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As the appetite for data use across telecommunications networks is predicted to continue

to grow rapidly in the coming years, there is an increasing need to address the bandwidth

gap that exists between the optical links that underpin high speed networks and the

electronic layer typically used for processing signals at the endpoints. Nonlinear fibre

optics is a potential avenue to addressing this bandwidth bottleneck, where nonlinear

optical phenomena can be exploited to perform signal processing tasks, thereby allowing

the broad bandwidth of optical media to be used for signal processing as well as trans-

mission. Indeed the development of such optical signal processing devices is crucial to

moving towards the next generation of communications technology – where ultra fast

telecommunication networks with speeds approaching 1 Tb/s are required.

This work explored the use of the enhanced optical nonlinearity and dispersion engin-

eering possible in soft glass microstructured fibres as a basis for developing devices

for broadband telecommunications applications at 1.55 µm. Two applications were

considered in this research, namely multicasting and phase sensitive amplification –

both of which are signal processing applications that are important to the realisation of

all optical networks.

A number of soft glass materials were studied in this research, primarily those with high

nonlinear refractive indices such as chalcogenides, tellurites, bismuth oxide based glasses

and germanates. During the course of this work a novel lead germanate glass was also

developed. This glass was shown to have a high nonlinear index and relatively high

mechanical strength when compared to tellurite glasses of similar refractive indices.

Dispersion tailored, soft glass fibre designs were developed for both multicasting and

phase sensitive amplification. The design geometry, referred to as a ‘hexagonal wagon

wheel design’, was a hybrid model combining a hexagonal array geometry for dispersion

engineering with a suspended core or ‘wagon wheel’ geometry for high nonlinearity.

The fibre designs were optimised for each application by using a genetic algorithm
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based optimisation technique to achieve high and broad gain suitable for efficient signal

processing at extremely high bit rates.

Each fibre design was modelled for its intended application to demonstrate, numerically,

that the designs were indeed capable of performing their intended application over

a broad band. The modelling work used a numerical beam propagation model and

demonstrated that the designs were capable of operating at the extremely high bit rate

of 640 Gb/s.

Advances were made to fabrication techniques during the fabrication trials of these novel

designs due to the complex nature of the designs and, in some cases, the use of novel

materials. A first generation, simplified hexagonal wagon wheel fibre was fabricated in

the novel germanate glass developed earlier. A number of characterisation experiments

were also performed on fabricated microstructured fibres, including a measurement of

the dispersion profile for a tellurite fibre (that was shown to be in good agreement with

modelling results) and the measurement of the nonlinear index for a fibre fabricated

with the novel germanate glass – one of the few such measurements in the literature for

this family of glasses.

In addition to these fabrication advances and characterisation experiments, a study of

dispersive waves was performed on previously fabricated hexagonal wagon wheel fibres in

collaboration with colleagues at the University of California, Merced. These experiments

were used to study soliton propagation in these fibres at near infrared wavelengths.

Comparison of experimental data to theoretical models is shown to have good agreement

– an important validation of the modelling technique.
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Chapter 1

Introduction

Fibre optic technology forms the backbone of modern telecommunication systems the

world over. Since they were first conceived, in the late 1960s, optical fibres have

revolutionised the telecommunications industry, replacing long haul copper links due to

the better data transmission capacity, low attenuation and resistance to electromagnetic

interference that they provide.

Current commercial telecommunications networks are able to deliver throughput rates

in the Mb/s to Gb/s regime by leveraging a combination of optical fibre and electronic

technology – typically, optical fibres are used for the transmission of data, especially

over long distances, while electronic systems are used in the processing of data at the

network endpoints.

As the amount of bandwidth used across these networks increases, future systems will

be required to operate at much higher bit rates – from 100s of Gb/s to 1 Tb/s and

beyond. At these bit rates fibre optics will have an increasingly important role to play,

beyond simply the transmission of data. The high speed processing required for these

future networks is best achieved in optical media, due to the inherently high bandwidth

they provide.

Consequently, there is a need for all optical devices in the processing layer to work

alongside the optical links used for data transmission. Such devices would be able to

utilise the inherent bandwidth of optical fibres to perform high speed signal processing

and thus avoid costly and inefficient optical-to-electrical conversion.

11
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The research project documented in this thesis, investigated the use of novel materials

and fibre structures to fabricate fibres with high nonlinearity and engineered dispersion

that may be used as the basis for such signal processing devices.

The background and motivation behind this work is discussed in Section 1.1. The aims

and methodology used in this work are presented in Section 1.2, followed by an overall

outline of the subsequent chapters of this thesis in Section 1.3. A statement of original

work detailing the author’s contributions to this work and original content may be found

in Section 1.4. This chapter concludes with a list of publications related to this thesis

in Section 1.5.

1.1 Background and motivation

The concept of using optical fibres for communication networks was first introduced to

the world by the ground breaking work of Charles Kao in the 1960s. In a seminal paper

entitled ‘Dielectric-fibre surface waveguides for optical frequencies’, Kao and his team

were the first to realistically propose using light guided in optical fibres to boost the

bandwidth of telecommunication networks [10]. Published in 1966, this date is widely

regarded as being the point at which the field of optical communications was born.

Kao et. al. showed that optical fibre links could be incorporated into communication

networks, if waveguides at optical frequencies could be fabricated with losses lower than

20 dB/km – a threshold that was also forecast as achievable due to it being much lower

that the loss limit imposed by fundamental material properties. This was a revolutionary

idea since, at the time, the most transparent glasses had losses of roughly 200 dB/km –

thought to be predominantly due to intrinsic scattering loss1 of the material. The results

from Kao’s team however showed that the contribution from scattering loss could be as

low as 1 dB/km and that the bulk of the loss was instead caused by impurities in

the glass, specifically Fe++ and Fe+++ ions. Kao’s team proposed that the 20 dB/km

threshold could be reached by focussing on reducing the level of iron impurities in the

glass to approximately 1 part per million.

1The scattering loss, in this case, refers to the loss caused by the scattering of the light wave by
density fluctuations that occur during fabrication of the glass. Scattering loss can also be caused if the
glass contains particle impurities that are comparable in size to the wavelength of the light.
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It would take another four years before sub 20 dB/km loss fibres were actually fabricated

– researchers at the Corning Glass Company were the first to demonstrate a ‘low loss’

fibre, with a loss of 17 dB/km at 0.63 µm [11]. Two years later, they produced a fibre

with approximately 4 dB/km loss by modifying the glass material.

The first commercial fibre network was deployed shortly after, in 1976, using Ga-As

semiconductor lasers as the source and operating at a wavelength 0.8 µm. Subsequent

developments in optical sources and materials moved the operating wavelength for

optical fibre networks to 1.3 µm and, then to the currently used wavelength of 1.55 µm

when Miya et. al. fabricated an ‘ultimate low-loss’ fibre with attenuation of only

0.2 dB/km at 1.55 µm [12].

Since the deployments of the first commercial fibre networks in the 1970s and 1980s, the

fibre industry has expanded quite significantly. Optical fibres are now commonplace in

modern telecommunications systems, criss-crossing the globe and enabling networks with

capacities of up to hundreds of megabytes a second. Their capacity for data transmission,

especially over long distances have seen them largely replace copper as the backbone high

speed information networks. The significance of Kao’s work in realising these modern

communication networks was recognized in 2009, when he was awarded half of the Nobel

prize in physics [13].

The development of low loss fibres eventually led to a new field – nonlinear fibre

optics. Nonlinear optics is the study of how light behaves in media where the dielectric

polarisation responds in a nonlinear fashion to the electric field of the interacting light.

It had been studied both experimentally and theoretically throughout the 1960s, shortly

after the invention of the laser. However, using fibres for nonlinear optics had not been

seriously considered due to the relatively low intrinsic nonlinearity and high losses in

glass fibres at the time. This changed once low loss fibres became available as the long

interaction length coupled with the small spot size (and thus high field intensity) of the

guided wave in optical fibres made them much more conducive to generating observable

nonlinear effects. Interest in the field of nonlinear fibre optics was increased further

when optical fibres were shown to be able to support the transmission of optical solitons

[14] – pulses that are remarkably resistant to distortion, maintaining their shape over

large distances due to a combination of dispersive and nonlinear effects.
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In the decades since, the field of nonlinear fibre optics has grown quite rapidly, leading

to a number of significant developments for optical communications such as Raman

fibre optic amplifiers operating in the region of 1.55 µm, which have had significant

ramifications for long haul communication systems [15]. This growth in the field of

nonlinear fibre optics has been significantly aided by the advent of microstructured

optical fibres (MOFs) in the late 1990s, which created numerous possible applications

by allowing the dispersion to be controlled and the nonlinearity to be enhanced and thus

generate a wide range of dynamic effects [16].

As the appetite for data use across telecommunications networks is predicted to grow

rapidly in the coming years (extrapolation of empirical data predicts a growth rate of

approximately 10 times Moore’s law for integrated circuits [17]), there is an increasing

need to address the bandwidth gap that exists between the optical links and the elec-

tronic processing layer. Nonlinear fibre optics is a potential avenue to addressing this

bandwidth bottleneck. Nonlinear optical phenomena can be exploited to perform signal

processing tasks such as wavelength conversion [18, 19], 3R (reamplification, reshaping,

and retiming) signal regeneration [20, 21], switching [22, 23], amplification [24] and

multiplexing/demultiplexing [25], thereby allowing the broad bandwidth of optical media

to be used for signal processing as well as transmission. Indeed the development of such

optical signal processing devices is crucial to moving towards the next generation of

communications technology – where ultra fast telecommunication networks with speeds

approaching 1 Tb/s are required, well beyond the 40-160 Gb/s signal processing range

of the best electronic systems currently available [26, 27].

These nonlinear signal processing devices may be created by harnessing the dispersion

and nonlinearity control provided by microstructured optical fibres (MOFs). MOFs (also

sometimes known as holey fibres or photonic crystal fibres [PCFs]) generally consist of a

core region surrounded by a cladding that contains a number of small air holes or other

small features that affect the guidance of light within the fibre. It is the arrangement of

these ‘microstructures’ that determine key optical properties such as nonlinearity and

dispersion. The fibre characteristics can therefore be engineered via the geometry to

enhance specific nonlinear phenomena.

The realisation of efficient nonlinear devices that are able to operate at bit rates ap-

proaching 1 Tb/s and beyond may also require looking beyond silica as the substrate
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material. While silica has long been the material of choice for fibre optic applications due

to its excellent transmission and robustness, the potential for using silica in broadband

nonlinear optics applications is limited by its relatively low nonlinear refractive index

of 0.2 × 10−19 m2W−1 [28]. This, in turn, limits the effective nonlinear coefficient – a

key parameter that determines nonlinear signal processing performance (Section 2.2.3

describes this parameter in detail) and requires relatively high powers and/or long fibre

lengths, typically in the order of 100 m, to be used when using silica based fibres for

nonlinear applications.

This has seen soft glass fibres emerge as an attractive platform for the fabrication of

nonlinear optical devices. Soft glasses typically possess both a higher linear and nonlinear

index, relative to fused silica. The nonlinear index can sometimes be higher by orders

of magnitude – IG5 chalcogenide glass, for instance, has a nonlinear refractive index of

400 × 10−19 m2W−1 [29] (see Table 3.2 for a comparison of refractive indices between

silica and soft glasses). They are also, as the name suggests relatively much ‘softer’ – the

temperature at which the glass softens is generally around a few hundred degrees, which

enables the fabrication of complex structures via extrusion through steel (see Figure 6.1

for some examples). The extrusion based fabrication technique for MOFs allows the

fabrication of fibre geometries that are not readily attainable by alternative methods

such as the ‘stack and draw’ technique typically used when fabricating silica MOFs

[30, 31] (Section 6.2 describes these fabrication techniques in detail). This ability to

fabricate complex geometries into the glass enables dispersion control that may be finer

and applied over a broader range – another key parameter in nonlinear signal processing

applications (again, refer to Section 2.2.3 for details).

