The size of the ‘2+1’R-SEST fibre was scaled down to 80% 

and 60% from the original size as shown in Figure 5.43 (a) and (c) respectively. We 

noticed that since the size reduction of the fibre does not change the d/Λ of the inner 

rings, dispersion remains very similar. The only advantage for the smaller fibres is in 

a reduced effective area and higher nonlinearity. Larger hole size of the inner rings 

are needed to provide enough waveguide dispersion to compensate for the material 

dispersion in order for the fibre to have a ZDW at the C-band region. 
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                         (a)                                                                  (b) 

                        (c)                                                                        (d) 

Figure 5.43:  (a) The size of the ‘2+1’R-SEST fibre that has been scaled down to 80% 

(b) Some basic optical properties of the downscaled 80% ‘2+1’R-SEST fibre (c) The 

size of the ‘2+1’R-SEST fibre that has been scaled down to 60% (d) Some basic 

optical properties of the down scaled 60% ‘2+1’R-SEST fibre 
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5.5 Conclusion      
                       
 

The aim of this project is to develop a new class of highly nonlinear HFs, with 

better dispersion management characteristics, using Schott SF57 lead silicate glass. 

The targets for such fibres are high effective nonlinearity, low confinement loss, 

single-mode or effectively single-mode guidance, near-zero dispersion and flattened 

dispersion slope at 1550 nm. For many telecommunications applications, a fibre with 

as low and flat a dispersion profile as possible within the C-band is required. The WW 

HFs (refer to Chapter 4) that we produced earlier offer very large nonlinearities but 

allow for only relatively limited dispersion control around 1550nm. It is also 

noticeable that it will be a challenging task to control the fibre dispersion and at the 

same time, succeed in shifting the ZDW of the WW HF to longer wavelengths, i.e. 

1550nm, due to its very sensitive and steep dispersion profile at that particular 

wavelength range. 

 

We started our initial research of SF57 lead silicate glass HF for highly 

nonlinear applications in telecommunications by firstly considering the hexagonally 

CAST and SEST designs. Modelling of the CAST and SEST fibre designs has been 

conducted and the fibre properties were predicted using a commercial Finite Element 

Method modeling package. In order to identify fibre designs providing near-zero, flat 

dispersion at 1550nm, an inverse design procedure similar to that previously applied 

to the optimization of dispersion-flattened high nonlinearity silica fibres was 

employed [3,4]. The analysis shows that both CAST and SEST fibre designs can 

overcome the SF57 material dispersion at 1970nm and provide a flattened dispersion 

profile at 1550nm regime with │D│<5 ps/nm/km over a wavelength range spanning 

>100nm, and a γ value >500W-1km-1 i.e. about 25% of the maximum possible in SF57 

glass, at a reasonably low confinement loss. 

 

The CAST and SEST designs with equivalent core size result in similar optical 

properties, apart from the fact that the SEST design is more advantageous than the 

CAST design in terms of: 1) reducing the confinement loss, 2) when the scale of the 

structure is reduced and the cladding extent needs to be enlarged, 3) SEST design 

fabrication is less labour intensive compared to CAST design fabrication. Therefore, 

after a consideration of the pros and cons of both the CAST and SEST design with 
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different aspects of their functionality, the SEST design fabrication was selected. 

 

Extrusion has been proven to be a powerful technique to produce glass 

elements of different shapes. A good understanding of the process parameters and 

their impact on the extruded glass element dimensions and qualities has been 

achieved. More investigations and experience are required to determine optimum 

temperature and pressure, in particular for glass with intricate structures such as SEST 

performs. In addition, the impact of the different die designs on the geometry of the 

extruded elements needs to be explored further. A new fabrication approach – SEST 

is introduced. This fabrication technique combines the versatility of capillary stacking 

with the simplicity of extrusion to allow the production of soft glass HFs with the 

complex structures required for greater dispersion control in soft glass HFs.  

 

We have gained understanding and experience in the fabrication of SEST 

fibres with an array of small air holes. Compared with the WW canes and fibres, 

having three larger holes, higher drawing tension is required to prevent collapse of the 

clearly smaller holes in the stacked canes and fibres. In addition, it is important to 

have a sufficiently long stacked preform (~150 mm) to allow high internal pressure. 

We have succeeded in fabricating different types of SEST fibres with a regular array 

of air holes of similar size. Several trials and improvements of the SEST fibre 

fabrication were performed. Firstly, we found out that more rings of holes are needed 

for the 1-ring-element stacking SEST, to reduce the impractically high confinement 

loss, but it is very difficult to stack multi-ring elements and, at the same time, make 

sure the holes are in their proper position. Thus, an alternative design of the improved 

SEST (‘2+1’R-SEST) was made to provide less labour intensive fabrication. It is also 

predicted to offer better optical properties, in terms of nonlinearity, dispersion slope 

and confinement loss at wavelengths centred around 1.55μm, than the SEST fibres we 

produced in the previous 3 trials.  

 

In short, we have successfully fabricated high-nonlinearity, effectively single 

mode, lead-silicate HFs with ZDWs around 1.55 µm using a new fabrication approach 

– SEST. We demonstrated the fabrication of an SF57 SEST fibre with a ZDW within 

the C-band, a 3.2 dB/m loss, and a γ value of 170 W-1km-1. The measured properties 

of these fibres are shown to be in good agreement with the theoretical expectations. 
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Further enhancement of the dispersion flatness, nonlinearity and loss of SEST HFs is 

anticipated in the near future with the optimised SEST structure. 
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6.1  Introduction 
 

One of the unique properties of lasers is that they are monochromatic. This 

means that lasers emit coherent light at only a ‘single’ wavelength (over a narrow 

wavelength range). Lasers are also exceptionally bright when compared to thermal 

white light sources. This is because a large amount of power is not only concentrated 

in a small spectral window but can also be focused tightly onto a small area. 

However, white light sources have attracted great interest despite their low brightness. 

Their broad and smooth spectrum, and low temporal coherence have made them very 

useful in a wide range of applications. Supercontinuum (SC) is a new type of light 

source that provides a combination of the desirable features of both laser and white 

light: (a) high output power, (b) a broad and flat spectrum, which can span more than 

2 octaves in frequency, and (c) a high degree of spatial coherence that allows tight 

focusing [1]. In other words, a SC source is a coherent white light.   

 

SC generation was first observed in 1970 by Alfano and Shapiro, by focusing 

powerful picosecond pulses in bulk borosilicate glass [2]. Similar broadening was 

observed in H2O and D2O in 1977 [3] and in a jet of gaseous ethylene glycol in 1983 

[4]. It is essentially a nonlinear phenomenon and a product of the synergy between 

several fundamental nonlinear processes, of which the most important are self phase 

modulation (SPM), four wave mixing (FWM) and stimulated Raman scattering 

(SRS). The interplay between these different nonlinear effects affects the SC 

properties such as extends of spectral broadening, homogeneity and coherence.  

 

With the introduction of ultrafast lasers which provide picosecond pulses 

operating at the telecommunication wavelengths at 1310 nm and 1550 nm, SC 

CHAPTER 6 
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generation was achieved in a conventional SMF in 1987 [5]. After that, several fibre 

designs have been proposed to enhance the generated spectral bandwidth. For 

example, by decreasing the dispersion along the fibre at the telecommunication 

wavelengths, a bandwidth of a few hundred nanometers was obtained [6]. In the 90’s, 

MOFs or HFs were invented, providing new opportunities in the field of SC 

generation by virtue of their unique nonlinear and dispersive properties.  

  

 The study of SC generation in HFs is currently a topic of great interest since 

HFs first enabled visible SC generation using seed pulses input directly from a 

Ti:Sapphire oscillator as shown by Ranka et al. [7] in 1999. The attention arose 

because of the unique properties of this remarkable spectral broadening in HFs, such 

as low energies and comparatively big input-pulse durations, its coherence, and high 

spatial brightness as well as SM operation; also because of capability of pumping at 

~780nm from established fs-sources such as a Ti:sapphire laser. Figure 6.1 shows the 

comparison of the power spectral density of various fibre-coupled broadband sources: 

(a) ASE source, (b) Incandescent lamp (thermal white light), (c) HF-based SC source 

and, (d) SLEDs. When compared to the thermal white light source, the SC source 

covers a comparable spectral range, but is typically thousands of times brighter, 

providing a signal-to-noise advantage of 30-40 dB in many applications [1]. For the 

ASE source based on Rare Earth doped fibre, it is comparable in total output power 

with the SC source, but its output spectrum is narrower, and it is limited to 

wavelengths for which suitable dopant/host combinations are available. In short, SC 

combines both high brightness and broad spectral coverage, a combination offered by 

no other technologies.  Due to these special properties, SC in HFs has shown very 

promising potential for the development of applications such as frequency metrology 

[8], optical coherence tomography [9, 10], novel light sources and, spectroscopy 

[11,12]. The use of HFs is also particularly attractive for efficient generation of SC 

radiation due to the large degree of design freedom which makes it possible to 

enhance the nonlinear effects by reduction of their effective area and to tailor their 

dispersion in order to favour soliton generation or phase-matched processes in the 

wavelength range of interest. For example, in the visible and near IR, applications for 

these sources include optical frequency metrology and optical tomography. Other 

applications for a broadband continuum exist for wavelengths beyond 2 µm, i.e. 
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LIDAR applications in the 3-12 µm wavelength range [13]. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.1: Comparison of the power spectral density delivered into a SMF for 

various broadband light sources: ASE-source, incandescent lamp, SC source and 

SLEDs (this figure was extracted from [1]) 

 

SC generation can be observed in a drop of water, provided enough power is 

available, but the nonlinear effects involved in the spectral broadening are highly 

dependent on the dispersion of the media and clever dispersion design can 

significantly reduce power requirements. Despite the capability of these HFs to offer 

effective nonlinearities, that exceed by far what can normally be achieved by using 

conventional fibre technology, SC generation can become more efficient when the 

fibre is pumped at wavelengths near to its ZDW. Because of the extreme waveguiding 

conditions of the highly nonlinear HFs, it is possible to alter the magnitude and slope 

of their dispersion profile by suitable modification of the fibre design (as described 

previously in Chapter 4 for the WW HFs and Chapter 5 for the SEST HFs). Shifting 

the ZDW of a nonlinear HF to a region where there are convenient laser sources 

available enhances the efficiency and practicality of the SC generation process. Table 