Consequently soft glass microstructured optical fibres, with broad band dispersion con-

trol via engineering the fibre geometry, are promising candidates for the fabrication

of next generation nonlinear fibre optic devices. This research investigated coupling a

number of promising compositions of soft glasses (namely tellurites, germanates and

chalcogenides) with an optimised fibre design to produce fibres with the required op-

tical properties for broadband nonlinear applications. The work involved numerical

modelling, design of novel fibre geometries, fabrication trials in soft glass materials and

experimental work characterising fibres. The main aims and methodologies used in this

research are described in the following section.
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1.2 Thesis aims and methodology

The aim of this work was to develop soft glass microstructured fibres for two specific

nonlinear telecommunications applications at 1.55 µm, while improving the understand-

ing of how dispersion engineering in soft glasses, using a genetic algorithm optimisation

method, can be used to develop a tailored fibre design for these applications. The two

applications investigated were: multicasting and phase sensitive amplification (PSA) –

both of which are based on the four wave mixing (FWM) phenomenon. Multicasting is

used to copy a signal into a number of copies for processing while PSA is a regeneration

application for reducing noise in phase encoded signals. These applications are described

in detail in Section 2.4, which also contains a review of the relevant literature pertaining

to each application.

The desired dispersion characteristics for the fibres developed in this research were that

the dispersion be low and flat over a broad band centred around 1.55 µm. In addition

to this, the fibres needed to have a high nonlinear coefficient so that the gain would be

high across the low dispersion band. To meet these goals, this research explored the

premise of using soft glass microstructured optical fibres, where the intrinsically high

nonlinearity of the soft glass could be combined with a tailored microstructured fibre

geometry to produce fibres with the desired optical characteristics for the application at

hand.

The pursuit of the primary goal of this research may be broken down into the following

set of objectives

• The identification, via theoretical analysis, of the set of optical parameters required

of the fibre for it to be used in the desired application, with practical input power.

• The identification of suitable soft glass materials for fibre fabrication. This work

eventually led to the development and optical characterisation of a novel lead glass

composition which was found to have a high nonlinearity and mechanical strength

• The development of computational models for both the design of the fibre and the

evaluation of these designs via a numerical pulse propagation model.

• The development and advancement of fibre fabrication techniques to produce the

designed fibres.
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• The experimental characterisation of the fabricated fibres.

• The confirmation of the numerical modelling procedure via fibre experiments.

The methodology used in this thesis may be summarised as follows.

The initial stages of this work comprised of a theoretical analysis of the intended applic-

ation. This was aimed at broadly determining the characteristics, such as nonlinearity

and dispersion profile, required of the fibre.

Once this was determined, the next step was deciding what material and design geometry

to use in the fabrication of the fibre, such that it would have the required nonlinearity

and dispersion. Soft glasses were chosen to be the substrate materials in these fibres for

two main reasons: they typically have a high nonlinear refractive refractive index which

leads to a high nonlinear coefficient; and soft glasses may be extruded into complex

geometries which allow for dispersion control over extremely broad bandwidths [31].

The approach used in the design process was to combine two commonly used micro-

structured fibre geometries: the suspended core design (shown in Figure 1.1(a)) and

the hexagonal array design (also referred to as the triangular array design, shown in

Figure 1.1(b)), into a hybrid geometry termed the ‘hexagonal wagon wheel’ design. The

suspended core design enables a high nonlinearity as the mode is guided in a small area

which, as described in Section 4.2, is inversely proportional to the nonlinear coefficient.

The hexagonal design facilitates engineering of the dispersion profile as the size and

placement of the holes can be used to control the effective index of the mode over a

range of wavelengths, and thus the dispersion of the waveguide (again, details on how

this is achieved are given in Section 4.2).

The hexagonal wagon wheel design combines the nonlinearity enhancement of the sus-

pended core design with the dispersion engineering ability of the hexagonal array. The

hybrid geometry was also optimised for the intended application by using a genetic

algorithm based optimisation procedure.

Computational modelling was used in the design phase and to model the final design to

predict and validate the behaviour of the fibre before fabrication. Modelling was also

used to validate optical properties such as dispersion for some fabricated fibres.
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(a) ) (b)

Figure 1.1: An example of the suspended core or ‘wagon wheel’ type fibre design is
shown on the left in (a) [1], while the hexagonal array design is shown on the right in
(b) [2]. The approach used in this work was to combine the two design types to create
a hybrid geometry termed the ‘hexagonal wagon wheel’ design (Section 4.5 describes

the design process in detail).

The fibre fabrication was done using the extrusion technique, where custom made steel

dies were used to fabricate the designed structure into the fibre.

The following section outlines the rest of this thesis, describing the aspects of the work

contained in each chapter.

1.3 Thesis outline

The structure of the rest of this thesis may be outlined as follows

Chapter 2 – Nonlinear telecommunications applications

This chapter covers the theoretical underpinnings of nonlinear fibre optics and how it

relates to the nonlinear telecommunications applications studied in this research. The

aim is to show how fibre nonlinearities and nonlinear phenomena may be harnessed to

perform telecommunications applications, specifically the signal processing applications

studied in this research. The focus in this chapter is on the four wave mixing phenomenon

as it is the basis for the signal processing applications studied herein. This chapter also

contains a review of the literature, discussing the state of the art in the two signal

processing applications that this work relates to.
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Chapter 3 – Soft glass

Due to the important role played by the fibre properties, such as dispersion and non-

linearity, in optical signal processing applications, the choice of fibre material is con-

sequently also an important one. In this chapter soft glasses are presented as promising

candidates for the fabrication of fibres for nonlinear signal processing applications. This

chapter covers the fundamentals of glasses before delving into the particular character-

istics of soft glasses, such as the high nonlinear refractive index, which facilitate the

development of fibres for nonlinearity based applications.

This chapter also describes the fabrication of a novel, germanate soft glass. This glass

is shown to have good potential for use in nonlinear fibres use due to its high material

nonlinearity and relatively high mechanical and thermal stability. The measurement of

the nonlinear index for this glass is one of the few characterisations of nonlinearity for

germanate glasses. This work was published and can be found in Reference [32].

Chapter 4 – Fibre design

This chapter builds on the theoretical work outlined in Chapter 2 and the properties

of soft glasses described in Chapter 3 to describe the fibre design process and how the

specific choice of material and fibre geometry affect the key fibre properties such as

nonlinearity, dispersion and loss. It describes how soft glasses may be harnessed for

the development of nonlinear telecommunications applications fibres by using the fibre

geometry to engineer the key fibre properties, especially dispersion, into a optimal profile

for the application of interest.

This chapter outlines the various fibre designs that have been used in the literature for

dispersion engineering and then introduces the design approach used in this research – a

genetic algorithm based optimisation of a a fibre design that is a hybrid of a hexagonal

array MOF and a suspended core, or wagon wheel, fibre. This design is referred to as

the hexagonal wagon wheel (HWW) fibre design.
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Chapter 5 – Modelling of fibre designs

This chapter documents the pulse propagation modelling work done on the optimised

hexagonal wagon wheel fibre designs presented in the previous chapter. The modelling

work was done to to demonstrate, numerically, that the designed fibres were indeed

capable of performing their intended application.

The modelling work on the fibre designed for phase sensitive amplification was published

and can be found in Reference [33].

Chapter 6 – Fibre fabrication

This chapter describes the work done on fabricating the fibres designed and modelled

in Chapters 4 and 5, respectively. This fibre fabrication work was based on using the

extrusion technique to create glass preforms which are then drawn down into fibre.

Results are presented on fabrication trials, with both the tellurite and germanate soft

glasses glasses, aimed at realising a fibre with the hexagonal wagon wheel structure.

These results document the advances made to fabrication techniques as a result of the

complex structures and, in some cases, novel materials that were used in the fabrication

process.

Chapter 7 – Fibre characterisation

Characterisation experiments performed on various fibres, including those fabricated in

Chapter 6 are documented in this chapter. This includes measurements of fundamental

fibre properties such as nonlinearity, dispersion and loss. The nonlinearity character-

isation experiments were carried out on the novel germanate glass, first introduced in

Chapter 3 and published in Reference [32].

Chapter 8 –Dispersive wave generation

In addition to the characterisation experiments described in Chapter 7, the experimental

study of nonlinear processes is also key to fully characterising fabricated fibres and

verifying the modelling process by providing experimental results to compare with
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simulations. As such, this chapter describes a body of work done in collaboration with

colleagues at the University of California, Merced where the opportunity was taken to

study soliton propagation and the generation of dispersive waves in hexagonal wagon

wheel fibres. This experimental work demonstrates how such fibres can be used to

generate new wavelengths via nonlinear effects. The experimental data is compared

with theoretical models and shown to have good agreement – an important validation

of the modelling technique.

Chapter 9 – Conclusion

This is the final chapter of this thesis. It provides a general conclusion and outlines

some potential areas for future work.

1.4 Statement of Original Work and Author Contribution

The content presented herein was written by myself under the guidance of my supervisors

whose feedback was used in the editing of this thesis. In general this work is, to the best

of our knowledge, original and the declaration below describes the author’s contribution

to the aspects of each chapter.

• Chapter 2

The fundamentals of nonlinear optical theory presented in Section 2.2.1 are well

known theories adapted from various sources, mainly References [34] and [35]. The

theory for the multicasting application is adapted from References [36] and [37].

The theoretical description of phase sensitive amplification is adapted from [38].

In all cases these well known theories were collated by the author and adapted to

the formalism used in this work. The content presented in Section 2.4 is based on

a review of the literature conducted by the author.

• Chapter 3

The background information on glasses in general, soft glasses and their properties

was written based on a review of the various literature on these subjects, with
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references in the content. The work on the development of the novel germanate

glass presented in Section 3.5 was done in conjunction with researchers from within

the author’s own research institute and colleagues from other institutes. The

glass fabrication work and measurement of density and thermal properties were

carried out by Anja Winterstein-Beckmann from the Otto-Schott-Institute at the

University of Jena and and Christian Schiele from the Department of Materials

Science at the University of Erlangen. The measurements of the Raman spectra

were conducted by Danilo Manzani while the loss measurements were conducted

by Heike Ebendorff-Heidepriem, both from the same institution as the author. The

measurements of refractive index and nonlinearity were carried out by the author.

• Chapter 4

The wave propagation fundamentals presented in Section 2.2.2 were adapted from

[34, 35, 39] and again collated and presented in the formalism used throughout the

rest of this work. All the design and modelling work was done by the author. The

program used to run the genetic algorithm was developed internally by a colleague,

Wen Qi Zhang, however its application and analysis of results were all undertaken

by the author.

• Chapter 5

All the modelling work and analysis were done by the author.

• Chapter 6

All the extrusion work was done by the author. The fibre draws were performed

in conjunction with draw tower operators Roger Moore and Alastair Dowler.

• Chapter 7

The experimental setup used in the dispersion measurement was based on a setup

used by a colleague Matthew Henderson to measure dispersion in Silica fibres. All

the experimental work in this chapter was done by the author.
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• Chapter 8

The dispersive wave experiments were performed in collaboration with Leily Kiani

and Jay Sharping from the University of California (UC), Merced. The experi-

ments were performed by the author in collaboration with Leily Kiani in the labs

supervised by Jay Sharping at UC, Merced with fibres fabricated at the author’s

institution. The subsequent analysis, modelling and comparisons to theory were

done by the author.
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Chapter 2

Nonlinear telecommunications

applications

2.1 Introduction

With careful design, the nonlinearity in optical fibres can be utilised to create devices

that may be used in several telecommunications applications [45]. All optical switching

[46–48] and optical signal regeneration [49–52], for instance, are examples of nonlinear

telecommunications applications that can be performed in optical fibre based devices.

A key advantage to using optical nonlinearity for these applications is that the signal

is processed optically instead of electronically, where it has access to the significantly

larger bandwidth that fibres provide (in comparison to copper). This facilitates the

development of all optical telecommunications networks which are becoming increasingly

important as signal rates approaching 1 Tb/s become more common [53].