6.1 is a very simple guideline valid for femtosecond pumping, when selecting a 

fibre/pump combination for SC generation. The widest spectra are obtained when the 

pump pulse is launched close to the ZDW of the nonlinear media. 
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Table 6.1: list of selection for fibre/pump combination for SC generation 

Pumping wavelength (λpump) Output spectrum 

< ZDW Stable, smooth and narrow spectrum 

= ZDW Irregular, medium-wide and  with a dip at the ZDW 

> ZDW Irregular and wide spectrum 

 

 

It is interesting to consider alternative glasses for the generation of broadband 

radiation due to the limitation of silica at certain wavelengths, e.g. material dispersion 

and material nonlinearity. The fundamental material properties of non-silica soft 

glasses can enhance SC generation across the visible to mid-IR. By suitable control of 

the fibre transverse structure, and material choice, it is possible to envisage fibre 

designs with nonlinearities that are tailorable over orders of magnitude, at the same 

time obtaining suitable dispersion properties, which is often of greater importance for 

many nonlinear devices for telecommunications applications. The high index contrast 

between air and glass allows for extreme values of waveguide dispersion and this can 

be used to control the large material dispersion associated with soft glasses at 

wavelengths of interest in the near IR – i.e. at 1550nm for telecommunications, or 

around 1060nm for incorporation within Yb-doped fibre based devices. Up till now, 

soft glasses have not yet found widespread application due to the difficulty in 

fabricating low-loss single mode fibres. However, HF technology provides a powerful 

new technique for producing soft glass structures. Recent work at the University of 

Southampton has led to successful fabrication of the first soft glass HFs [14]. 

Investigations of the fibres’ non-linear and dispersive properties will help establish 

their suitability, or otherwise, as temporally agile, frequency selective sources. For 

instance, both SF57 glass WW HF with γ=1860 / (W.km) [15] (More details can be 

found in Chapter 4) and SF57 glass SEST HF [16] (More details can be found in 

Chapter 5) were reported recently. 

 

In silica glass HFs, it is possible to achieve anomalous dispersion at visible 

wavelengths, i.e. at wavelengths much shorter than the material zero dispersion 

wavelength, allowing soliton formation at wavelengths shorter than 600nm [17]. 

Similar benefits in terms of controlling the dispersion properties of fibres at 

wavelengths of technological interest can be obtained in soft glass HFs. The material 
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ZDW for SF57 glass is ~1.97 μm but as we have shown in the previous chapters, it is 

possible to use the large waveguide dispersion available in SF57 HFs to obtain fibres 

with ZDWs shifted by more than 1000nm to allow efficient SC generation when 

pumped at wavelengths around 1μm and 1.55 μm. SC generation depends on the fibre 

characteristics over a broad range of wavelengths, so complex dispersion profiles, for 

example with two ZDWs, can also be envisaged as suggested by other authors [18]. 

For this initial practical demonstration, we have considered a single ZDW for WW 

HFs measurement and this has practical significance as it reduces the pulse energies 

required for the initial stages of SC generation down to the 100pJ regime – a pulse 

energy regime that can readily be accessed directly from mode-locked Yb-doped fibre 

laser cavities. This should lead to the development of truly compact and practical SC 

sources for metrological applications. To date the majority of work on SC generation 

has used nJ pulses from bulky and expensive Ti-Sapphire laser systems which has 

restricted widespread deployment of the technology. 

 

The objective of my PhD was to explore the limits of nonlinearity and 

dispersion control in SF57 lead-silicate based HFs. My focus has been both on 

establishing the maximum nonlinearity that can be achieved in these fibres at 

telecommunications wavelengths, and to develop high nonlinearity fibres with 

dispersion-shifted characteristics suitable for SC generation applications at 1.06 μm 

and 1.55μm. This chapter is devoted to the SC studies we carried out using the two 

types of fibres produced (WW HFs (Chapter 4) and SEST HFs (Chapter 5)). We 

present both experiments and numerical simulations and discuss how the properties of 

each of the fibres affected the broadened spectra. Both of these studies combined 

experimental and numerical results, and the simulations and experiments were in 

qualitative agreement. 

 

 

 

6.2  Numerical model of the SC simulations 

 

Numerical simulations were performed to assist us in interpreting the results 

and to gain a better understanding of our SC generation data. This simulation work 

was preformed by Dr. Jonathan Price on the WW HFs discussed in Chapter 4, with 
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the fibre properties details provided by myself. 

 

 As with silica, we have assumed that the amorphous multicomponent glass 

that I used (i.e. SF57 glass), is centro-symmetric, and has a homogeneous third order 

nonlinear susceptibility ( ))3(χ , which is small compared to the linear susceptibility, 

and is also wavelength independent over the wavelength range considered. The total 

refractive index therefore includes a small intensity dependent nonlinear contribution: 

( )Innn 20 += .   

 

The model used to simulate pulse propagation includes both the instantaneous 

electronic response (responsible for the Kerr effect), and the delayed ionic response 

(responsible for Raman and Brillouin scattering) in the nonlinear component of the 

refractive index, 2n .  As is usual when modelling silica fibres, the nonlinear response 

to the applied field, ),( tzA , has been written as ( ) )()(1)( thftftR RR +−= δ , where 

the δ -function represents the instantaneous electronic response, )(th  represents the 

delayed Raman response of the ions and Rf  represents the fractional contribution of 

the delayed Raman response governed by )(th . The optical amplitude ),( tzA  will be 

changed according to:  
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For silica, the Raman temporal response has been previously determined from 

the shape of the Raman gain in the frequency domain [19], and the Raman fraction of 

the total nonlinearity was determined to be 0.18 from measurements of the absolute 

value of the Raman gain.  We are not aware of any previous measurements of the 

delayed temporal response or absolute Raman gain for SF57, and we have calculated 

the temporal response from uncalibrated spontaneous Raman spectra following the 

procedure used for silica by Stolen et al. [20].  For SF57 we assumed the Raman 

fraction of the total nonlinearity to be Rf  = 0.2, based on the known fraction of 0.18 

for silica.  As far as we are aware, this is the first time that non-silica Raman 

responses have been included in numerical SC simulations. 

 

Effects such as two photon absorption, have not been included, and we have 
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considered a single polarization only, and processes occurring within the fundamental 

fibre mode, and not mode-mixing to possible higher order modes. These 

simplifications enable modelling of the pulse-propagation using the modified 

nonlinear Schrödinger equation (NLSE) [21], with loss, as shown below, and as used 

previously for SC simulations [22-24].   
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where ),( tzAA =  is the electric field envelope, kβ  are the dispersion coefficients at the 

centre frequency 0ω , )(ωα  is the frequency dependent fibre loss.  The full 

wavelength dependent loss and dispersion profile of the fibre was included as shown 

in Chapter 4.  We used the Aeff data from Chapter 4 as calculated at the seed pulse 

wavelength.  To solve the propagation equation, we used a standard split-step Fourier 

algorithm treating dispersion in the frequency domain and the nonlinearity in the time 

domain, apart from the temporal derivative for the self-steepening effect, which was 

evaluated using Fourier transforms. Our simulation results show the expected fine 

structuring [21] and the Fourier transform of the time-separated pulses causes high 

frequency modulation on the spectrum (fine structuring).  Very small variations in the 

seed-pulse lead to small changes in the wavelengths of the peaks and dips so they are 

only observed in a single-shot measurement whereas a time-averaged measurement 

would show the smoothed out average spectrum. Here, we have applied a rolling 

average to smooth the spectra, which should be approximately comparable to the time 

average over several pulses that was measured in the experiments and is 

computationally straightforward since it does not require repeated simulations with 

slight variations of the input pulse and which would be necessary for a detailed study 

of the noise properties of the SC. We believe that given the uncertainties of the exact 

characteristics of the fibre, and the generally good agreement with the experimental 

data, the simulations provide a strong indication that the fibre performance may be 

understood based on the simulated dispersion profiles and nonlinearity. The simulated 

seed pulse was a transform limited 300 fs (FWHM) Gaussian profile at 1.055 µm.  

 

 

 



CHAPTER 6    Non-silica glass high-nonlinearity dispersion-shifted HFs for efficient supercontinuum generation 

 

225

6.3 Experiment setup 

 

Several issues regarding pulse distortion must be addressed when coupling 

light from a femtosecond (fs) laser into a HF, in order to achieve the optimum 

performance. In this section, we will discuss the experimental procedures and briefly 

discuss the operation principles of the components used in the experimental setup, 

together with the precautions that should be taken to couple light from a fs laser into a 

small-core HF. The considerations discussed here are applicable to free-space setups. 

Figure 6.2 shows a schematic overview of a typical setup.  

 

 
Figure 6.2: Schematic drawing of a typical experimental setup for SC generation 

using a femtosecond source and a short piece of highly nonlinear and dispersion 

tailored HF. 

 

First, the supercontinuum was generated by launching fs pulses from a tunable 

mode-locked fs laser into a highly nonlinear HF (WW/SEST HF) as shown in Table 

6.2. The light was coupled into the fibre using standard microscope objectives with a 

high numerical aperture. An optical isolator was placed after the laser to prevent back 

reflections. The polarization state of the input pump pulses was controlled with a half-

wave plate inserted after the isolator. A telescope composed of two lenses was added 

between the half-wave plate and the coupling lens to reduce the size of the diffraction-

limited spot formed after the coupling lens. With this system, a coupling efficiency of 

20 % can be obtained. The spectrum of pulses after propagation through the HF was 

recorded using an optical spectrum analyzer (OSA). The power measurements were 

performed utilizing the spectrum analyzer and a power meter. 
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A. Laser source 

Two types of fs lasers were used in the SC experiment. A mode-locked 

Nd:glass laser and the Coherent Mira laser were used as sources of short and intense 

pulses for SC generation in WW HF and SEST HF respectively. The Nd:glass laser 

produces Gaussian pulses with a duration of the order of 200fs, at a repetition rate of 

80 MHz while the  Coherent Mira laser produces 100fs pulses with a repetition rate of 

250KHz. 

 

Table 6.2: Parameters of the fs pump sources used in this study 

Operating 
wavelength  

(μm) 

 
Femtosecond source 

Pulse 
width 

(fs) 

Repetition 
rate 

(MHz) 

Average 
output 
power 
(mW) 

~1.06 Nd:glass 200 80 ~100 
~1.53 Coherent Mira laser 100 0.25 ~500 

 

 

B. Coupling system 

 

i. Optical isolator  

Lasers are very sensitive to optical feedback. Optical feedback can strongly 

affect the performance of the laser under mode-locked operation. The first issue to be 

addressed is the reflection from the fibre surface, which can lead to a distortion of the 

pulse train and, in severe cases, stop the laser from modelocking. In conventional 

fibre, back reflections can be minimized by cleaving the fibre at an angle, but this is 

very difficult for soft glass HFs. Thus, it is recommended to avoid this problem by 

using an isolator. 

 
 An optical isolator was placed after the laser output facet to reduce the effect 

of unwanted optical feedback. Its operation is based on a Faraday rotator, which turns 

the polarization state of input beam by 450 [25]. Two polarizing plates located at the 

input and output of the isolator can be adjusted to allow maximum intensity 

transmittance. The direction of polarization of a beam reflected back to the isolator 

rotates by 450. Consequently, the direction of polarization of this reflected beam is 

perpendicular to the optical axis of the input polarizing plate of the isolator, which 

therefore blocks the beam. 
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ii. Half wave (λ/2) plate  

Due to the birefringence of most HFs, especially the highly nonlinear small 

core HFs, the polarization axis of the linearly polarized fs pulses should coincide with 

one of the principal axes in the fibre. A half-wave plate allows for controlling the 

polarization of a beam without varying the power. The relative orientation of the axes 

can be controlled by a λ/2 plate. To find the principal axes, the polarization state of 

the output is measured and the λ/2 plate/fibre is rotated until the output is linearly 

polarized.  

 

iii. Telescope and lens 

The fs pulses can be easily coupled into the HFs through standard microscope 

objectives. Magnifications of x40 and x60 provide good results. To maximize the 

coupling efficiency, the spot size of the laser beam at the focus of the coupling lens 

should match the size of the fibre core and this can be achieved with a standard 

telescope. 

 

iv. Translation stage 

Nonlinear effects are very sensitive to any variations in the input power, thus a 

very stable mounting platform is needed. The HF was attached to an XYZ-translator 

using a fibre clamp. The 60-nm resolution of the stage allows precise positioning of 

the tip of the fibre towards the focus of the coupling lens. Our HFs have a very fine 

core and thus require critical alignment, which is difficult to maintain over an 

extended period of time due to thermal, acoustic and other unwanted effects. To avoid 

any oscillation of the fibre tip due to these effects, less than 1 mm of the fibre was left 

over the edge of the fibre clamp. Further stability can be achieved by taping the fibre 

to the mount. 

 
 

 

 

 

 

 

Figure 6.3: Thorlabs 3-axis Microblock Flexure stage [26] 
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6.4 Results and discussion 

 

The determining factors for generation of supercontinua are the dispersion of 

the HFs relative to the certain pumping wavelengths, the pulse length and the peak 

power. The dispersion, especially the sign and the slope of the dispersion, is critical in 

establishing the type of nonlinear effects participating in the formation of the 

broadening spectra, and eventually for the nature of the spectrum in terms of spectral 

shape and stability.  

 
This is a study of visible/NIR SC from our extruded highly nonlinear SF57 

HFs. The fundamental material properties of non-silica soft glasses can enhance SC 

generation across the visible to mid-IR. The ZDWs of these highly nonlinear, lead 

silicate HFs are designed to be shifted to the regions of 1.06 μm and 1.55μm, as there 

are convenient laser sources available, which can enhance the efficiency of the SC 

generation process. We have successfully developed the high nonlinearity WW HFs 

(Chapter 4) and SEST HFs (Chapter 5), with dispersion-shifted characteristics suited 

for SC generation applications at both 1.06 μm and 1.55μm respectively. For the SC 

in the visible and near IR region (WW HFs with ZDW of 1.06 μm), applications 

include optical frequency metrology and optical tomography. Other applications for a 

broadband continuum exist for C-band wavelengths (SEST HFs with ZDW of 

1.55 μm), i.e. nonlinear devices for telecommunications applications. 

 

The evolution of the pump pulse spectrum into a SC, by launching fs pulses of 

just a few tens of pJ energy in a <1m piece of our fabricated lead silicate glass fibres, 

is studied by gradually increasing the pump pulse power. In addition, the effects of 

pump wavelength with respect to the zero dispersion wavelength, polarization, and 

fibre length on the generated SC are also investigated. 

 

In this section, the measurement results are presented. Furthermore, numerical 

analysis compared with the measurement data of the SC generation in both WW HFs 

and SEST HFs is discussed. This study with the combination of both experimental 

and simulation were in qualitative agreement. An ultra-broad SC is generated by 

optimizing the pump-pulse parameters. 
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6.4.1 SF57 WW HFs with ZDW at 1.06 μm 

 

The primary ZDW for the previously discussed WW HFs lies around 1μm. 

Here, we describe our SC studies at 1.06 µm using the two SF57 WW HFs named 

Fibre#1 and Fibre#2, as described in Chapter 4 (Figure 6.4 and Table 6.3). We first 

present our SC generation experiments which yielded spectra spanning over one 

octave and extending into both NIR and the visible regions of the spectrum. Next, the 

results of the simulations are compared with our experimental results. We also 

consider simulation results for fibres with different core sizes, and conclude by 

suggesting promising combinations of pump wavelengths and fibre designs for 

continuum applications using SF57 HFs. 

 

Figure 6.4: (a) SEM image of the small core extruded WW HF, Fibre#1 with a core 

diameter of  ~0.95 μm and the enclosed area is the diameter of the circle that fits just 

inside the core region. (b) Measured mode profile for the HF with a core diameter of 

~0.95 μm at 1040nm 

 

 

 

 

 

 

 

 

 

(a) (b)
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Table 6.3: List of WW HFs used for the SC generation experiment with pumping 

wavelength at ~1.06μm 

WW Fibre Physical properties Optical properties 
Fibre#1 

 

 
1. fibre core diameter = ~0.95 μm 
2. fibre length = 60cm 
 

 
1. loss = ~2.50dB/m 
2. nonlinearity, γ =1860 W-1km-1  
3. ZDW= ~945nm 
 

Fibre#2 

 

 
1. fibre core diameter = ~1.3 μm 
2. fibre length = 6.8cm 
 

 
1. loss = ~2.62dB/m 
2. nonlinearity, γ = 600 W-1km-1 
3. ZDW = ~1060nm 
 

 

 

 

6.4.1.1 SC experiment 

 

At present we have no ready way to measure the dispersion profile of short 

lengths of our fibres around 1 μm, so we rely on our spectral broadening/SC 

experiments to confirm that these HFs have a low dispersion in the 1 μm range. For 

our SC generation experiments, we used a diode-pumped, mode-locked Nd:glass laser 

operating at 1.06μm as a pump source. This laser generated 200fs transform-limited 

pulses at a repetition rate of 80 MHz with an average output power of 100mW 

corresponding to a peak power of 4.17kW at ~1.05 μm. Thus, we were able to launch 

pulses with energies of up to ~250 pJ into short lengths of the two fibres. Typical 

measured launch efficiencies into the fundamental mode were 15-20% for these 

experiments depending on the specific fibre/coupling lens choice.  

 

The effect of pump pulse power is studied by gradually increasing pump pulse 

power and monitoring changes in the spectrum transmitted through the HFs. The 

input light polarization is set to match the direction of one of the principle axes of the 

HFs. The input power is varied by rotating a λ/2 state at the input polarizer of the 
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optical isolator. When the input power is increased, the pulse rapidly evolves into a 

higher-order soliton. The degeneracy of the higher-order soliton is lifted due to 

Raman scattering, resulting in soliton decay dividing it into fundamental solitons, as 

discussed in Section 6.2. After the decay, each of the fundamental solitons 

experiences a SSFS while propagating. This sequence of events is recorded using the 

optical spectrum analyzer and is shown in Figure 6.6 when the pump pulse power is 

gradually increased. 

 

The pulses were first launched into ~60 cm of Fibre#1 (~0.95µm core). Figure 

6.6 illustrates the spectra obtained at various launched powers. For modest power 

levels (launched pulse energies below ~20 pJ), we saw clear evidence of Raman 

soliton formation, an indication that this HF has anomalous dispersion at the 

wavelength of operation. However, the presence of four-wave mixing (FWM) and the 

generation of new components at shorter wavelengths relative to the pump is an 

indication that the ZDW is close to the predicted wavelengths. As we increased the 

power further, the spectral extent of the newly generated frequencies became broader 

(extended mainly towards the longer wavelength side) and the spectrum became 

smoother. In the measurements, the role of FWM is important in the last phases of SC 

generation. With high pump power levels, the Raman shifted solitons generate 

sidebands filling the empty spaces in the red part of the spectrum, as seen in Figure 

6.6. The filling of the gaps between the solitons begins with the solitons closest to 

ZDW. At higher pulse energies (~100 pJ) the spectral components in the HF spanned 

more than one octave and extended significantly into the near IR/visible wavelength 

regions of the spectrum. We achieved a spectral broadening in excess of 1000 nm for 

launched pulse energies as low as ~100pJ. Any further increase of the pump power 

does not result in an increase of the bandwidth in the infrared indicating a limit for the 

process. When comparing the absorption spectrum of the fibre (Figure 6.5(a)) with the 

recorded spectrum (Figure 6.6), it can be seen that the limit in the spectral bandwidth 

is caused by the peak in the absorption spectrum due to OH-molecular resonances at 

around 1440nm. Note that we also investigated the sensitivity of the SC process to 

input pulse polarization but found the shape of the output SC spectrum to be relatively 

insensitive to this. 

 

 We next experimented with a short length (~6.8 cm) of Fibre#2 with a larger 
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core diameter of ~1.30 μm. In Figure 6.7, we see that the SC generation properties of 

this fibre are quite different to Fibre#1. Although the overall spectral broadening is 

not as strong (a bandwidth of ~700 nm is observed in this case), broadening (at least 

up to certain power levels) occurred much more symmetrically than in Fibre#1. 

However, for pulse energy levels higher than 178pJ, spectral broadening was again 

more significant at longer rather than shorter wavelengths. This shows that the 

wavelength of the fs pulses is close to the fibre ZDW, and lies slightly within the 

normal dispersion regime. Self phase modulation dominates with raman scattering 

broadening to the long wavelength side. The output spectrum looks reasonably 

smooth and stable, and it is well suited for pulse compression or optical coherence 

tomography (OCT). 