To comprehend how these applications work and design for them, one must first develop

an understanding of nonlinear effects in optical fibres. Indeed such an understanding

is crucial to the overall design of optical telecommunications networks. For long haul

transmission links over thousands of kilometres, where losses are very low, even small

nonlinearities build up and can lead to a host of undesirable effects. These include

pulse broadening [54, 55], cross talk [56, 57] or even physical damage. Additionally,

Kerr nonlinear effects (discussed in detail in Section 2.2.1), can cause signal distortions

27
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and introduce nonlinear noise which, according to the Shannon theorem [58], limits the

information transmission capacity [59] of the fibre.

Thus, when optical fibres are used in the transmission of data, it is important to manage

these nonlinear effects by ensuring that the light wave travelling down the fibre is kept

within appropriate power thresholds [60, 61].

However, the same processes that give rise to undesirable nonlinear effects in signal

transmission can also be used in the processing of optical signals. These nonlinear

processes are generally one of the following types: stimulated Brillouin scattering (SBS),

stimulated Raman scattering (SRS), self phase modulation (SPM), cross phase modu-

lation (XPM), and four wave mixing (FWM) [34]. While they have all been used for

a variety of applications, the applications considered in this work revolve around signal

regeneration and amplification and thus we chose to focus on FWM. The FWM process

is useful for such applications due to its ability to generate new, phase conjugated

wavelengths from an initial signal, across a broad bandwidth.

The aim of this chapter is to review the relevant background literature and provide a

theoretical basis for the two FWM based signal processing applications that this research

is based on – multicasting and phase sensitive amplification (PSA). It is organised as

follows: theoretical fundamentals describing the basis for the optical phenomena relevant

to this work are presented in Section 2.2, including how nonlinearity originates and how

it leads to effects such as the nonlinear refractive index and a description of the key

fibre parameters such as nonlinearity and dispersion. The theoretical foundations of the

four wave mixing process, that both multicasting and phase sensitive amplification are

based on, is discussed in Section 2.3. Section 2.4 then describes how FWM is applied in

optical signal processing, with a focus on the multicasting (Section 2.4.1.2) and phase

sensitive amplification (Section 2.4.1.2) applications studied in this research.

Each application subsection within Section 2.4 consists of a theoretical overview and a

discussion on the design considerations that must be taken into account when design-

ing optical fibres for the application. The theoretical overview is based on existing

literature and summarises the underlying physics behind each application. The design

considerations build on the previously presented theoretical knowledge, outlining how

the requirements for the key fibre properties, such as dispersion and nonlinearity, can

be met during the fibre design process.
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2.2 Theoretical fundamentals

This section provides a theoretical overview of optical nonlinearity and wave propagation

in dielectric media and also introduces some key fibre parameters that are used in the

design and modelling of optical fibres. It is organised into subsections as follows:

Section 2.2.1 introduces optical nonlinearity and describes how it originates within

dielectric materials in the presence of an optical field. Section 2.2.2 describes the

equations that govern the propagation of an optical wave and discusses how they are

derived from Maxwell’s fundamental equations for all electromagnetic waves. The form

of the solutions to these equations is also presented and used to show how some key

parameters, such as the propagation constant, originate. Section 2.2.3 follows from this

and describes the major fibre parameters, such as dispersion and nonlinearity, that are

used in the fibre design process.

The derivations and formalism presented in this section have been adapted mainly from

References [34, 35, 39]. They have been collated here to provide a theoretical framework

that will be used in the discussion of the design and modelling work presented in the

rest of this thesis.

2.2.1 Optical nonlinearity

For most conditions under which light interacts with a dielectric medium, the response

of the medium to the incident light is linear. However, if the intensity of the incident

electromagnetic wave is of a sufficiently high intensity, this response becomes nonlinear

and results in a host of interesting nonlinear effects. The light intensity required to

trigger these nonlinear effects is generally one that is comparable to the electric fields

between the electrons and nuclei that make up the dielectric medium [62].

Physically, this is a consequence of how the bound electrons in the medium interact

with the electric field of the light wave. The opposing influence, on the electrons of the

medium, of the electric field of the light wave and their host nuclei results in an induced

polarisation. This strength of this induced polarisation is dependent on the strength of

the electric field (which is why it takes light of a sufficiently high intensity for nonlinear

effects to become apparent) In general, we may write the induced polarisation as
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P(r, t) = ε0

(
χ(1)E(r, t) + χ(2)[E(r, t)]2 + χ(3)[E(r, t)]3 + ...+ χ(n)[E(r, t)]n

)
, (2.1)

where ε0 is the free space permittivity, χ(1) is the linear susceptibility, χ(2) is the second

order susceptibility and so on up to χ(n) – the nth order susceptibility which is a tensor

of rank n+ 1. The predominant contribution to P comes from the linear susceptibility

as the higher order terms are typically many orders of magnitude lower.

For amorphous materials, such as glasses, the molecules possess an inversion symmetry

(also known as centrosymmetry) where any point at (x, y, z) in the lattice is indistin-

guishable from the point (−x,−y,−x). As a consequence χ(2), and indeed all even

order susceptibilities, are zero for such materials. To see how this originates we first

consider the polarisation induced by an electric field propagating in a certain direction.

According to Equation 2.1, this is given by

P = ε0

(
χ(1)E + χ(2)(E)2 + χ(3)(E)3 + ...

)
. (2.2)

If we then consider a field propagating in the opposite direction, −E, it will, due to

centrosymmetry, result in an induced polarisation of −P. This may be written as

−P = ε0

(
χ(1)−E + χ(2)(E)2 + χ(3)(−E)3 + ...

)
. (2.3)

Summing Equations 2.2 and 2.3 together then leaves us with

0 = 2
(
χ(2)(E)2 + χ(4)(E)4 + χ(6)(E)6 + ...

)
, (2.4)

=
n∑
i=1

χ(2i)(E)2i, (2.5)

showing that the contribution of all even order terms to the nonlinear polarisation

is zero, as each term on the right hand side of the equation responds to a different
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frequency. However, the odd order susceptibilities remain and these give rise to the

nonlinear component of the induced polarisation.

It is useful then to split the induced polarisation term in Equation 2.1 into its linear and

nonlinear components and write it as

P = PL + PNL, (2.6)

where PL is the linear component and PNL is the nonlinear component. Both compon-

ents are related to the electric field via Equation 2.1 – PL contains the χ(1) term while

PNL accounts for all the higher order terms.

In optical fibres the biggest contribution to the nonlinear polarisation arises from third

order χ(3) effects. Indeed the nonlinear polarisation may be considered to be predomin-

antly due to χ(3) effects since, as mentioned before, even order terms for centrosymmetric

materials such as glasses disappear and the higher order odd terms are negligible. The

nonlinear polarisation may thus be written as

PNL
∼= P(3) = ε0χ

(3)(E)3. (2.7)

If we consider a monochromatic wave of the form

E = E0 cos(ωt), (2.8)

and the light to be linearly polarised so that the tensor form of χ may be avoided,

Equation 2.7 becomes

PNL = ε0χ
(3)(E0)3 cos3(ωt). (2.9)

The trigonometric identity cos3(ωt) = 1 cos(3ωt)+3 cos(ωt) may then be used to express

the nonlinear polarisation as

PNL = ε0

[
1

4
χ(3)(E0)3 cos(3ωt) +

3

4
χ(3)(E0)3 cos(ωt)

]
. (2.10)
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The first term in Equation 2.10 oscillating at frequency 3ω gives rise to the third

harmonic effect – where three waves at frequency ω combine to form a single, frequency

up shifted wave at 3ω. The second term gives rise to a host of other nonlinear effects

such as four wave mixing and nonlinear refraction. Four wave mixing in particular is an

important nonlinear optical phenomenon for telecommunications applications and, as

such, it forms the basis for much of this research. It is discussed in detail in Section 2.3.

2.2.1.1 Nonlinear refractive index

One of the most important ramifications of the third order susceptibility is the addition

of an intensity dependent, nonlinear component to the refractive index. In χ(3) media,

the refractive index is written as

n = n0 + n2I, (2.11)

where n0 is the linear refractive index, n2 is the nonlinear refractive index and I intensity

of the propagating wave. This nonlinear component of the refractive index is often

referred to as the optical Kerr effect.

To see how n2 is related to χ(3) we must refer back to Equation 2.10. The first term

in this equation oscillates at the third harmonic of the carrier frequency and is not

significant unless the phase of the waves at frequency ω can be phase matched to those

at 3ω so that energy transfer may occur (phase matching between waves propagating at

different frequencies is discussed on more detail in Section 2.3 where four wave mixing

is introduced). In general, this is not possible in optical fibres1 so we may write the

nonlinear polarisation as

PNL = ε0
3

4
χ(3)(E)3. (2.12)

If a monochromatic plane wave as in Equation 2.8 is again assumed, with intensity given

by

1While phase matching from ω to 3ω in an optical fibre is generally not possible within the same
mode, third harmonic generation has been demonstrated by using intermodal phase patching [63].
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I =
1

2
cε0n0(E)2, (2.13)

where c is the speed of light. The total polarisation may then be written as

P = ε0χ
(1) +

3χ(3)

2cε0n0
I ·E, (2.14)

= ε0χeffE, (2.15)

where we have introduced a new term, the effective susceptibility χeff , given by

χeff = χ(1) +
3χ(3)

2cε0n0
I. (2.16)

Using the relationship between effective refractive index and effective susceptibility below

[35]

n2 = 1 + χeff . (2.17)

The refractive index becomes

n2 = 1 + χ(1) +
3χ(3)

2cε0n0
I. (2.18)

If Equation 2.11 is inserted into the left hand side of the relation above and expanded

assuming the nonlinear component is much smaller than the linear one, we may consider

only terms up to order I and write the relation as [62]

n2
0 + 2n0n2I = 1 + χ(1) +

3χ(3)

2cε0n0
I (2.19)

which gives the following expressions for the linear and nonlinear component of the

refractive index



Chapter 2. Nonlinear telecommunications applications 34

n0 = (1 + χ(1))
1
2 , (2.20)

n2 =
3χ(3)

4cε0n2
0

. (2.21)

The nonlinear refractive index is therefore determined by the third order susceptibility

as per Equation 2.21. This nonlinear index is also used to define the nonlinear coefficient

γ for optical fibres, as described in the section.

2.2.2 Wave propagation

To discuss the important fibre parameters that characterise nonlinear phenomena within

optical fibres an understanding of the basic concepts and equations of electromagnetic

wave theory is required. All electromagnetic phenomena are governed by Maxwell’s

equations which, in standard form, may be written as

∇×E = −∂B

∂t
, (2.22)

∇×H = J +
∂D

∂t
, (2.23)

∇ ·D = ρf , (2.24)

∇×B = 0, (2.25)

where E and H are the electric and magnetic field vectors, respectively and D and B

represent the electric and magnetic flux densities, respectively. J is the free current

within the material and ρf is the material’s free charge density. In a glass medium such

as an optical fibre where there are no free charges J = 0 and ρf = 0.

The flux densities are related to the fields via the constitutive relations below

D = ε0E + P, (2.26)
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B = µ0H + M, (2.27)

where ε0 and µ0 represent the permittivity and and permeability (in free space), respect-

ively. P is the induced electric polarisation given in Equation 2.1 and M is the induced

magnetic polarisation, which is zero for nonmagnetic media such as optical fibres.

The electric field may be decoupled from the equations above into an individual wave

equation by taking the curl of Equation 2.22 and then using Equations 2.23, 2.26 and 2.27

to eliminate the other fields. This results in the equation

∇×∇×E = − 1

c2

∂2E

∂t2
− µ0

∂2P

∂t2
, (2.28)

where c is the speed of light in vacuum and P is again the induced electric polarisation,

related to the electric field by Equation 2.1. By using the vector calculus identity [35]

∇× (∇×A) = ∇(∇ ·A)−∇2A, (2.29)

and splitting the induced polarisation into a linear and nonlinear component as in

Equation 2.6, a general equation for wave propagation can be derived and written as

∇2E− 1

c2

∂2E

∂t2
= µ0

∂2PL

∂t2
+ µ0

∂2PNL

∂t2
. (2.30)

Equation 2.30 provides a general basis from which to study light waves in optical fibres.