 

 

Figure 6.5: Optical properties of the WW HFs, Fibre#1 and Fibre #2: (a) spectral 

propagation loss for Fibre#1, spot loss measurement is conducted for Fibre #2, 

2.5dB/m at 1550nm, (b) fibre effective nonlinearity at 1060nm and 1550nm and (c) 

dispersion. 
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Figure 6.6: Simulated and experimental optical spectrum at the output of the 

supercontinuum generation system for Fibre#1 

 

Figure 6.7: Simulated and experimental optical spectrum at the output of the 

supercontinumm generation system for Fibre #2. 
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6.4.1.2 Comparison of simulations and experimental results 

 

SC generation depends on the interplay between the seed pulse parameters 

(pulse width, repetition rate and operation wavelength), fibre length, dispersion, 

nonlinearity and loss.  Considering the short lengths of fibre used in these 

experiments, we believe that the loss did not strongly influence the spectra, except 

possibly at wavelengths below ~500 nm where the absorption is strong (Refer to the 

loss spectrum of SF57 WW HF in Figure 6.5(a)).  Furthermore, comparing fibres with 

different core sizes, the difference in nonlinearity parameter varied with effective 

mode area and, therefore, showed only a modest variation (Figure 6.5(b)). In addition, 

the width of the SC spectrum saturates after a threshold propagation distance along 

the fibres [24].  Therefore, the dispersion has the strongest influence on the shape of 

the continuum.   

 

The 0.95 µm core fibre, Fibre#1 has a ZDW of ~945 nm, so the dispersion is 

anomalous at the pump wavelength.  Figure 6.6 shows the experimental spectrum 

from the fibre, and there is clear evidence of the soliton-self-frequency shift (SSFS) 

transferring energy to longer wavelengths due to Raman gain, together with a dip in 

the spectrum close to the ZDW, and a low power short wavelength spectral peak.  

Comparing simulation results with the data, there is reasonable agreement with the 

overall shape of the spectra.  Slight differences are that the short wavelength peak is 

sharper in the simulation and that on the long wavelength side the individual Raman 

solitons have not merged to a flat continuum. We suggest that the flatter experimental 

spectrum may well be due to time averaging of several input pulses with a slight 

energy jitter although we unfortunately did not measure the amplitude jitter of the 

launched pulses source during these experiments and are thus unable to substantiate 

this comment further. Furthermore, small differences between the simulated and the 

exact dispersion profile could change the position and shape of the short-wavelength 

peak, and also influence the soliton fission process thus influencing the longer 

wavelength spectral shape. Such differences are to be expected since the calculated 

dispersion profiles shown in Figure 6.8 are for fibres with core sizes in 0.1 µm 

increments, and a finer grid should enable closer agreement. We believe that the 

relatively high intensity at the pump wavelength in the experimental spectrum is due 

to some residual power guided along the cladding of this uncoated fibre, which, due to 
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the larger cladding area, is not broadened by nonlinear effects. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.8: Dispersion curves for bulk glass and HFs with different core diameters 

 

The 1.25 µm core fibre, Fibre#2 has a ZDW of ~1080 nm, so that fibre has 

normal dispersion at the pump wavelength.  The lower power spectra (both 

experimental and simulation plots) in Figure 6.7 clearly show that a threshold power 

is required for explosive spectral broadening.  Simulations indicated that, for the first 

several centimeters of propagation, broadening was due to pure SPM in the normal 

dispersion region, and that only when sufficient power was transferred across the 

ZDW would ‘soliton effect’ compression lead to SC. The propagation distance to the 

soliton effect compression reduced with increasing power from ~7.5 cm at low power 

to ~6.5 cm at high power. Therefore for the experimental fibre length of 6.8 cm the 

data in Figure 6.7 shows that both the behaviors were clearly observed.  The high 

power simulation spectrum shown in the figure is in good agreement with the 

experimental data, and is reasonably flat from 800-1400 nm, apart from the dip close 

to the ZDW. We again interpret differences between the simulation and experimental 

spectra to be due to slight differences between the calculated and actual dispersion 

profiles, and to cladding guidance leading to the increased experimentally measured 

intensity at the pump wavelength. 

 

We also performed simulations for fibres with smaller core sizes than 

0.95 µm, which have increasing anomalous dispersion at the pump wavelength.  
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Simulations for a 5 cm fibre length with 0.8 µm core diameter indicated that pulse 

energies of ~100 pJ (as used in the above experiments), would produce a more 

pronounced blue-shifted component at <700 nm and Raman solitons extending to 

>1600 nm but with very low power in the range 700-900 nm.  (Other authors have 

considered even smaller core sizes [18].)  However, in practice wavelengths below 

~500 nm would be strongly absorbed in longer lengths of SF57 fibre. Further 

simulations indicated that with ~100 pJ pulses and a 1.05 µm pump wavelength, the 

broadest and flattest continua were produced by seeding slightly on the anomalous 

dispersion side of the ZDW, which corresponds to the dispersion profiles of fibres 

with core sizes in the range 1.0 – 1.1 µm.  The predicted spectra spanned from 

750 nm to 1500 nm.  Fibres with core sizes above 1.4 µm were not predicted to be 

efficient for continuum generation due to the strong normal dispersion at the pump 

wavelength. 

 

In short, SC is generated through a process of decay of higher order solitons 

(Figure 6.9(a)) into wavelength shifted Raman-solitons and group-delay matched 

blueshifted radiation (Figure 6.9(b)). Ultimately, FWM merges the solitons and 

reduces the magnitude of the gap around the ZWD (green arrows in Figure 6.9(c)). 

The increased power at short wavelength and reduced power close to the ZDW have 

been observed previously by other researchers and also in our own previous 

experiments on UV generation in small core silica HF [27] and are explained by the 

schematic shown in Figure 6.9 [28].   

 

When the pulse is injected in the anomalous dispersion region, providing the 

energy is sufficient, it will form into a higher order soliton, which subsequently 

breaks apart into single solitons.  These single solitons shift to longer wavelengths due 

to the SSFS, and shed energy which is transferred to the phase-matched wavelengths 

on the short wavelength side of the ZDW.  Due to the high anomalous dispersion at 

the seed wavelength, and the SSFS moving the pulses to longer wavelengths, the 

phase-matching mainly transfers power to the short wavelength region with high 

normal dispersion.  A gap in the spectrum is left in the low dispersion region near the 

ZDW.  The rate of  SSFS wavelength change is proportional to 1/(pulse duration)^4, 

so short pulses transfer power to the longer wavelengths most efficiently[29].  

However, for a fixed energy soliton, the duration increases with dispersion so the 
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dispersion slope broadens the pulses in time, and this limits the maximum wavelength 

shift. Considering the general relationship between the seed and zero dispersion 

wavelengths described above, we conclude that a flatter dispersion profile would 

perhaps be preferable for realising an ultra broad SC generation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.9: Schematic of the three stages of SC generation. (This diagram is extracted 
from [28]) 

 

 

Considering what we have described above, for all of the fibres, the steep 

dispersion profile at short wavelengths was due to the need for a large waveguide 

dispersion to shift the bulk SF57 ZDW from ~1.97 µm towards the ~1.05 µm pump 
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wavelength.  The steep dispersion prevented broad visible continuum generation with 

this pump wavelength.  To create an SF57 fibre with a flatter dispersion profile would 

require moving the fibre ZDW closer to that of the bulk glass e.g. a dispersion-

flattened SF57 HF with a ZDW ~1.5 - 1.6 µm, is likely to be feasible.  (For 

comparison the ZDW of bulk silica is at 1.3 µm and therefore smaller waveguide 

dispersion is required to shift the ZDW to 1 µm and, as a consequence, a dispersion 

flattened silica HF with ZDW at 1 µm is feasible.)  Since a SC source comprises both 

a nonlinear fibre and pump laser, we expect that dispersion flattened SF57 HF with an 

Er-fibre pump system could provide a very attractive and practical source for 

broadband continuum generation in the 1 – 2 µm wavelength regime. Therefore, we 

came out with a newly designed SEST HF, which is suitable for this application. 

 

 

 

6.4.2 SF57 SEST HFs with ZDWL at 1.55 μm 

 

The next fibre we are going to discuss in this section is the SEST HF (detail 

discussion on Chapter 5). The great advantages of SEST HFs, though, can be 

appreciated when the fibre dispersion is considered for SC generation. The location of 

the ZDW with respect to the pumping wavelength and the flat dispersion slope of the 

fibre are the most important considerations. The primary ZDW for the previously 

discussed WW HFs lies around 1μm, whilst The SEST designs offer far greater 

control and flatter dispersion profiles in the C-band compared to the WW suspended 

core structures. (See Figure 5.30 in Chapter 5 for the comparison of dispersion 

profiles of WW HFs and SEST HFs). 

 

In this section, we will demonstrate, experimentally and theoretically, our SC 

studies at 1.55 µm using the SEST HF made out of SF57 glass, HF#1 with core 

diameter of 4.2μm, as shown in Figure 6.10 and Table 6.4. This SEST HF possesses a 

higher nonlinear refractive index and a different chromatic dispersion profile 

compared to HF based on fused silica at telecommunication wavelengths. We first 

present our SC generation experiments which yielded spectra spanning over one 

octave and extending into both the visible region and the MIR region of the spectrum. 

We next describe a numerical model, which we have used to simulate the phase 
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matching behavior of the fibres. Finally the results of the simulations are compared 

with our experimental results.  

 

Figure 6.10: (a) SEM image of the extruded + stacked SEST HF, HF#1 with a core 

diameter of 4.2 μm (b) measured mode profile for SEST HF with a core diameter of 

4.2 μm at 1040nm 

 

 

Table 6.4: List of SEST HF used for the SC generation experiment with pumping 

wavelength at ~1.55μm 

SEST fibre Physical properties Optical properties 
HF#1 

 

 
1. fibre core diameter = ~4.2 μm 
2. fibre length = 1.02 m 
 

 
1. loss =3.2±0.5dB/m 
2. nonlinearity, γ = 170 W-1km-1 
3. ZDW = ~1550nm 
 

 

 

 

6.4.2.1 SC experiment 

 

We employed a mode-locked tunable Coherent Mira femtosecond laser system 

operating at a selected  wavelength of  ~1530nm  with a repetition rate of 250kHz, a 

pulse width of 100fs and which was able to generate a maximum average output 

power of  ~500mW, corresponding to a peak power of ~10MW at 1530nm 

(a) (b) 
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(equivalent to 80nJ per pulse). 