A derivation of the solutions to this equation is outside the scope of this work, however

a detailed treatment may be found in References [35] and [34]. For the purpose of this

derivation, only the generalised solution for an electromagnetic pulse propagating down

the longitudinal axis of an optical fibre is shown. Assuming that this longitudinal axis

is z and that the fibre is longitudinally invariant and weakly guiding, the pulse may be

represented as

E =
1

2
k̂[E(x, y)A(z, t)ei(βz−ωt) + c.c.], (2.31)
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where E(x, y) represents the transverse field, A(z, t) is the pulse envelope, ω is the

central angular frequency (related to the linear frequency f by the relation ω = 2πf), β

is the propagation constant of the mode, k̂ is a unit vector along the polarisation axis

and c.c. denotes the complex conjugate. Note that when the fields in Equation 2.31 are

evaluated they are taken to be the real parts of this equation. A similar equation also

exists for the magnetic field.

This propagation constant in the equations above is the eigenvalue of the mode and its

value is obtained by solving the corresponding eigenvalue equation. The form of this

equation depends on the assumptions used to simplify Equation 2.30 and the geometry

of the fibre – its derivation is again out of the scope of this work, but details on the

procedure may be found in both [35] and [39].

The frequency dependence of this propagation constant is also closely related to the fibre

dispersion parameter, discussed in the next section.

It it also useful to characterise each mode by defining an effective index neff that is

related to the propagation constant by the equation

neff =
λβ

2π
. (2.32)

This effective mode index is analogous to the refractive index for a material and in

waveguides such as optical fibres it is determined by the refractive index regions that

the transverse field is confined in.

With these definitions in hand we may now proceed to discussing the key fibre parameters

that drive the selection of a fibre design – nonlinearity, dispersion and loss. This is done

so in Section 2.2.3 that follows.

2.2.3 Fibre nonlinearity and dispersion

When designing optical fibres for nonlinear telecommunications applications, two para-

meters are paramount in the design considerations: the fibre nonlinearity and the

dispersion profile.
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The nonlinearity of a waveguide is measured by the effective nonlinear coefficient. This

parameter, which is obtained through the derivation of the pulse propagation equation

for nonlinear waveguides (described in Section 2.2.3.1), is defined as

γ =
2π

λ

n2

Aeff
, (2.33)

where n2 is the nonlinear refractive index, λ is the central wavelength and Aeff is the

effective area of the fibre mode. The effective mode area is based on the modal field

distribution and is usually defined as [34]

Aeff =

(∫
|E(x, y)|2 dA

)2

∫
|E(x, y)|4 dA

, (2.34)

where E(x, y) is the electric field distribution across the transverse axes x, y and the

integrals are evaluated over the transverse area.

However this definition of the effective area in Equation 2.34 originates from a scalar set

of solutions to Equation 2.30, which assume a weak guidance of the propagating mode in

addition to ignoring the vectorial nature of the field. The weak guidance approximation

greatly simplifies the analysis of the propagating modes and may be assumed if the

refractive index between the core and the cladding region of the fibre is negligible, i.e.

ncore/ncladding ≈ 1, where ncore is the refractive index of the core and ncladding is that of

the cladding [35]. Such an approximation is valid for refractive index differences of up

to 1% – such as conventional silica SMF-28 fibres, where the refractive index difference

between the core and the cladding is around 0.4%. However for a strongly guiding

waveguide, such as a soft glass nanowire (where the refractive index difference can be

on the order of 100%) this weak guidance approximation is obviously inappropriate.

For these strongly guiding waveguides, the weak guidance approximation may instead

be dispensed with by considering full vectorial solutions to Maxwell’s equations. Afshar

et. al. [64] have developed such a formalism and obtained a revised definition for the

nonlinear coefficient, written as
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γv =
2π

λ

n2

Aveff
, (2.35)

where the material nonlinearity is weighted by field distribution and represented by the

average nonlinear index n2, written as

n2 =
ε0k0

µ0

∫
n2(x, y)n2(x, y)(2|E|4 + |E2|2) dA

3

∫
|(E×H · ẑ)|2 dA

, (2.36)

and the effective area has also replaced by a vectorial version Aveff , written as

Aveff =

∣∣∣∣∫ (E×H) · ẑ dA

∣∣∣∣2∫
|(E×H) · ẑ|2 dA

. (2.37)

In Equations 2.36 and 2.37 above E and H represent the vector electric and magnetic

fields, respectively; while n(x, y) and n2(x, y) represent the transverse distributions of

the linear and nonlinear refractive index. The axis of propagation in these equations is

set to be the z axis, with the unit vector ẑ.

By taking into account the vectorial nature of the fields, the nonlinear coefficient in

Equation 2.35 is shown to be significantly higher that the scalar version in Equation 2.33

for strongly guiding fibres, in small core regimes [65]. The reason for this difference is

the z component of the electric field (i.e. the component in the propagating direction),

which is significant in small core regimes where the mode is tightly confined. For large

core diameters and weak guiding regimes this ẑ component goes to zero and consequently

γv approaches the standard γ definition.

The other main parameter that affects fibre performance is the dispersion, which arises

from the frequency dependence of the propagation constant β. When describing the

effect of dispersion on an optical wave is is useful to expand the propagation constant β

via a Taylor series expansion around the carrier frequency ω0 as

β(ω) = β(0) + (ω − ω0)β(1) +
1

2
(ω − ω0)2β(2) + ... (2.38)
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where β(0) is the propagation constant at the carrier frequency (i.e. β(0) = β(ω0)) and

the higher order terms may be defined as

β(m) =

(
dmβ

dωm

)
ω=ω0

(m = 1, 2, 3, ...). (2.39)

The first order term in Equation 2.38 is related to the group velocity vg (which determines

the overall delay on a pulse) by the equation

β(1) =
dβ

dω
=

1

vg
. (2.40)

The second order term in Equation 2.38 is known as the group velocity dispersion and

is used in the definition of the dispersion parameter D that is generally used when

quantifying dispersion in optical fibres. This dispersion parameter is usually expressed

in units of ps−1nm−1km−1 and is defined as

D = −2πc

λ2
β(2) = −2πc

λ2

d2β

dω2
=

2πc

v2
gλ

2

dvg
dω

, (2.41)

where β is the propagation constant of the mode, λ is the wavelength, ω is the angular

frequency, c is the speed of light in vacuum and vg is the group velocity. Wavelengths

where D is negative are known as the normal dispersion regime – in this region shorter

wavelength components of an optical pulse would travel slower than longer wavelength

components, resulting in temporal pulse broadening. Conversely, wavelengths where

D > 0 correspond to anomalous dispersion – in this region shorter wavelength compon-

ents of an optical pulse would travel faster than longer wavelength components, causing

the pulse to contract (in time).

2.2.3.1 Nonlinear pulse propagation

When analysing nonlinear effects in fibres, it is useful to convert the wave equation shown

in Equation 2.28 into a form that is in terms of the nonlinear parameters introduced

earlier. This results in the a form of the Nonlinear Schrödinger Equation (NSE), for
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wave propagation in nonlinear dielectric media. The NSE forms the basis for much of

the pule propagation modelling work in this thesis and thus, its derivation is summarised

here. A detailed treatment may be found in [34], from where the following formalism

has been adapted.

First a slowly varying approximation is assumed for the electric field envelope and a

Fourier transformed is applied on the field, defined as

Ẽ(r, ω − ω0) =

+∞∫
−∞

E(r, t) exp[i(ω − ω0)t]dt. (2.42)

This transformed electric field satisfies the Helmholtz equation [34]

∇2Ẽ − ε0n2k2
0Ẽ = 0, (2.43)

where k0 = ω/c. This equation may be solved by separating variables and assuming a

solution of the form

Ẽ(r, ω − ω0) = F (x, y)Ã(z, ω − ω0) exp(iβ(0)z), (2.44)

where Ã(z, ω) is the slowly varying pulse envelope and F (x, y) is the transverse field

distribution. Using the Helmholtz relation in Equation 2.43, the separated variables are

found to obey the relations

∂2F

∂x2
+
∂2F

∂y2
+ [ε(ω)k2

0 − β̃2]F = 0, (2.45)

2iβ(0)∂Ã

∂z
+
(
β̃2 − β(0)2

)
Ã = 0. (2.46)

Note that in deriving Equation 2.46, the second derivative term was neglected since the

pulse envelope A is assumed to be slowly varying.

The pulse propagation equation is then obtained by making making some simplifications

such as treating the nonlinear component of the refractive index (which is included in the
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ε term in the above equations) as a small perturbation, using a Taylor series expansion

for β such as in Equation 2.38 and then moving back to the time domain by taking the

inverse Fourier transform of Equation 2.46, defined as

A(z, t) =
1

2π

+∞∫
−∞

Ã(z, ω − ω0) exp[−i(ω − ω0)t]dω. (2.47)

This results in the pulse propagation equation

∂A

∂z
+ β(1)∂A

∂t
+ i

β(2)

2

∂2A

∂t2
+
α

2
A = iγ(ω0)|A|2A, (2.48)

Where, in this formalism, γ is the nonlinear coefficient defined in Equation 2.33 and α is

the fibre attenuation, which is defined later in Equation 4.2. It should be noted that the

nonlinear coefficient γ is defined via the derivation of this pulse propagation equation

(Equation 2.48). Additionally, note that in the inverse Fourier transform operation the

(ω − ω0) term is replaced by the differential operator i ∂∂t [34].

Equation 2.48 represents a form of the Nonlinear Schrödinger Equation that governs

the propagation of pulses under the effects of nonlinearity, group velocity dispersion

and loss. This equation may be solved numerically if the pulse and fibre properties are

known and is thus an extremely useful tool for modelling nonlinear effects in fibres. In

the modelling process used in this research, a further generalised version of this equation

was used to include higher order dispersion and the effect of other nonlinear phenomena

such as stimulated Raman scattering. This process is described in detail in Section 5.2.

2.3 Four wave mixing

Four wave mixing is a nonlinear process that involves the interaction of four light waves.

It is classed as a third order parametric process as it results in a modulation of the

refractive index through the third order susceptibility χ(3). The two signal processing

applications considered in this research, multicasting and phase sensitive amplification,

are both based on FWM and thus a theoretical overview of the process is provided in

this section.
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If we consider four waves oscillating at angular frequencies ωi (where i = 1 to 4) we

can broadly categorise FWM into two types: the case in which three photons transfer

their energy to a single photon such that ω4 = ω1 + ω2 + ω3; and the case in which

two photons are annihilated and two new ones created such that ω3 + ω4 = ω1 + ω2. In

both cases energy and momentum must be conserved and, as the interaction depends

on the relative phases of the waves, it requires that the phases of the all four waves be

matched. In general, the phase matching condition for the former case (where three

photons combine to form one) is much harder to achieve. However it may be used for

third harmonic generation by setting ω1 = ω2 = ω3 [63]. The latter case (where two

photons combine to generate two other photons) is widely used for many applications,

such as wavelength conversion [66, 67], supercontinuum generation [68], and fibre lasing

[69, 70].

In general, the two input waves are at distinct frequencies and they generate two distinct

output waves. This is known as non-degenerate FWM. However, it is also possible to

have cases where both inputs waves, or both output waves, can be at the same frequency

i.e. ω1 = ω2 or ω3 = ω4. This is known as degenerate FWM. This is illustrated in

Figure 2.1.

Pumps

Sideband Sideband

ω

I

Pump

Sideband Sideband

ω

I

Figure 2.1: This schematic shows the difference between non-degenerate FWM (on
the left) and degenerate FWM (on the right). In the degenerate case two photons
from a pump at a single wavelength interact to give the side bands, whereas in the

non-degenerate case the two pump photons are at different frequencies.