 

Experimentally, the laser source was coupled into a 1.02m long piece of the 

SEST HF#1 with a core diameter of 4.2μm and the zero dispersion around 1.55μm. 

Typically an input coupling efficiency of 20% is obtained, but in this SC experiment, 

the coupling efficiency achieved was 4-6%. To obtain maximum coupling efficiency, 

it is essential that the laser beam travels along the optical axis of the microscope 

objective. Launched average power up to 30mW was measured after the test HF#1, 

corresponding to pulse energy of about 4.8nJ at 1.55μm.  

 

A λ/2 plate and a polarizer (PBS) were used before the focal lens for variable 

adjustment of the pulse energy launched in to the test HF. The light emitted from the 

test SEST HF was butt-coupled to a standard SMF28, connected to an optical OSA 

where the spectra were recorded, as the input pulse power was varied. Due to the 

limits of the OSA, we were only able to investigate the spectrum between 350nm to 

1750nm.  

 

The major experimental findings of this experiment are illustrated in Figure 

6.12 with all spectra plotted in a log scale for different launched pulse powers. In each 

spectrum, a narrow peak around 1530nm appeared, which corresponded to a small 

amount of residual pump power from the fs laser. With pulse energy of 4.8nJ (average 

power of 30mW), we observed a more than octave-spanning SC from 700nm to 

beyond 1750nm. We expect to see more spectral components extending far beyond 

1850nm, but not more than 2μm because the IR cut-off of lead silicate glass is at 

~3μm (refer to Figure 2.7 in Section 2.5.1, Chapter 2). A broad and flat spectrum can 

be achieved with the increased input power. 
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Table 6.5: The list of SEST HF#1 optical properties 

Optical property HF#1 

Core diameter (µm) 4.2 

Propagation loss @1550nm (dB/m) 3.2±0.5 

γ (W-1km-1) 170 

Aeff (µm2) 9.66 

ZDW (µm) ~1.550 

(a) (b) 

Figure 6.11: Optical properties of the SEST HF, HF#1: (a) fibre effective nonlinearity 

at 1550nm and (c) dispersion over a wavelength range 

.  

 

 

 

 

 

 

 

 

 

 

Figure 6.12: The evolution of the SC as a function of launched pulse power after 

1.02m of the SEST HF#1 with the zero dispersion at about 1550nm 
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6.4.2.2 Phase matching modeling 

 

 

 

 

 

 

 

 

Figure 6.13: An approximate dispersion profile of the SEST HF#1 

 

  

 

 

 

 

 

                     

Figure 6.14: (a) Phase mismatch for the 1.55μm soliton of the SEST HF#1 (b) Phase 

matching for the SEST HF#1 assuming 25% coupling efficiency 

 

 The dispersion of the fibre is the utmost importance as it governs the phase 

matching of the nonlinear processes. The dispersion of this fibre has a profound 

influence on the SC which is believed to be generated through self phase modulation 

(SPM), soliton fission and subsequent generation of dispersive waves, as in the initial 

discussed WW HF in Section 6.4.1.2. Here, we will discuss the dominant physical 

mechanisms and the shape of the generated SC depending on the fibre’s ZDW and the 

corresponding phase matching conditions for dispersive wave generation.  

 

 Here, we would like to thank Dr. P. Horak for performing the phase matching 

modeling for this fibre (SEST HF#1). For the interpretation of the observed SC 

spectrum, we also studied the properties of the dispersive wave generation. Pumping 

the fibres in the anomalous dispersion region leads to the creation of high-order 

solitons, which then break up into fundamental solitons [30]. The most powerful of 
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these fundamental solitons has a peak power approximately four times higher then the 

input pulse [31]. Due to the fibre dispersion, the solitons shed energy into a dispersive 

wave at a phase-matched wavelength in the normal dispersion region [30]. The 

generated components were directly calculated from the dispersion profile of the 

SEST HF#1 as shown in Figure 6.11(b). The dispersion profile used in the modeling 

is an approximate step-index fibre model which gives the same dispersion at 1550-

1560nm (Figure 6.13), ZDW at 1.54μm and GVD of 2ps/nm/km at 1550nm (The 

programme for generating the exact dispersion for the full wavelength region has 

been lost due to a fire in the University of Southampton on 30th October 2005).   

 

Figure 6.14(a) shows the phase mismatch for the 1.55μm soliton and (b) the 

phase matching wavelength corresponding to the average pumped power of the SEST 

HF#1. By examining the phase matched wavelength of the corresponding fibre 

dispersion, one can interpret the peak of the spectrum achievable at the shorter 

wavelength. For example, the shortest anti-Stokes band for the fibre is around 800nm 

at the average pumping power of 30mw with the pumping wavelength of ~1530nm. 

Given the uncertainties of the model, in all cases, we found that the trends are in 

reasonable good agreement between the predicted and observed spectra. 

 

 

6.4.2.3 Comparison of simulations and experimental results 

 

The SEST HF#1 has a ZD at ~1540nm and it exhibited a quite symmetrical 

spectrum with sharp edges, see Figure 6.5, when it was pumped at ~1530nm. The SC 

generation is dominated by the SPM and soliton nonlinear processes. At low input 

power, the spectrum is slightly broadened by SPM. At only 2mw, soliton processes 

set in, which leads to a sudden increase in the bandwidth from 900nm to beyond 

1650nm (note that the measurement range of the OSA used in this experiment 

extended from 350nm to 1750nm). At only 15.6mW (2.5nJ), the broadening is near to 

the maximum value. From the phase matching graph of Figure 6.14(b), we can see 

that the main phase-matched wavelength components for 15.6mW and 30mW average 

input powers are at ~900nm and ~800nm respectively. The dispersion at the pump 

wavelength is small for fibre with a very low anomalous dispersion. It is quite 

surprising that the short wavelength peak extends as far as 1μm. We believe the 
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frequency components at 800-1000nm are generated when a soliton (at 1550nm) 

sheds energy due to a non-vanishing dispersion slope. The flatness and uniformity of 

the spectrum can be improved by applying maximum input power. 

 

Other applications of the SEST HF apart from the main SC application include 

wavelength conversion by four-wave-mixing (FWM). Papers on experiments 

associated with this application are included in the Appendix 3. 

 

 

 

6.5 Conclusion 

 

The phenomenon of SC generation in HF relies on high intensity pulses from a 

laser being converted into an extremely broad spectrum by cascaded nonlinear 

processes. The generation of the SC is achieved by pumping the fibre at a wavelength 

near to the ZDW of the fibre. Highly nonlinear HFs can exhibit a range of novel 

dispersive properties, with modifications of the fibre design, allowing application 

specific control of the magnitude, slope and sign of the dispersion. Shifting the zero-

dispersion wavelength to regimes where there are convenient sources allows the 

generation of efficient SC sources. 

 

The fundamental material properties of non-silica soft glasses can enhance SC 

generation across the wavelengths of interest. The ZDW of the fibre is strongly 

dependent on the choice of material, and one particularly attractive option is to shift 

the fibre zero dispersion to 1.0 and 1.5µm, to offer the potential to use Nd:glass fs  

lasers and, both Yb and erbium-doped fibre lasers respectively to generate the SC and 

allowing synergy with NIR nonlinear application work.  

 

The combination of HF technology and non silica soft glasses can potentially 

be used to exploit the fibre nonlinearity and achieve broad SC generation in the NIR 

region. By controlling the generated continuum, it is anticipated that a single laser 

“source” capable of serving a range of near IR applications could be realised. Both 

high nonlinearities and low losses together with unique dispersion properties should 
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ultimately result in practical compact nonlinear devices using very short fibre lengths 

and operating at low powers. 

 

Our highly nonlinear SF57 lead silicate glass HFs: WW HFs and SEST HFs, 

which have been discussed in Chapter 4 and 5 respectively, are attractive for studying 

nonlinear effects especially SC generation, as they have a high nonlinear coefficient, 

at the same time, they can be tailored to provide a range of unique zero dispersion 

wavelengths, e.g. WW HF has the a ZDW at ~1.0 µm whilst SEST HF has a ZDW at 

C-band. These fibres are designed with relatively small holes to be single moded at 

the operating wavelength as many applications require strictly single-mode operation.  

 

We have used extrusion techniques to fabricate small-core lead silicate glass 

WW HFs with an extremely high effective nonlinearity. The fibres we have fabricated 

exhibit an effective nonlinearity of 1860 W-1km-1 , which is the highest value reported 

to date for a fibre at 1550nm. By carefully tailoring the size of the microstructure we 

achieved a ZDW of ~1 µm, which made our fibres extremely useful for SC generation 

applications at that wavelength. We have used two HFs which differed only slightly in 

the size of their cores to demonstrate the critical effect of dispersion in the SC 

generation process. We managed to achieve a spectral broadening in excess of 

1000nm for launched pulse energies as low as 98pJ into a 60cm piece of record-high 

effective nonlinearity and dispersion tailored WW HF. We expect even broader 

spectra to be observed if we use an even shorter length of fibre, because of the 

significant fibre loss on both long and short wavelength ends of the spectrum. 

However this does require the use of higher power pulses. 

 

Additionally, we backed our experimental findings with numerical simulations 

of the SC generation, which enabled us to explain fully the nonlinear behavior of the 

HFs. Although here, we did not achive an exact correspondence with the experimental 

spectra, the simulations have reproduced important features such as peaks at short 

wavelength produced by using a seed wavelength on the long wavelength side of the 

zero dispersion wavelength.  Here, we expect that the numerical simulations of the 

visible, NIR and mid-IR SC should provide considerable assistance in predicting the 

spectra that might be possible from future experimental work, but we would not 

expect an exact prediction.  Some general outcomes of interest from this study are: 
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• The pulse energies required for the initial stages of SC generation is ~100pJ:  a 

pulse energy regime that can readily be accessed directly from mode-locked 

Yb-doped fibre laser cavities. This should lead to the development of truly 

compact and practical supercontinuum sources. 

• The separation between the pump wavelength and the wavelength range that 

needs to be generated by SC effects should be minimised. 

• Due to the very high nonlinearity of the fibres considered within this study, the 

spectral broadening occurs in a very short fibre length, and the impact of loss 

is typically negligible. 

• Dispersion profiles were found to be key for this application. In particular, the 

steep dispersion properties often associated with nonlinear fibre types limited 

the bandwidth the generated SC. 

 

This feasibility study has identified a range of practical fibre designs that are 

capable of moving the dispersion zero to suit both 1.0 and 1.5 µm pump sources. 

However, other factors such as the dispersion slope and profile can be very significant 

in influencing the SC spectrum that is generated. Further work is clearly required to 

optimise the fibre parameters. For example, design of fibres with broadband flat 

dispersion. The most attractive route to performing this optimisation would be via the 

use of inverse modelling techniques (e.g. genetic algorithms) [32], which have been 

applied on our SEST fibre design. 
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This thesis has described the fabrication, characterisation, and applications of 

a range of small core, highly nonlinear and dispersion shifted HFs with a particular 

emphasis on the non-silica soft glass material. 

 

In contrast to the conventional fibres (CFs), HFs can be made from a single 

material type, which can eliminate the problems induced by the core/cladding 

interface of the two different glass types, and also possess a sufficiently large 

refractive index difference. The design flexibility of the HFs is based on the freedom 

in the specification of size, shape and the hole arrangement, combined with the 

flexibility in the properties of the solid material.  

 

One of the most promising practical applications of HF technology is the 

opportunity to develop fibres with an extremely high optical nonlinearity per unit 

length, with a nonlinearity 2 to 4 orders greater than that of CFs [1], which is again 

not easily achieved by using standard optical fibre technology. Consequently, it is 

generally desirable to develop fibres with high values of effective nonlinearity (γ) per 

unit length in order to reduce the physical length and/or required operating powers, 

and to maximize the operating bandwidth of many such devices. 

 

HFs can also exhibit a range of novel dispersive properties. In small core HFs, 

the waveguide contribution to the chromatic fibre dispersion can be large, in 

particular for small Λ and large air-filling fraction (AFF) designs. This allows the 

dispersion to be tailored to suit the demands for a range of nonlinear applications. For 

example, shifting the ZDW to regimes where there are convenient high power laser 

sources: Ti:sapphire at 800nm, Yb-fibre at 1000nm, Nd:YAG at 1060nm, erbium-

doped fibre lasers at 1550nm and Tm-fibre at 2000nm, should allow the development 

of efficient SC sources, which are particularly attractive for a host of applications 
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such as DWDM transmitters, optical coherence tomography (OCT), optical frequency 

metrology and spectroscopy. 

 

To date, most HF device applications are concentrated on the use of small core 

silica HFs, which have around ~50-70 times the nonlinearity of standard 

telecommunication single mode fibres (SMF28). Further improvements are to be 

expected when a highly nonlinear soft glass is combined with the tight mode 

confinement offered by a HF structure. Hence, soft glasses offer substantial 

improvements in terms of mode confinement, relative to silica, besides providing high 

intrinsic material nonlinearities. HF technology can also be used as a powerful 

solution for producing single mode soft glass fibres. Obviously, high nonlinearity soft 

glasses are potential materials for nonlinear devices. Despite their promise, soft glass 

fibres have yet to find widespread application owing to the difficulty in fabricating 

low loss single mode soft glass fibres using conventional fibre fabrication techniques. 

 

At the time of this work, knowledge of the soft glass HF fabrication and the 

factors that influence some optical properties of the HFs: propagation loss, fibre 

nonlinearity and dispersion, were limited. There had been little development towards 

soft glass HF fabrication techniques that could be used to produce good quality fibres, 

and also the characterisation techniques that could be used to accurately measure the 

optical properties. Both of the fabrication and characterisation techniques are essential 

for future soft glass HFs research and development, and for accessing what benefits 

soft glass HFs may offer over their conventional counterparts, and silica HFs in the 

small core, single mode regime. 

 

Chapter 1: By choosing soft glasses, with several hundred times more 

nonlinearity than the standard CFs, as the background material for the fibres, it should 

ultimately allow sub-metre, sub-watt devices to be realised. In addition, nonlinear 

effects are highly sensitive to the dispersive properties of the soft glass HFs, and so 

the ability to tailor dispersion, combined with the extremely small mode areas that can 

be achieved in HFs, leads to the possibility of realising highly efficient nonlinear 

processes, particularly SC generation. 

 

The use of soft glass with low softening temperatures (~4200C) has allowed 
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the development of a novel fabrication technique for HF structured preforms: 

Extrusion. Extrusion is a method where a glass disc is forced through a die at elevated 

temperature near the softening point, whereby the die orifice determines the preform 

geometry 

 

Therefore, the objectives within my research presented here are thus threefold: 

(1) To attempt to enhance the fibre fabrication technique in order to reduce the fibre 

loss, at the same time, increase the effective nonlinear length of the fibre. (2) To use 

the novel HF fabrication technique, namely extrusion to produce the structured 

preforms that can be potentially drawn into fibres which can achieve the maximum 

possible γ for SF57 small core HFs by using air-suspended-core structure. (3) To 

attempt the dispersion control of the soft glass HFs for telecommunications and SC 

generation applications by extending and improving the previous extrusion 

technology. 

 

Chapter 2: The timeline of the HF development was discussed. A 

comprehensive review of the HF optical properties: optical guidance, propagation 

loss, γ and dispersion, the HF background glass characteristics, and the state-of-art 

fibre preform fabrication techiniques were studied. 

 

An investigation is conducted on the characteristics of some soft glasses, 

mainly lead silicate glasses and chalcogenide glasses, these are compared with the 

silica glass, in terms of optical properties: transmission, impact of OH content on IR 

transmission and refractive index of the glasses (material dispersion and material 

nonlinearity), and thermal property: viscosity. As a brief conclusion for the glass 

selection, we believe that heavy-metal oxide glasses, especially lead silicate glass, 

have adequate properties for meeting the requirements in achieving visible-NIR 

devices, and are technologically the best developed candidates for immediate 

experiments. 

 

A brief review of fabrication technology was provided in order to establish 

appropriate fibre geometry for the design optimization described in Chapter 4 and 5. 

The key in HF fabrication is the making of the macroscopic structure of the fibre 
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preform. There are few practical techniques in manufacturing soft glass HFs and they 

are: capillary stacking, extrusion, ultrasonic drilling and casting. A novel fabrication 

technique for non-silica HF structured preforms: Extrusion, is chosen. Extrusion can 

be used to produce structures that could not be made with the capillary stacking 

method, i.e. small core HFs with very high air filling fraction that are ideally suited 

for exploring nonlinear effects 

 

 Chapter 3: HFs, especially soft glass HFs, exhibit some unique features 

compared to those of the standard optical fibres. Comprehensive characterisations 

have been conducted to identify the optical properties, such as mode profile, 

propagation loss, effective nonlinearity and dispersion, for a range of our studied 

highly nonlinear small core soft glass HFs. The measurement tasks become more 

difficult or impractical in the case of small core HFs using standard measurement 

techniques, compared to conventional fibres. 

  

 General guidelines for the experimental considerations, i.e. soft glass HF end 

preparation: cleaving, polishing and cladding light removing, launching light into soft 

glass HF and coupling from HF to the detector, were provided.  

 

 Mode profile: In order to check the guided modes of the HFs at particular 

wavelengths, appropriate laser sources were used to conduct these measurements. The 

expected near field images were observed by using an infrared charge coupled device 

(CCD) camera. 

 

 Propagation loss: The cutback method was used since it is an internationally 

recognised reference test method and it offers the highest measurement accuracy. 

Both the spot loss measurement and broadband loss measurement were preformed. 

 

 Nonlinearity: The effective nonlinear coefficient, γ, for the studied soft glass 

HFs was measured using the Boskovich method [4]. This method is based on the 

measurement of the nonlinear phase shift induced through the SPM effect with a 

continuous wave, dual-frequency optical beat signal propagating through the fibre.  
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Dispersion: The dispersion value of the highly nonlinear fibre is a critical 

parameter for the efficient spectral broadening of the signal. Dispersion measurement 

based on the interferometric technique has been developed in the ORC by Asimakis et 

al. [5,6], and it has been used in measuring these highly nonlinear soft glass studied 

HFs. 

 

Birefringence: The wavelength scanning method is used to generate a 

modulated spectrum and from there, beat length of the fibres was calculated by using 

Equation 3.10. 

 

 FOM: The proper FOM for our highly nonlinear soft glass HFs is discussed. 

we have identified two different fibre lengths and thus two different FOMs: 1) devices 

based on maximum useful fibre length and, 2) compact devices using 1 m or less fibre 

length.  Since the main focus of this work is on the HF for nonlinear compact devices, 

mainly supercontinuum (SC), therefore the discussion will pay more focus to compact 

devices using 1m fibre length. 

 

Chapter 4: This chapter concerns the design, characterisation and particularly 

the fabrication of simple structure soft glass HFs with small cores, thus with high 

nonlinearity, for nonlinear device applications. There are several distinctly different 

opportunities offered by small core soft glass HFs, compared with the CFs and silica 

HFs: Unique dispersion properties and extremely high nonlinearity. 

 

The objective of this work is to explore the limits of nonlinearity and 

dispersion control in lead-silicate based microstructured fibres, and at the same time 

to minimize the loss of these soft glass HFs. We had established the maximum 

nonlinearity that can be achieved in these fibres at telecommunications wavelengths, 

and developed high nonlinearity fibres with dispersion-shifted characteristics suited 

for SC generation applications at 1.06 μm. 

 

The Wagon wheel (WW) structure was chosen as our design. WW HF is a HF 

where its microstructured region consists of three large air holes surrounding a very 

small core. The air suspended core is supported by three long and fine struts. The 
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targeted optical properties for these WW designed HFs are high effective nonlinearity 

(small effective area), low confinement loss, single mode or essentially single-mode 

guidance and near zero dispersion at 1060nm. 

 

General guidelines for the preform preparation and optical fibre drawing 

process were discussed. The fabrication related issues were also studied. The 

extrusion technique readily allows the implementation of structures with high air 

content claddings as required for high nonlinearity fibre fabrication. Good 

dimensional control and surface finish of preforms can be achieved through the 

optimization of the extrusion parameters such as temperature, pressure and die design. 