While the term degenerate FWM generally refers to the pump wavelength, the degen-

eracy can also be at the signal/idler wavelength, i.e. two pump photons at different

frequencies interact with the signal photon to create an idler at the same wavelength (as

the signal). Indeed such a setup is used in the phase sensitive amplification mechanism

described in Section 2.4.2.
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The main interest in FWM, from a telecommunications perspective, is the ability to use

light at a certain wavelength to generate light at new wavelengths. This is especially

useful for applications such as switching [46–48] where, for instance, a data signal can

be switched to a FWM idler by using a control signal as a FWM pump and setting

it to be ether above or below the threshold required for there to be sufficient gain at

the idler wavelength. FWM is also useful for signal regeneration [49–51] as it can be

used to frequency convert, reamplify, reshape and retime a signal based on the FWM

configuration used [49].

2.3.1 Theory of FWM

Four wave mixing originates from the third order term of the induced polarisation. In

this instance, the nonlinear polarisation is given by

PNL = ε0χ
(3)E3, (2.49)

where E is again the total electric field of the propagating waves.

To understand how some of the key aspects FWM process, such as efficiency and

bandwidth, are affected by the fibre parameters we start with a set of coupled equations.

These describe the evolution of the amplitude of each mode, at frequencies ω1, ω2, ω3

and ω4.

These coupled amplitude equations may be derived from the wave equation given in

Equation 2.30. A quasi-CW form is assumed for the electric field where each mode has

a propagation constant βj = ñjωj/c, where ñj is the (complex) mode index (j = 1 to 4

and corresponds to the mode at frequency ωj). This leads to corresponding CW form for

the nonlinear polarisation (via the relation in Equation 2.49) which may be substituted

into the wave equation along with a similar expression for the linear term. The time

dependence of the electric field is neglected (due to the quasi-CW assumption) and it is

split into spatial and amplitude components, written as

Ej(r) = Fj(x, y)Aj(z). (2.50)
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By integrating over the spatial distribution of each fibre mode Fj(x, y), the coupled

amplitude equations may be obtained, in scalar form, as [34]

dA1

dz
= i

γ(ω1)|A1|2 + 2
∑
k 6=1

γ(ω1)|Ak|2
A1 + 2γ(ω1)A∗2A3A4e

i∆kz

 , (2.51)

dA2

dz
= i

γ(ω2)|A2|2 + 2
∑
k 6=2

γ(ω2)|Ak|2
A2 + 2γ(ω2)A∗1A3A4e

i∆kz

 , (2.52)

dA3

dz
= i

γ(ω3)|A3|2 + 2
∑
k 6=3

γ(ω3)|Ak|2
A3 + 2γ(ω3)A∗4A1A2e

−i∆kz

 , (2.53)

dA4

dz
= i

γ(ω4)|A4|2 + 2
∑
k 6=4

γ(ω4)|Ak|2
A4 + 2γ(ω4)A∗3A1A2e

−i∆kz

 . (2.54)

where Aj is the amplitude of the wave at frequency ωj , γ is the nonlinear coefficient and

∆k is the phase mismatch, given by Equation 2.55 in terms of the propagation constants

βj (again, the subscript corresponds to the frequency of the mode).

∆k = β3 + β4 − β1 = −β2, (2.55)

In Equations 2.51 to 2.54 we have already made the approximation that the spatial

overlap of the electric fields at each frequency are the same, such that they have the

same effective area. We have also assumed that the variation in the nonlinear coefficient

across the four frequencies is negligible, i.e. γ(ω) = γ. As γ depends on the nonlinear

refractive index and the effective mode area according to Equation 2.35, this assumption

is only valid for small frequency separations – where it can be assumed that the nonlinear

refractive index and effective mode area are essentially the same for all four waves.

To obtain an exact analytical solution for Equations 2.51 to 2.54 the waveguide must also

be assumed to be weakly guiding [71]. For strongly guiding waveguides, where there is a

high index contrast between the core and cladding regions, obtaining a solution requires

a numerical approach instead. To derive an analytical solution we must also assume

that the pump waves are considerably more intense than the generated waves and that

their power does not get depleted during the process.
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For the purpose of this discussion, it is sufficient to show how an approximate solution

may be obtained using these approximations, as it still allows us to glean physical insight

into the FWM process.

By solving Equations 2.51 and 2.52 for the two pump waves we obtain the following

solutions:

A1(z) =
√
P1e

[iγ(P1+2P2)z], (2.56)

A2(z) =
√
P2e

[iγ(P2+2P1)z], (2.57)

where z is the propagation axis of the fibre and Pj are the incident pump powers, given

by Pj = |Aj(z = 0)|2.

By then substituting these equations into 2.53 and 2.54 and introducing a transformed

amplitude B we are able to obtain an equation of the form

d2Bj
dz2

+ iκ
dBj
dz
− (4γ2P1P2)Bj = 0 (j = 3, 4), (2.58)

where the transformed amplitude is given by

Bj = Aje
−2iγ(P1+P2)z (j = 3, 4). (2.59)

From Equation 2.58 we are able to obtain a general solution which may be written in

the form

B3(z) = (a3e
gz + b−gz3 )e−iκz/2, (2.60)

B∗4(z) = (a4e
gz + b−gz4 )eκz/2, (2.61)

where a3, b3, a4 and b4 are parameters determined by the boundary conditions.
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The general solutions obtained in Equations 2.60 and 2.61 show us that the amplitude

of the generated signal and idler waves depend on two parameters: the gain g and the

effective phase mismatch κ, given by

g =

(
4γ2P1P2 −

κ

2

2
)1/2

, (2.62)

κ = ∆k + γ(P1 + P2). (2.63)

When designing fibres for broad band FWM based applications, one generally seeks

to maximise this gain parameter over the bandwidth required. This is done by both

increasing the nonlinearity, and minimising the phase mismatch over the wavelength

range. In Section 2.4 that follows, we discuss applying FWM for signal processing and

show how this results in specific requirements on the gain and phase mismatch, and the

consequent fibre design considerations that this entails.

2.4 Signal processing applications based on FWM

To realise next generation networks, at speeds of 1 Tb/s and beyond, optical signal

processing techniques are desirable. Currently, this processing is done electronically

and involves costly, inefficient electrical–optical conversion, back and forth, between

the transmitting link (optical) and the signal processor (electronic). In addition to

this, conventional electronic signal processing schemes such as electrical time domain

multiplexing (EDTM) are generally limited to operating at the ethernet standards of

40 Gb/s to 100 Gb/s [72], although laboratory experiments have shown that this may be

pushed to 160 Gb/s [27]. In any case, this is well below the bandwidth of the transmitting

optical fibres and thus represents a significant bottleneck in the network infrastructure.

To get higher bit rates and utilise the full capacity of the optical fibre transmission links,

these applications must be performed in the optical domain. The use of a nonlinear

phenomenon such as FWM is a way by which an all optical network architecture may

be developed, as FWM may be utilised to perform processing functions such as signal

regeneration and amplification.
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In this research we have looked at two major four wave mixing based telecommunications

applications: multicasting and phase sensitive amplification. Multicasting is a technique

whereby a signal is duplicated for transmission to multiple receivers, while phase sensitive

amplification is a signal regeneration application used to transmit signals over long

haul links with high fidelity. Each application is described in below – multicasting in

Section 2.4.1 and phase sensitive amplification in Section 2.4.2. Each of these sections

provides an overview of the theory behind each application and, following on from this,

the design considerations that must be taken into account when designing optical fibres

for the application.

2.4.1 Multicasting

Multicasting is the simultaneous replication of a single signal into multiple copies and is

an important tool in many signal processing techniques. Optical time division (OTD)

demultiplexing is one such technique, which can be used to decompose a fast optical

signal into copies at lower speeds. This allows for the electronic processing of a signal

with a bit rate that is higher than that of the available electronic components by

decomposing the original signal into components that have lower bit rates – in line

with the processing capacity of electronic components. Thus, OTD demultiplexing may

be used in the creation of an all-optical preprocessing layer to bridge the existing gap

between the rate at which data can be transported down an optical line and the rate at

which it can be processed by electronic components at the end.

However conventional OTD devices operate in a single channel demultiplexing scheme

that is difficult to scale up with increasing network speeds [37]. The difficulty arises

from the fact that these single channel devices would need to be duplicated into a

parallel architecture to encompass a high input bandwidth. This motivated Bres et.

al. to develop a preprocessing architecture called multicast parametric synchronous

sampling (MPASS), where multiple output tributaries are produced in a single gate in a

manner that is both efficient and scalable with input bit rate [36]. This architecture was

used to experimentally demonstrate demultiplexing of a 320 Gb/s signal using a 1-to-8

multicasting scheme [37].

The work documented in this research was based on this MPASS architecture and aimed

to use a soft glass based microstructured fibre design to extend the scheme to generate
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more signal copies, in an effort to multicast signals at 640 Gb/s. Highly nonlinear soft

glasses have been previously shown to be able demultiplex 160 Gb/s signals in both fibre

[73, 74] and optical chip devices [75].

Optical multicasting can also be used in the creation of optical wavelength division

multiplexing (WDM) systems [76], which are key to creating single point to multipoint

connections in telecommunications networks. Optical multicasting has also been used in

the creation of optical ‘superchannels’ capable of transporting data with high spectral

efficiency at speeds beyond 1 Tb/s [77, 78].

2.4.1.1 Theory

Multicast parametric synchronous sampling can be broken down into three distinct

operations: multicasting, synchronisation and sampling. First the data, at input trans-

mission rate B (measured in bits per unit time) is multicast into M multicoloured

copies, each centred at a wavelengths λj (where i = 1 to M) and at a (lower) rate

of transmission, R. These copies are then shifted in time such that they are delayed

with respect to each other before being simultaneously sampled by a gate operating at

1/R. The time delay is set up such that when all the copies are sampled they result

in time shifted slices of the original signal at different wavelengths. These can then be

demultiplexed and then sent off for electronic processing.

To process the high rate input signal at B, the number of signal copies (M) and subrate

transmission rate (R) must be adjusted such that its product is that of the original high

rate signal B, i.e., we must satisfy the condition B = M×R. Therefore, to accommodate

an increase in input signal bandwidth one must either generate more signal copies M

or increase the rate R at which these copies can be sampled. Generally, R is fixed by

the limits of electronics processing – typically 40 Gb/s. Therefore, to process an input

signal at, for instance, 320 Gb/s at a subrate of 40 Gb/s one must generate 8 copies; to

process 640 Gb/s one needs 16; and so on.

This generation of the signal copies within the multicasting block requires a combination

of cascaded four wave mixing processes. The simplest form of FWM multicasting can be

thought of as a 1-to-2 operation where the interaction of the signal with a single pump

produces one idler via degenerate FWM. Extending this out to two pumps allows for the
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generation of three idlers via a combination of degenerate and non degenerate FWM, i.e.

1-to-4 multicasting. By increasing the number of pumps more idlers can be generated

and consequently the multicasting ratio increases. This is represented schematically in

Figure 2.2.
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Figure 2.2: The top left diagram shows a 1-to-2 scheme that uses degenerate FWM
to generate an idler wave from a signal, and thus a total of two versions of the signal.
The scheme can be cascaded by adding a secondary pump which may then be used for
1-to-4 multicasting (top right). Further FWM can create more pump waves naturally,
leading to further cascading of the process to 1-to-8 multicasting (bottom) and so on
provided the gain bandwidth and transmission window of the device are wide enough.

Previous work has demonstrated successful multicasting of a 320 Gb/s signal into 8

copies at the lower transmission subrate of 40 Gb/s [37]. In this setup a pair of CW

pumps, asymmetrically positioned around the signal wavelength, along with the signal,

were inserted into a silica highly nonlinear fibre (HNLF). The side bands generated by

FWM between the two primary pumps generated a secondary set of pumps, which then

interact with the signal to generate multiple idlers.

While the architecture used in Reference [37] is indeed scalable to deal with input

signals at higher speeds, it is limited by the bandwidth of the silica HNLF. Thus,

to extend capability out to higher speeds the operating bandwidth of the nonlinear



Chapter 2. Nonlinear telecommunications applications 50

optical component must be increased. The requirements of such a fibre are discussed in

Section 2.4.1.2.

2.4.1.2 Design considerations

In this research we looked at designing a fibre to multicast of a 640 Gb/s signal into 16

copies at 40 Gb/s. The fibre would have to operate within the architecture described in

Reference [37] and would therefore need to work under approximately the same input

conditions, such as pump power.