In this studied work, dies of two different fabricated types were used: machined 

fabricated types and eroded and dry lubricant coated types. Spark erosion does not 

produce a completely smooth surface but it is slightly rough and indented when 

observed under an optical microscope. Therefore, in order to decrease the friction 

between glass and die, a good surface finish for eroded dies is needed. Practical issues 

such as cleaning the glass billets and the extrusion dies are also discussed. This is a 

crucial process, in order to avoid contaminants that might be incorporated into the 

extruded preforms. In the two step method, the structured cane is drawn first from a 

structured preform, and is then pulled again by jacketing with another tube. This 

approach is particularly effective for obtaining small structures with OD of less than 

2μm. In the fibre drawing process, furnace temperature, preform feed speed, draw 

speed and the use of pressure/vacuum within the preform determines the size and 

shape of the features in the final fibre. 

 

Investigations into the optical properties of the WW HFs were presented.  

Propagation loss: The factors influence the fibre propagation loss were 

discussed, in terms of the effect of the core diameter, the die characteristic, the fibre 

structure, the fibre defects, cleaning and the temperature. We managed to produce low 

loss lead silicate WW HFs, at about 2dB/m at 1550 nm. The fibre loss was reduced by 

optimising the fabrication process. 

 

 Mode profile: For our specific design, single mode operation can be achieved 

when reducing the scale of the microstructure beyond a certain value. Practically, for 
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this type of HF, single mode or effectively single mode operation was obtained for a 

core diameter of 1.8 μm or less at 1.047 μm. 

 

 Nonlinearity: By improving our fabrication process and optimizing our fibre 

design, we have now achieved a value of γ=1860 W-1km-1 at 1.55 μm and at the same 

time improved fibre losses. This γ value approaches the ultimate limit for this material 

and represents the highest value of nonlinearity yet reported for a fibre. 

 

 Dispersion: For most nonlinear fibre applications, control of the fibre 

dispersion is more important than achieving the maximum possible nonlinearity per 

unit length, and here again the use of HF technology provides unique opportunities. 

The material ZDW for SF57 glass is ~1.97 μm, yet we managed to demonstrate that it 

is possible to use the large waveguide dispersion available in SF57 HFs to obtain 

fibres with ZDW shifted by more than 1000nm to allow efficient SC when pumped at 

wavelengths around 1μm. 

 

 FOM: The FOM for compact devices using 1m fibre length is used, as our 

work is on producing HF for compact nonlinear device application, i.e. SC.  For such 

devices, all SF57 glass WW HFs even those with ~3dB/m exhibit clearly better 

performance (higher γ × Leff,1m values) than the best silica HF. SF57 HFs clearly 

outperform silica HFs for compact and low power nonlinear devices. 

 

Finally, more work is still needed to identify the cause of defects in preforms 

and further improvement in the preform fabrication is envisaged to decrease defects 

and eventually the optical loss of the end fibre. Also, further investigations should be 

conducted to explore and confirm the impact of coated dies in producing low loss 

WW HFs. Continuous investigations to improve the fabrication process also need to 

be done in order to reduce the fibre losses to values near to the bulk glass loss. By 

further surface refinement and the use of glasses with lower bulk loss, it should be 

possible to reduce HF losses down to <1 dB/m.  

 

Chapter 5: The development of complex structure, high nonlinearity lead 

silicate glass HFs with the ZDW shifted to the 1.55 μm regime, were described. WW 
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HFs offer very large nonlinearities but allow for only relatively limited dispersion 

control around 1.55μm. The aim of the work in this chapter is to develop a new class 

of highly nonlinear HFs, with better dispersion management characteristics, using 

Schott SF57 lead silicate glass. The targets for such fibres are high effective 

nonlinearity, low confinement loss, single-mode or effectively single-mode guidance, 

near-zero dispersion and flattened dispersion profiles at 1550 nm.  

 

The control of the dispersion is a critical issue for the majority of nonlinear 

device applications and therefore fibre designs that allow a trade off in nonlinearity 

for improved dispersion control (whilst maintaining single mode operation) are of 

great technological interest. Generally, these designs require far more complex 

arrangements of air holes than a simple air-suspended core. 

 

For the fibre design, in order to identify fibre designs providing near-zero, flat 

dispersion at 1.55 μm, we employed an inverse design procedure similar to that 

previously applied to the optimization of dispersion-flattened high nonlinearity silica 

fibres [7,8]. Our results showed that it is possible for the SEST design to have a 

flattened dispersion with │D│<5 ps/nm/km over a wavelength range spanning from 

1430nm to 1610nm, and a γ value approaching 526W-1km-1 at 1550 nm. 

 

It is currently difficult to achieve this kind of holey cladding by extrusion 

alone due to the complexity of the die-design required. However, we managed to 

develop a novel fibre fabrication approach: Structured Element Stacking Technique 

(SEST), which combined the best features of both extrusion and stacking, and allows 

the production of the more complex preforms required to achieve good dispersion 

control in soft glass HFs. Thus, with the SEST approach we were able to fabricate 

HFs with a hexagonal arrangement of effectively 4 rings of holes, (48 holes in total), 

simply by stacking together just 7 structured elements. This approach is less labour 

intensive than simple capillary stacking and provides a larger reduction ratio from the 

stacked preform to the final fibre. Moreover, since the core region and the first ring of 

holes are formed from one extruded glass element a greater degree of glass 

homogeneity is obtained in the core region. 

 

We have gained understanding and experience in the fabrication of SEST 
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fibres with an array of small air holes. Compared with the WW canes and fibres 

having three larger holes, higher drawing tension is required to prevent collapse of the 

clearly smaller holes in the stacked canes and fibres. In addition, it is important to 

have a sufficiently long stacked preform (~150 mm) to allow high internal pressure 

during the fibre drawing process. Several trials and optimisations of the SEST fibre 

fabrication, in terms of the fibre design, die design, preform extrusion parameters and 

fibre drawing parameters, were performed. We succeeded in fabricating different 

types of SEST fibres with fairly good structures, where they have a regular array of 

air holes of similar size.  

 

Characterisation was carried out to check on the fibres’ properties. Firstly, we 

need to have a trade-off between the nonlinearity and the confinement loss where for 

very small core and high nonlinearity fibres, in order to reduce the confinement loss, 

it is necessary to include a second ring of elements within the structure. However, an 

issue needs to be addressed here whereby it is very difficult to stack multi-ring 

elements, at the same time make sure the holes are in their proper position. Thus, an 

alternative design of the improved SEST (‘2+1’R-SEST) was made to provide less 

labour intensive fabrication. It is also predicted to offer better optical properties, in 

terms of nonlinearity, dispersion slope and confinement loss at wavelengths centred 

around 1.55μm, than the SEST fibres we produced in the previous 3 trials.  

 

In short, we have successfully fabricated high-nonlinearity, effectively single 

mode, lead-silicate HFs with ZDWs around 1.55 µm using a new fabrication approach 

– SEST. We demonstrated the fabrication of an SF57 SEST fibre with a ZDW within 

the C-band, a 3.2 dB/m loss, and a γ value of 170 W-1km-1. The measured properties 

of these fibres are shown to be in good agreement with the theoretical expectations. 

 

Finally, more investigations and experiences are required to determine the 

optimum temperature and pressure, in particular for glass with intricate structures 

such as SEST preforms. In addition, the impact of the different die designs on the 

geometry of the extruded elements needs to be explored further. For example, one of 

the fabrication difficulties is in cane stacking, where the circular outer shape of the 

canes were more prone to rotate during the stacking process and this will lead to hole 

displacement. Thus, by overcoming this issue, a better geometry of the fibres can be 
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achieved. For the improved SEST (‘2+1’R-SEST), a larger hole size for the inner 

rings are needed to provide enough waveguide dispersion to compensate for the 

material dispersion in order for the fibre to have a ZDW at the C-band region. This 

study also demonstrates that further improvement in the preform surface quality is a 

promising route to decrease the losses of HFs down to the bare fibre losses. Last but 

not least, further enhancement and improvement of the dispersion flatness, 

nonlinearity and loss of SEST HFs is anticipated in the near future with the optimised 

SEST structure. 

 

Chapter 6: The chapter is devoted to the Supercontinuum (SC) studies we 

carried out using the two types of HFs (WW HFs (Chapter 4) and SEST HFs (Chapter 

5)) produced. We present both experiment and numerical simulations and discuss how 

the properties of each of the fibres affected the broadened spectra. 

 

 Both of the WW HFs and SEST HFs SC studies combined experimental and 

numerical results, and the simulations and experiments were in qualitative agreement. 

The numerical simulations were performed to assist us in interpreting the results and 

gain a better understanding of our SC generation data.  

 

  We used a small core WW HF with a record-high γ (γ=1860 / (W.km)) and 

tailored dispersion characteristics (ZDW at ~1 µm) to generate a broadband SC at 

1.06 µm extending either side of the pump wavelength. We observed a spectrum 

spanning over 1000nm by using just ~98 pJ energy pulses in a 60cm piece of this HF. 

We also used two WW HFs which differed only slightly in the size of their cores to 

demonstrate the critical effect of dispersion in the SC generation process. However, 

there is an important issue here. The steep dispersion profile at short wavelengths was 

due to the need for a large waveguide dispersion to shift the bulk SF57 ZDW from 

1.97 µm towards the 1.06 µm pump wavelength.  The steep dispersion prevented 

broad visible continuum generation with this pump wavelength.  To create an SF57 

fibre with a flatter dispersion profile would require moving the fibre ZDW closer to 

that of the bulk glass e.g. a dispersion-flattened SF57 HF with ~1.5 - 1.6 µm ZDW is 

likely to be feasible.  
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The SEST designs offer far greater control and flatter dispersion profiles in the 

C-band regime compared to the WW suspended core structures at 1 µm. With a pulse 

energy of 30nJ (average power of 30mW), we observed a more than octave-spanning 

SC from 700nm to beyond 1750nm using a 1550nm pump. We expect to see more 

spectral components extending far beyond 1850nm, but not more than 2μm because 

the IR cut-off of lead silicate glass is at ~3μm. The flatness and uniformity of the 

spectrum can be improved by applying maximum input power. Additionally, we 

backed our experimental findings with the phase matching modeling of the SC 

generation, which enabled us to interpret the peak of the spectrum achievable at the 

shorter wavelength, by examining the phase matched wavelength of the 

corresponding fibre dispersion. Given the uncertainties of the model, in all cases, we 

found that the trends are in reasonably good agreement between the predicted and 

observed spectra. 

 

 Finally, we expect that the numerical simulations of the visible, NIR and mid-

IR SC, should provide a considerable assistance in predicting the spectra that might be 

possible from future experimental work. There are some general outcomes of interest 

from this study: 1) The separation between the pump wavelength and the wavelength 

range that needs to be generated by SC effects should be minimised; 2) Due to the 

very high nonlinearity of the fibres considered within this study, the spectral 

broadening occurs in a very short fibre length, and the impact of loss is typically 

negligible; 3) Dispersion profiles were found to be key for this application. In 

particular, the steep dispersion properties often associated with nonlinear fibre types 

limited the bandwidth the generated SC.  

 

Thus, further work is clearly required to optimise and refine the fibre 

parameters, for an efficient SC, i.e. SC generation depends on the fibre characteristics 

over a broad range of wavelengths, so complex dispersion profiles, for example with 

two ZDWs could also be envisaged in the future. It is also necessary to consider 

alternative glasses for generation of broadband radiation due to the limitation of silica 

and lead silica soft glass at certain wavelengths, e.g. material dispersion and material 

nonlinearity. Based on the study in Chapter 2, the chalcogenide glasses possess 

advantages over the heavy metal oxide glass systems in terms of higher n2 and longer 
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wavelength multiphonon absorption edges. Thus, chalcogenide glasses can be a very 

promising component for the development of compact nonlinear devices that are 

operating at low powers, for a broad range of mid IR SC applications in the future. i.e. 

LIDAR applications in the 3-12 µm wavelength range. 
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The generalized Sellmeier equation is: 
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where λμ is the wavelength in microns and n is the linear refractive index. The 
measured index data is taken from the Schott glass catalog for the SF57 Schott glass.  
 

SF57 
 

λ (μm) n 
0.365 1.95148 
0.4047 1.91363 
0.4358 1.89391 
0.48 1.87425 
0.4861 1.87205 
0.5461 1.85504 
0.5876 1.84666 
0.5893 1.84636 
0.6438 1.83808 
0.6563 1.83651 
0.7065 1.83104 
0.8521 1.82045 
1.014 1.81337 
1.06 1.81185 
1.5296 1.80187 
1.9701 1.79539 
2.3254 1.79026 

 

 

A0 A1 A2 A3 A4 A5 

3.24748 -0.00954782 0.0493626 0.00294294 -1.48144e-4 2.78427e-5 

APPENDIX  1 
Measured refractive index data 
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• Glass disc and dies cleaning prior extrusion process 
 
 
A. Sample I: T1 and WW1 
 
 
 
 
 
 
  
 

SF57 glass disc for T1 and WW1 
 

 The figure above shows the SF57 glass disc used in producing T1. The glass 
disc was ultrasonically drilled from a SF57 glass block (108 SF57/28D) by SKAN 
Company. It was cleaned in ‘ultrasonic bath’ with methanol for 10 minutes. The dies 
were also thoroughly cleaned in heavy duty cleaner (Denco 90) and an ‘ultrasonic 
bath’ at temperature 400C for 20minutes. After which, they were soaked in methanol 
and cleaned in an ‘ultrasonic bath’ for another 10 minutes without applying heat. 
 
 
 
B. Sample II: T2 and WW2 
 
 The ultrasonic drilling and cleaning conditions are the same as T1 except the 
drilling was done in ORC Mechanical Workshop.  
 
 
 
 
 

 

APPENDIX 2 (I) 
 

Glass Disc Preparation
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• Glass extrusion is preformed by using hydraulic system 
 
 
A. Before starting extrusion: 
 

1. Check assembly of every part; make sure they are correctly fitted. 
2. Make sure every part in the assembly is cleaned. 

 
B. Assembly of glass holder: 
 

1. Make sure all parts (die, sleeve, stainless steel (ss) sheet, graphite sheet and 
piston), parent body (body, lid and screw) and glass disc are readily prepared. 

2. Die in place, match thermo-couple hole (note alignment) 
3. Add sleeve 
4. Add glass disk 
5. Add ss sheet 
6. Add graphite sheet 
7. Add piston 
8. Make sure every part is tightly fitted 
9. Lid and screw (note alignment) 

 
C. Assembly in rig: 
 

• Preset of desired pressure 
1. Use a dummy first instead of the assembled holder. 
2. Put a steel shield before the ram 
3. Assemble the ram, the dolly and the assembled holder. 
4. Turn ‘on’ the main switch of the hydraulic system. 
5. Set the dial according to the desired pressure 
6. Turn ‘on’ the pump and ramp down to meet the dummy (slowly and 

carefully), make sure the dummy and the dolly are not fixed too tightly. 

APPENDIX 2 (II) 
 

Extrusion Process
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7. Turn ‘off’ the pump and switch off the controller power. 
 
 

• Final Assembly 
1. Remove the dummy and replace it with the assembled holder (check 

alignment). 
2. Insert thermo-couple. 
3. Dolly in and a steel shield is placed between dolly and ram. 
4. Turn ‘on’ the pump and ramp down to meet the assembled holder. 
5. Close the furnace and lock it. 
6. Set the gauge 

 
C. Extrusion process: 
 

1. Adjust the desired temperature in Zone 1. 
2. Adjust the desired temperature in Zone 2. 
3. Wait for the temperatures to reach the setting values. 
4. Switch on the pressure controller. 
5. Set the desired pressure. 
6. Extrusion begins. 

 
D. End of extrusion: 
 

1. Press on the ‘stop’ button. 
2. Turn ‘off’ the pump 
3. Set the dial back to zero 
4. Turn pressure controller off. 
5. Put a sand bottle down below the guiding tube to support the fallen perform 
6. The temperatures of Zone1 and Zone 2 are set to zero. 
7. Turn ‘off’ the lamp and the thermo-coupler. 
8. Disassemble. 
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(III) Glass disc and dies cleaning prior extrusion process 
 
 
A. Die and parts cleaning: 

1. Fill in deionised water to the shoulder length of the ‘Ultrasonic Bath’ device. 
Add in some washing liquid (Denco 90). 

2. Preheat the ‘Ultrasonic Bath’ device at 600C. 
3. Soak the die and parts in a beaker that contains heavy duty detergent. 
4. Place the beaker in the ‘Ultrasonic Bath’ device. 
5. Set the temperature to 400C and clean them for 30 minutes. 
6. Clean the die, parts and the beaker thoroughly with of running water. 
7. Blow dry with nitrogen. 
8. Clean the die and parts again by soaking in methanol for 10minutes without 

heating application. 
9. Blow dry with nitrogen. 
10. Repeat step 3-9 if the die and part are not fully cleaned. 

 
B. Glass cleaning: 
 

1. Soak the glass in a beaker containing methanol. 
2. Place the beaker in the ‘Ultrasonic Bath’ device. 
3. Turn ‘on’ the device for 20 minutes without applying heat. 
4. Repeat step 1-3 if the glass is not fully cleaned. 

 
Note: 
Do not apply heat when methanol is used. The maximum temperature for methanol is 
<400C ! 
 
 
 
 
 
 

APPENDIX 2 (III, IV) 
 

Cleaning Process
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(IV) Extruded preforms cleaning prior drawing 
 
 
A. Jacketing tube  
 

1. Fill in deionised water to the shoulder length of the ‘Ultrasonic Bath’ device. 
Add in some washing liquid (Denco 90). 

2. Soak the preform in a beaker that contains diluted heavy duty detergent, Micro 
Solution 90 (used by silica group to clean silica preforms). 

3. Place the beaker in the ‘Ultrasonic Bath’ device and clean for 10-15 minutes 
without applying heat. 

4. Clean the preform and the beaker thoroughly with running water. 
5. Blow dry with nitrogen. 
6. Clean the preform again by soaking it in the deionised water (to get rid of the 

detergen) for another 10-15 minutes. 
7. Blow dry with nitrogen. 
8. Again, clean the preform by soaking it in methanol for 10-15minutes without 

applying heat. 
9. Blow dry with nitrogen. 
10. Repeat step 4-9 if the preform is not fully cleaned. 

 
 
B. Structured perform 
 

1. Soak the preform in a beaker containing methanol. 
2. Place the beaker in the ‘Ultrasonic Bath’ device. 
3. Turn ‘on’ the device for 10-15 minutes without applying heat. 
4. Repeat step 1-3 if the glass is not fully cleaned. 
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• Extruded structured performs, extruded jacketing tubes and canes are 
annealed in order to eliminate thermal stress 

 
 
A. Before starting: 
 

1. Silicon basins are place in the furnace as the support for preform. 
 
 
B. Setting: 
 

1. Turn ‘On’ the furnace by pressing the ‘open programme’ button. 
2. Set the ramp rate (estimated programmable rate) to 120oC/h or 2oC/minute. 
3. Set the level which is the desired temperature: 490 oC. 
4. Set the dwell time = 1 hour/ 60 minutes (slowly so doesn’t create nuclei) 
5. Set cycle =1. 
6. Set the 2nd ramp rate to 30 oC 
7. Set the 2nd level to 20 oC. 
8. Set the 2nd dwell time to end. 

 
 
C. End of setting  
 

1. Leave the preform to anneal overnight, probably around 18hours. 
 

 
Note: 
Annealing: to remove stress, prevent fibre/ preform breaks when fibre 
drawing/caning. 
 
 
 
 
 
 
 
 

APPENDIX 2 (V) 
 

Annealing
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• Other applications of the SEST HF apart of the main SC application include 
FWM.  Papers on experiments associated with this application are shown in 
this section. 

 
 
1. S.Asimakis, P.Petropoulos, F.Poletti, J.Y.Y.Leong, H.Ebendorff-

Heidepriem, R.C.Moore, K.E.Frampton, X.Feng, W.H.Loh, T.M.Monro, 
D.J.Richardson, “Efficient four-wave-mixing at 1.55 microns in a short-
length dispersion shifted lead silicate holey fibre,” ECOC 2006 Cannes, 
24-28 Sept 2006. 

 
 

2. S.Asimakis, P.Petropoulos, F.Poletti, J.Y.Y.Leong, R.C.Moore, 
K.E.Frampton, X.Feng, W.H.Loh, D.J.Richardson, “Towards efficient and 
broadband four-wave-mixing using short-length dispersion tailored lead 
silicate holey fibers,” Opt. Express 15, pp.596-601 (2007) 

 

APPENDIX 3  
 

Other applications of the SEST HF 
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