The FWM gain requirements on such a fibre are twofold: the gain needs to be high

enough to ensure that 16 signal copies can be generated via FWM over a practical

length; and the gain needs to be sufficiently flat across the operating bandwidth to

ensure that the signal to noise ratio is the same across all copies.

This places quite tight requirements on the dispersion as it requires phase matching

over a very broad band – approximately 200 nm worth, in this case, to be able to fit

all 16 copies of the signal, and secondary pump waves. Therefore we chose a high index

tellurite glass and a highly tailorable fibre design, optimised via a genetic algorithm to

produce the required properties. This design is discussed in more detail in Chapter 4

where it is shown to have a wide band of near zero dispersion centred around 1.55 µm.

Further pulse propagation modelling of the design is presented in detail in Chapter 5

where it is shown to be able to produce the required 16 copies, albeit with some noise

ripple at the edges of the spectrum.

2.4.2 Phase sensitive application

Phase sensitive amplification is a parametric amplification process where the gain of

the signal is dependent on its phase distribution – the parts of the signal that satisfy

a phase matching condition are amplified while those that do not are attenuated. Four

wave mixing, for example, is a phase sensitive amplification process as the gain (defined

later in Equation 2.73) depends on the phase mismatch between the signal, idler and

pumps (Equation 2.55). In contrast, an Erbium doped fibre amplifier (EDFA) is a phase

insensitive amplifier as any signal within its operating band will be amplified, irrespective

of its phase. Figure 2.3 shows the difference between these two types of amplifiers.
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Figure 2.3: Phasor schematic of phase insensitive amplification (PIA, left) versus
phase sensitive amplification (PSA, right). In PIA the input signal is amplified by
the same amount regardless of its phase, which is also unchanged. In PSA the signal
amplification depends on its phase which is squeezed to the gain axis – in this case
this is the real axis. Meanwhile, quadrature components along the imaginary axis are

attenuated.

From a telecommunications perspective, phase sensitive amplification is an interesting

phenomenon as it has the potential to be used for all optical noise correction and signal

regeneration. These applications are essential parts of signal processing systems, and

having an all optical mechanism is a step towards the realisation of the all optical net-

work architectures required for next generation networks. PSA has therefore attracted

considerable interest recently as it has numerous optical signal processing applications

[79–82].

One application of particular interest is the reduction in phase noise introduced during

transmission of phase modulated signal formats such as differential phase shift keying

(DPSK). Such phase-keyed formats are generally considered more robust and offer many

advantages compared to traditional on-off keyed (OOK) formats including extended

transmission distance and enhanced line capacity [83, 84]. In addition to facilitating

the use of DPSK type formats phase sensitive amplifiers can also, in principle, operate

with a theoretical noise figure of 0 dB – as opposed to phase insensitive counterparts

which have the standard quantum noise limit of 3 dB [85, 86] that originates from the

uncertainty principle. As phase sensitive amplifiers only amplify the components of the

signal that are in phase, while simultaneously deamplifying the components that are

out of phase, they are able to achieve a theoretical low of 0 dB noise without violating

the uncertainty principle [87]. Recent work has, in fact, experimentally demonstrated a
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phase sensitive amplifier with a record low 1.1 dB noise figure [88].

In fibre optic systems phase sensitive amplification can be realised either through the

use of a nonlinear optical loop mirror (NOLM) [89, 90] or via four wave mixing [91–

93]. While both have successfully been demonstrated, the four wave mixing approach is

advantageous as it offers the possibility of using multiple channels and therefore supports

wavelength division multiplexing (WDM) type applications. However, experimental

realisation of phase sensitive amplifiers using four wave mixing has been difficult due to

the need to maintain a fixed phase relationship between the signal and the pumps at

the input [94].

However, experimental work [93] has shown that this can be overcome by generating

the pump waves from part of the signal before amplifying it in a two-stage process.

[93, 94].This ‘black box’ configuration automatically locks the phase of the pump and

signal waves and offers a pragmatic approach to processing real world signals.

While the experimental configuration is an important practical consideration, the nonlin-

ear medium in which the parametric process occurs is crucial to the efficient functionality

of the device. When this research begun and and even during its progress, the nonlinear

medium generally used in PSA architectures was dispersion shifted silica based highly

nonlinear fibres (HNLFs) with nonlinearities in the order of 10 W−1km−1. These fibres

are quite robust and have relatively low loss but the operating length required to perform

PSA on even a 40 Gb/s signal is nearly 200 m long and requires approximately 2.5 W

(CW) of total power (across the pumps and signal) [94].

Extending the operating bandwidth of phase sensitive amplifiers to higher bit rate

signals, especially those approaching 1 Tb/s has been the PSA focus of this research.

This requires an optical medium with a gain profile that is both broad enough to

encapsulate extremely high signal bandwidths and high enough to work with reasonable

levels of signal and pump power, and fibre length. Using soft glass microstructured fibres

is one possible way to access such a regime – where the gain, per length, is both higher

and, by design, can be prevalent over a broader band. This allows us to potentially

fabricate devices with fibre lengths in the order of meters, compared to the hundreds of

metres that are generally required when using silica based HNLFs. For some applications

there may also be a significant reduction in the required optical power, to sub Watt

levels. Consequently this research investigated the use of a soft glass microstructured
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fibre based design to perform phase sensitive amplification on a 640 Gb/s signal using a

similar degenerate FWM configuration to that presented in Reference [94].

More recently, since the time when this research was completed (in early 2013) and

was being written up, PSA has been demonstrated in glasses other than silica – highly

nonlinear materials similar to those that have been considered in this research. PSA has

been demonstrated on a chalcogenide based chip waveguides using a degenerate FWM

scheme [95, 96], and also in silicon based waveguides [97, 98]. Very recent work has

also demonstrated phase sensitive amplification of 16-quadrature amplitude modulated

signals at a data rate of 40 Gb/s for the first time using a non degenerate FWM scheme

in periodically poled lithium niobate (PPLN) waveguides [99, 100]. Recent theoretical

work has also investigated the use of a seven wave, dual pump, degenerate scheme

to simultaneously perform phase sensitive amplification and 1-to-9 multicasting of a

40 Gb/s signal in silica HNLF [101].

2.4.2.1 Theory of phase sensitive amplification

Consider the case of two pump degenerate four wave mixing, where the frequency

condition 2ωs,i = ωP1 + ωP2 is satisfied, i.e. where the signal and idler are degenerate

and lie between the pumps. The signal, idler and pump waves are also assumed to

be coplanar. A theoretical description of this scenario, along with some others, is well

covered in Reference [38]. The same formalism is adopted here.

We begin by writing the coupled amplitude equations, under the nondepleted pump

approximation. These equations are essentially the same as 2.51 to 2.54, but simplified

for this particular pump, signal and idler frequency combination.

dAP1

dz
= iγ(|AP1|2 + 2|As,i|2 + 2|AP2|2)AP1 + iγA2

s,iA
∗
P2 exp(i∆βz), (2.64)

dAs,i
dz

= iγ(2|AP1|2 + |As,i|2 + 2|AP2|2)As,i + i2γAP2AP1A
∗
s,i exp(−i∆βz), (2.65)

dAP2

dz
= iγ(2|AP1|2 + 2|As,i|2 + |AP2|2)AP2 + iγA∗P1A

2
s,i exp(i∆βz). (2.66)

AP1 and AP2 represent the field amplitudes at the pump wavelengths and As,i is the

field at the degenerate signal/idler wavelengths. The fibre nonlinearity is represented
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by the nonlinear coefficient γ and ∆β is the phase mismatch, defined below in Equa-

tion 2.71. After propagation the final output As,i can be written as below, in terms of

the transformed signal amplitude Bs,i and transfer functions µ and ν.

As,i(z) = Bs,i(z) exp[−i∆βz/2 + i3γ(PP2 + PP1)z/2], (2.67)

Bs,i(z) = µ(z)Bs,i(0) + ν(z)B∗s,i(0), (2.68)

µ = cosh(gz)− i κ
2g

sinh(gz), (2.69)

ν = i
2γAP1(0)AP2(0)

g
sinh(gz). (2.70)

The input pump fields are given by AP1(0) and AP2(0) and we have used the quantities

∆β, κ, and g for the phase mismatch, phase matching factor and parametric gain,

respectively. They are defined below, where βs,i is the propagation constant at the

signal/idler wavelength, while βP1, βP2 are those for the two pumps. The pump powers

are denoted by PP1 and PP2, where PPi = |APi|2(i = 1, 2).

∆β = 2βs,i − βP1 − βP2, (2.71)

κ = ∆β + γ(PP1 + PP2), (2.72)

g =

(
4γ2PP1PP2 −

κ

2

2
)1/2

. (2.73)

Note that given Equation 2.73, the transfer functions satisfy the condition |µ|2−|ν|2 = 1.

The phase dependent nature of the gain can be easily seen by considering the simple

case where the phase is perfectly matched such that κ = 0. In this case we can write
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Bs,i(z) = cosh(gz)Bs,i(0) + i sinh(gz)B∗s,i(0), (2.74)

=
egz + e−gz

2
Bs,i(0) + i

egz − e−gz

2
B∗s,i(0),

= egz
Bs,i(0) + iB∗s,i(0)

2
+ e−gz

Bs,i(0)− iB∗s,i(0)

2
.

Showing that the signal quadrature 1
2 [Bs,i(0) + iB∗s,i(0)] is amplified by the factor egz

while the 1
2 [Bs,i(0) − iB∗s,i(0)] quadrature is attenuated by the same factor. Thus the

phase sensitive gain, given by the ratio of the amplified factor to the attenuated one, is

given by GPSA = e2gz.

This analytical description illustrates the nature of phase sensitive amplification for the

two-pump scheme. The gain factor, g, presented in this analysis (see Equation 2.73)

is crucial in determining how well a fibre may work as a PSA device and is therefore

used in the optimisation procedure of the fibre design (details of which are presented in

Section 4.5.4).

However it should be noted that the above analysis is only valid in the small signal regime

where the pumps are not depleted. Hence, pulse propagation is modelled numerically

to evaluate the PSA performance without the need for the small signal approximation.

This allows us to, for instance, evaluate PSA performance in the saturated regime where

the pumps are depleted. This modelling procedure is covered in detail in Section 5.2

Phase sensitive amplification has also long been known in quantum mechanics as a

mechanism for producing so-called ‘squeezed states’ of light – nonclassical photon states

where the noise in one complex phasor can be squeezed past the minimum quantum

uncertainty limit, at the expense of the other quadrature component2. These squeezed

states have many interesting applications and thus motivated much of the early work

into PSA [102–104]. To date, some of the most successful experimental generations of

squeezed optical states has been through the use of a nonlinear parametric process such

as phase sensitive amplification [105, 106].

2quadrature components are those that are separated in phase by π
4
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2.4.2.2 Design considerations

Equations 2.71 to 2.73 show that the gain for the nonlinear four wave mixing process,

g, is highest when κ is lowest. Given that γ(PP1 + PP2) is a slow function of λ, this

means the gain is largely dependent on the phase mismatch, ∆β between the signal/idler

and pump waves. This phase mismatch parameter, in turn, depends on the wavelength

dependence of the propagation constant within the fibre, i.e. its dispersion. Thus, for

high gain and ideal performance, one must engineer a fibre that has both low dispersion

and low dispersion slope.

The other important fibre parameter in determining the gain, as we see from Equa-

tions 2.72 and 2.73, is the nonlinearity – a high nonlinearity coefficient, γ, leads to

proportionally higher gain. A soft glass based optical fibre, with high intrinsic nonlin-

earity and ability to be fabricated into complex geometries for dispersion tailoring, is

therefore a promising candidate for this application.

Additionally, the loss of the fibre is also an important parameter. While the loss was

not explicitly included in the theoretical description of PSA above for simplicity, the

fibre loss will reduce the gain of the amplified signal components and thus reduce the

overall signal to noise ratio. Soft glasses have a higher loss than silica fibres (typically

by several orders of magnitude), however this can potentially be compensated for by the

relatively higher intrinsic nonlinearity. Thus, when evaluating soft glass materials for

fibre based devices, it is useful to define a figure of merit (FOM) that takes both the loss

and nonlinearity into account. This is discussed further in Section 3.3, with a definition

of the FOM in Equation 3.5.

2.5 Conclusion

This chapter outlines the theoretical underpinnings for nonlinear fibre optics with a

particular focus on the four wave mixing phenomenon, due to its signal regeneration

and amplification applications. It also describes the theory behind the two FWM based

applications, multicasting and phase sensitive amplification, that this research is focussed

on and outlines the relevant background literature on each application. This provides a
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basis for understanding the design considerations that must be taken into account when

fabricating fibres for each application.

For both multicasting and PSA, the major design considerations that would allow us to

achieve a fibre with the required gain profile to enable high speed signal processing are: a

high nonlinearity and the ability to engineer the dispersion profile into a low, flat profile

across the required band. Consequently, the choice of material in which to fabricate

these fibres is an important one, as both the dispersion and nonlinearity depend heavily

on material properties. In the case of the dispersion, the material dispersion has to be

compensated for with waveguide dispersion to achieve the required profile (this process

is described in more detail in Section 2.2.3); for the nonlinearity, the nonlinear coefficient

is directly proportional to the material’s nonlinear refractive index and also depends on

the effective area which, in turn, is related to the linear refractive index as it affects the

confinement of the mode.

Soft glasses present themselves as promising candidates for these fibre materials due

to the fact that they have high intrinsic nonlinearity and a relatively low softening

point – which enables them to the fabricated into complex geometries for broad band

dispersion engineering using glass extrusion techniques. Although soft glasses have a

relatively higher loss than silica glasses, this may be compensated for by the high intrinsic

nonlinear index – this is discussed in more detail in Section 3.3, where a figure of merit

that includes both the loss and nonlinearity is introduced (see Equation 3.5). Due to

overall attractiveness of soft glass fibres as a platform for nonlinearity base applications,

these glasses were chosen as the materials in which to design fibres for multicasting and

PSA. They are described in detail in Chapter 3.





Chapter 3

Soft glass

3.1 Introduction

This chapter focuses on the materials that underpin the fibres that were designed and

fabricated as part of this research. When developing fibres for nonlinearity based

applications, the choice of material plays a very important role as it sets a base value for

critical properties such as dispersion, nonlinearity and loss. The choice of material also

affects the fibre fabrication approach as properties such as mechanical strength, thermal

stability and surface tension must be considered in the fabrication procedure.

The materials considered in this research were some form of soft glass – glasses that are

characterised by the fact that they soften at temperatures much lower than conventional,

silica based glasses.

To understand soft glasses, their benefits and why they were chosen for this research a

basic understanding of the chemistry of the glassy state is required. This is covered in

Section 3.2. Section 3.3 then describes the characteristics of soft glasses and outlines

why they are attractive materials for nonlinearity based telecommunication applications.

Section 3.4 presents an overview of some of the more common types of soft glasses that

have been studied in the literature. The chemical composition of each of these soft glass

types is described along with a discussion of their respective strengths and weaknesses

for use in a nonlinear fibre device. The focus of the chapter then moves to a novel lead

germanate glass that was developed and characterised with the aim of providing a glass

59
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with a high nonlinearity and mechanical stability. These novel germanate glasses are

shown to share many of the favourable properties of tellurite glasses but with a higher

mechanical and thermal stability, thus presenting a practical alternative to tellurite based

glasses for nonlinear applications. This work involved a detailed characterisation of the

glass including an analysis of the effect of composition on glass stability, the thermal

properties, Raman gain, loss, refractive index, dispersion and nonlinearity; it forms the

bulk of this chapter and can be found in Section 3.5.

3.2 Glass fundamentals

The definition of what counts as a glass is somewhat difficult to express in a way that

appropriately describes its properties without being too restrictive. On the outside,

a glass appears to to be a solid with similar physical properties to those of crystals.

However, unlike crystals, glasses do not have a fixed melting point (rather softening and

then melting over a temperature range); they do not generally cleave along a preferred

axis (unless there are physical stresses in the material); and, most importantly, glasses

are isotropic, i.e. the internal structure appears uniform in all directions.

The isotropy of glassy materials makes them quite similar to liquids. This similarity is

seen in the arrangement of atoms in glasses which, as is typical in liquids, display a long

range disorder (even though the material is in a solid state).

The generally accepted definition of a glass then is that they are amorphous materials

that, when heated, undergo an unique ‘glass transition’ into a non-solid state [3]. This

transition goes both ways1 so it is possible to start with a liquid material and cool it

into a solid glass – indeed, this is the way most glasses are made. Figure 3.1 shows a

volume–temperature (V–T) diagram highlighting this glass transition.

The V–T diagram is a useful tool to describe how a glass is formed and when a material

is considered to be in a glassy state. If we start by considering a liquid at the point

a on the diagram, as it cools the volume of the material travels down the line ab until

it reaches the melting temperature Tm. This melting temperature can be described

as the temperature at which the liquid and solid states of the material are in thermal

1Although a glassy material may transition from a solid to a liquid and vice versa, the path that the
transition takes, in terms of the volume to temperature relationship, is not the same each way.
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equilibrium. More technically, Tm is the temperature at which the solid and liquid

states have the same vapour pressure or Gibbs energy (the capacity of the system to do

non-expansive work, analogous to potential energy).

Figure 3.1: A typical volume–temperature diagram for a glass material [3]. This
diagram shows how the volume changes with temperature as the material is cooled
from the liquid to the glassy state. Tg,f is the characteristic temperature of the glass
transition region for the slow cooled glass – this temperature is interchangeably referred
to as the fictive temperature Tf or the glass transition temperature Tg. The transition

temperature for the fast cooled glass can also be derived in a similar fashion.

Once at this temperature what happens next, as the temperature drops to just below

Tm along the line bc, depends on the rate of cooling. If there are enough nuclei in the

material and the cooling rate is slow enough to allow for the growth of crystals, then

crystallisation will occur throughout the material. This results in a sudden drop in

volume to the point d, and any further cooling will cause the crystals to shrink along the

line de. The point c can vary depending on various kinetic factors, such as the velocity

at which the atoms can move to the interface at which the liquid crystallisation occurs.

It is therefore represented by a shaded region in the diagram.
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If the liquid is cooled fast enough such that the processes required for crystallisation do

not have time to occur, it will continue to decrease volume linearly with temperature

along the extrapolation of the line abc into the ‘supercooled liquid’ state. Further cooling

of the material will result in a deviation of the volume compression rate dV/dT from the

line abc to a lower rate as the material transitions into a solid. The start of this deviation

marks the end of the supercooled liquid state and the start of the glass transition. This

transition ends once the material has reached a solid state and resumes cooling at a

constant dV/dT . The final volume also depends on the cooling rate – if the material has

been cooled quickly it will end up at the point f with a higher volume, otherwise it will

end up at g with a lower volume.

One of the defining characteristics of glasses is that this transition region, from the liquid

to the solid state, happens over a temperature range instead of a fixed temperature.

However, this transition may still be characterised via the intersection point of the

extrapolation of the solid and supercooled liquid states. This temperature is generally

defined to be the fictive temperature Tf – a concept first introduced by Arthur Tool

[107] to quantify the temperature at which the structure of the supercooled liquid is

essentially frozen into the glass. However this point is also sometimes interchangeably

referred to as the glass transition temperature Tg.

There is generally no agreed upon description in the literature for the relationship

between Tg and Tf . The choice of which characteristic temperature label to use is

usually determined by how it has been measured – Tg is determined by cooling from

the liquid state, whereas Tf is done so by heating from the glassy state and is generally

found to be slightly lower than Tg [108]. Tg is also sometimes defined in terms of the

viscosity, where the transition temperature is that at which the viscosity is equal to 1012

Pa·s [109]. However, as the viscosity can change quite rapidly in this transition region

measuring Tg this way can lead to large errors.

While there is no straightforward link between Tg and Tf both are, nevertheless, useful

characteristic glass parameters. The glass transition temperature is particularly import-

ant when considering glasses for fibre fabrication – while no deformation actually occurs

at Tg, the temperature at which the glass does soften, Ts, is related2. Knowing the

2The softening point for glasses is usually measured as the point at which the glass softens under its
own weight. This is known as the Littleton softening temperature [110] – defined as the temperature at
which the glass viscosity is 106.6 Pa·s
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value of the transition temperature is therefore crucial to determining the appropriate

conditions for extrusion – a key part of the fibre fabrication process that is described in

detail in Section 6.2.

3.2.1 Optical properties

When considering glasses for nonlinear applications the most important optical prop-

erties are the loss and the refractive index, both linear and nonlinear. Ultimately we

seek glasses with a high nonlinearity index and good transparency at the wavelengths

of interest.

The transmission is predominantly determined by the absorption coefficient of the ma-

terial, which is derived in terms of the Beer–Lambert law

Iout(λ) = Iin(λ)e−α(λ)z, (3.1)

where α is the absorption coefficient, z is the propagation length within the material,

Iin is the intensity at the input end of the waveguide at the wavelength λ and Iout is the

intensity at the output end of the waveguide, also at the wavelength λ. The absorption

coefficient may be extracted from Equation 3.1 and written as

α(λ) =
1

z
ln

(
Iin(λ)

Iout(λ)

)
. (3.2)

The absorption coefficient in Equation 3.2 has units of m−1 and is commonly used

in fields such as spectroscopy. However, when discussing optical fibre loss, it is more

common to define the absorption coefficient in dB/m units as

αdB =
10

z

ln(Iin/Iout)

ln(10)
= 4.34α. (3.3)

This absorption coefficient for bulk samples is generally obtained by using a spectrometer

to measure the transmission spectrum through a sample of known thickness. This

measurement provides the intensity ratio Iout/Iin which, when combined with the known

value for thickness, can be used to calculate the absorption coefficient via Equation 3.2.
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Care must be taken when making this measurement to ensure that the surface is free of

imperfections that may introduce scattering losses as these would otherwise make the

absorption appear higher than it actually is. Additionally, the refractive index of the

glass must also be known to account for the loss in transmitted intensity due to Fresnel

reflections at the surfaces.

When measuring the loss in optical fibres Fresnel reflections do not need be taken

into account, as the cutback technique is used. In this procedure the output power

is measured as a function of length, starting from a long initial fibre length and then

for successively shorter lengths that are cutback from the output end of the fibre. This

procedure is described in detail in Section 7.4.1, which precedes experimental results for

a cutback loss measurement on a microstructured optical fibre fabricated as part of this

work.

The refractive index, n, is the other crucial optical property that determines how well a

given glass would function in a nonlinear optical device. Fundamentally, the refractive

index determines the velocity v at which an optical wave travels through the medium via

the relation v = c/n – where c is the speed of light in free space and n is the refractive

index.

As described in Chapter 2, the refractive index consists of both a linear and a nonlinear

component. In amorphous materials such as glasses this nonlinear component is intensity

dependent due to the optical Kerr effect [111] – a discussion on the origin of this nonlinear

component can be found in Section 2.2.1. The total refractive index is then written as

n = n0 + n2I, (3.4)

where n0 is the linear refractive index, n2 is the nonlinear refractive index and I intensity

of the light beam in the material. Both of these components are especially important

for nonlinear applications as they largely determine the nonlinear coefficient γ. This is

due to the fact that γ is directly proportional to n2 and the confinement of the optical

mode within the fibre (determined by n0). This is explained in detail in Chapter 4.

The refractive index may be measured by a number of methods, the most common

methods involve either measuring the angles of incidence and reflection off a sample

surface or the angle of total internal reflection and then deriving the refractive index
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from Snell’s law of refraction. The Prism coupling technique is an example of this [112],

where the angle of total internal internal reflection (off the glass sample into a prism

of known index) is measured and used to calculate the refractive index. While these

techniques can be used to measure the refractive index of a glass with good accuracy

and relative ease, they are limited to a few laser wavelengths, typically just one. In

this research, the refractive indices for a novel set of glasses was measured using the

ellipsometry technique. Ellipsometry is generally less accurate than prism coupling,

however its main advantage is that the refractive index can be measured over a large

wavelength range with high resolution. This is extremely useful for calculating the

dispersion for a glass sample. The refractive index measurement experiment and results

are discussed in detail in Section 3.5.3.

3.2.2 Fabrication procedure

The fabrication of a glass billet starts by combining all the raw ingredients, in dry powder

form, into a crucible. The crucible is made of an inert metal such as gold or platinum,

as these precious metals are not very reactive and thus the least likely to be corroded

by and contaminate the glass melt. However, for some glasses, such as chalcogenides,

even inert metals cannot be used and other materials, such as vitreous carbon, must be

used for the crucible – the choice of crucible material is ultimately determined by the

type of glass being fabricated. Once the raw materials have been batched together at

the appropriate weights, the crucible with its content is placed in an oven which is then

set to rise to a temperature high enough to melt the raw materials.

Figure 3.2: Glass being poured from a gold crucible into a rectangular brass mould.
The relatively small rectangular blocks produced from this type of mould is used for

characterisation of the bulk material.
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Once the glass is in molten form, the crucible may be temporarily removed from the

furnace and its contents swirled to ensure a homogeneous distribution of the glass

molecules. This is usually done right before the glass is ready to be cast out, but it

may also be done intermittently during the melt.

Figure 3.3: A cylindrical mould of the type in this picture is used to produce glass
billets (seen at the bottom of the picture) for extrusion.

When the raw materials are completely molten and glass melt is homogenised within

the crucible, the melt is poured out into a preheated brass mould. The glass is then

allowed to cool inside this mould until it reaches room temperature. This happens in

two stages: first the glass melt in the mould is cooled down rapidly in open air until it

is almost solid but at a temperature warmer than Tg; the mould containing the glass is

then placed in an annealing oven an allowed to cool slowly to room temperature. The

first stage in this process ensures that the cooling is quick enough to avoid crystallisation

within the glass as these crystals can act as scattering spots within the glass, leading to

high optical loss.

The cooled glass is then removed from the mould and placed back in the oven for post-

annealing. This is a process where the glass is slowly heated up to its annealing point

and then allowed to very slowly cool down again (usually at a rate of 0.1 to 0.5 ◦C

per minute). During this annealing process the glass molecules absorb enough energy

to rearrange themselves into the lowest energy state; but not so much that the glass

deforms. The actual annealing point is defined to be the temperature at which the
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viscosity is approximately 1012 Pa·s [113]3. The post-annealing procedure ensures that

any internal stresses that may have been introduced into the glass due to the fast cooling

(done to prevent crystallisation) are relieved, thus making the billet more robust for later

fabrication into fibres.

3.3 Characteristics of soft glasses

The defining characteristic of soft glasses, and indeed the characteristic for which they

are named, is the softening temperature, Ts – a glass is deemed ‘soft’ if its softening

temperature is significantly lower than that of silica glass, typically on the order of a

few hundred degrees. There is no strict definition for the upper limit of Ts for a material

to be categorised as a soft glass, however the highest it typically tends to be is around

500-550 ◦C. At the lower end of the scale, for glasses such as some chalcogenides, the

softening point can even be below 100 ◦C [114].

The relatively low softening temperature of soft glasses is extremely useful for optical

fibre device fabrication as it enables these glasses be fabricated into complex, almost

arbitrary, structures via the extrusion technique. This fibre fabrication technique (de-

scribed in detail in Chapter 6) essentially relies on forcing the softened glass through

a steel structure, called a ‘die’, to generate a structured glass ‘preform’ from which

a microstructured fibre can be drawn. It relies on the fact that steel die retains its

mechanical strength and does not deform at the temperature at which the glass softens.

Consequently the softened glass can be forced through the die and have the structure of

the steel longitudinally imprinted on itself.

Soft glasses usually also have a high refractive index (both in the linear and nonlinear

components), relative to the fused silica glasses that are used in commercial optical

fibres4. The linear refractive index for fused silica at 1.55 µm is approximately 1.4 [115],

whereas for most soft glasses n ranges from 1.8 to 2.9 (see Table 3.2). The difference in

the nonlinear refractive index is significantly more pronounced – for silica the nonlinear

refractive index is approximately 2.8×10−19 m2/W, however for soft glasses n2 is at least

an order of magnitude higher, and for some chalcogenides it may be orders of magnitude

3Recall that the transition temperature is also sometimes defined in terms of viscosity this way,
thereby making the annealing temperature and transition temperature very close for most glasses

4This is true for most soft glass families, however some soft glass types, such as fluoride based glasses,
have similar refractive indices to silica



Chapter 3. Soft glass 68

more (again see Table 3.2). This difference in the nonlinear index is, however, expected

since soft glasses already have a higher linear index and, in accordance with the empirical

Miller rule [116], the nonlinear refractive index should increase proportionally and thus

also be higher. The Miller rule can also observed within the various families of soft

glasses – those glasses with the highest linear refractive indices (such as chalcogenide)

also have the highest nonlinear refractive index.

The combination of high nonlinear index and the ability to fabricate complex structures

into the fibres is what makes soft glasses an attractive proposition for the fabrication of

fibres for telecommunication applications. Using soft glass for fibre fabrication results

in fibres that have an inherently higher nonlinear coefficient and may be engineered into

a geometry with extremely low dispersion across a broad band.

There are also many soft glasses with high nonlinearity that have good transmission

in the infrared region around 1.55 µm, albeit with a relatively higher loss than that of

fused silica5. However as the nonlinearity and, consequently, the gain is much higher in

soft glass fibres they require much less power and can thus be used with a much shorter

operating length. This nonlinear performance may be quantified using a figure of merit

(FOM) that is based on the required input power to achieve a certain nonlinear phase

shift. Using the definition for this FOM given in Reference [117], it may be written as

FOM = γLeff , (3.5)

where γ is the nonlinear coefficient and Leff is the effective length – the latter term

takes into account optical loss, α, and the fibre length, L, and may be written as

Leff =
1− e−αL

α
. (3.6)

The FOM given in Equation 3.5 is a good indicator of nonlinear performance as the

higher it is, the lower the optical power required to get a certain nonlinear phase

shift. Although the performance of a FWM based device is more complex than this,

Equation 3.5 serves as a good base point for comparing fibres for use in nonlinear

telecommunications devices.
5Absorption for soft glasses fibres is usually around 0.1 to 5 dB/m, while the loss for fused silica fibre

is approximately 0.2 dB/km
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Fibre Loss γ Leff (L = 1) FOM Reference
(dB/m) (W−1km−1) (m) (10−3W−1)

Silica HNLF 0.16 10.3 0.98 10 –
SF57 MOF 3.0 270 0.72 194 [118]
Tellurite MOF 0.4 675 0.96 648 [117]
Bismuth MOF 3.4 1100 0.69 759 [117]

Table 3.1: Figures of merit (FOMs) for various nonlinear optical fibres. The silica
HNLF is a commercially available fibre used in our lab, while the rest are taken from
the literature. The FOMs show that although the soft glass fibres have a higher loss,

they score highly when considering nonlinear fibres for compact devices.

Table 3.1 provides a comparison of FOMs for various nonlinear optical fibres where

the FOM has been evaluated as per Equation 3.5, with the fibre length set to 1 m for

comparison. The results in this table show that the relatively high loss of the soft glass

fibres is compensated for by the higher nonlinearity, giving them high figures of merit

when considering fibre devices with the typically short fibre lengths required when using

such fibres.

Soft glass fibres are therefore promising candidates for the broad band applications

discussed in Chapter 2. In the following section, some of the families of soft glasses com-

monly used in nonlinear optics applications are described, along with a short discussion

of the pros and cons of each.

3.4 Families of soft glasses

Soft glasses may be categorised into ‘families’, based on their composition – specifically,

the molecule that acts as the glass network former [119]. Glasses within a family will

have similar compositions, with the specific elemental quantities varying over a range.

For example, in the germanate family of soft glasses, the primary molecule is germanium

oxide (GeO2). In the germanate glasses developed in this research GeO2 accounted for

60% of the glass composition, with 30–40% PbO and 0–10% of La2O3 and/or Na2O.

Various such families of soft glasses exist, such as fluorides, silicates, germanates, tel-

lurites, chalcogenides and so on – each with different physical and chemical properties.

When considering telecommunications applications, glasses such as tellurites and chal-

cogenides have proven to be popular choices, generally due to the high nonlinearity
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that these glasses provide and, especially in the case of tellurites, good transparency at

1.55 µm.

The sections below describe some of the soft glass families that have been considered in

this research. This list is by no means exhaustive, however it contains most of the glasses

that have been investigated in the literature for nonlinear telecommunications applica-

tions. Among these glasses, special attention is given to a relatively new family of soft

glasses: lead germanates. Section 3.5 follows on from this and describes, in detail, the

development and characterisation of a new lead germanate glass for telecommunications

applications.

3.4.1 Chalcogenide

Glasses that are composed of one or more chalcogen elements (such as S, Se, Te)

combined with other elements such as As, Ge, Sb or Ga are known as chalcogenide glasses

[120]. Even amongst soft glasses they are noted for their extremely high nonlinearity

and broad transmission window, which extends well into the infrared.

The linear index of chalcogenide glasses, at telecommunications wavelengths, is generally

well above 2 and ranges from 2.45 to 2.93 at 1.55 µm for As—S—Se compositions [121].

The nonlinearity scales along with the linear refractive index and has been measured as

up to 930 times that of fused silica at 1.55 µm [121].

The softening temperature for chalcogenide classes is, as with the refractive index,

dependent on composition. For most Ge—As—Se—Te based chalcogenide glasses Tg is

approximately between 220 ◦C and 360 ◦C [122]. Other compositions have been shown

to have even lower softening temperatures, some in the sub-100 ◦C [114] range.

This limits the temperatures that can be used during the processing and general fab-

rication of these glasses. Consequently extrusion and drawing of chalcogenide based

structures into complex microstructured optical fibres has proven difficult. However,

significant progress has been made by using novel methods such composite chalcogenide

and polymer preforms [123] and preform casting into structured moulds [124].

For telecommunications applications it is the high nonlinearity that is of particular in-

terest [125]. Recent work has demonstrated tapered chalcogenide fibres with a nonlinear
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coefficient γ of approximately 54,100 W−1km−1 [126], which is 50,000 times that of

silica fibre. The use of chalcogenide glass for telecommunications systems as either a

fibre [127, 128] or an optical ‘chip’ [129, 130] has also been successfully investigated.

As part of this work preliminary investigations were conducted into the use of a com-

posite chalcogenide—tellurite glasses for the fabrication of highly nonlinear fibres. The

glasses used were a commercially available IG5 chalcogenide glass, and an in-house

tellurite composition. This work is presented in Section 6.3.

3.4.2 Lead silicate

Lead silicate glasses are composed of mainly PbO and SiO2. These glasses are robust

nonlinear materials that are readily commercial available. The Schott SF57 glass, for

instance, has a refractive index at 1.55 µm for 1.8 and has been used in the fabrication

of fibres for nonlinearity based telecommunications applications [131]. The commercial

availability of multiple types of lead silicate glasses (such as the Schott SF6 and LLF1),

with varying refractive index but very similar chemical and visco-mechanical properties

means they can be readily fabricated into composite fibres for dispersion engineering

[132].

3.4.3 Bismuth silicate

Bismuth glasses consist mainly of bismuth oxide (Bi2O3) combined with SiO2 and B2O3.

It has a high nonlinear index of approximately 2 at 1.55 µm [117] and is known for having

good mechanical, chemical and thermal stability [133]. Additionally, it has been shown

that bismuth silicate fibres can be fusion spliced to silica fibres [134], thus making them

compatible with most current silica-based optical networks.

The mechanical stability and high nonlinearity of these glasses led us to design a fibre

based on the Asahi AB061 bismuth glass for phase sensitive amplification. This design

work is covered in detail in Section 4.5.4; the published version can be found via

Reference [33].
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3.4.4 Tellurite

Tellurite glasses are composed predominantly of tellurium oxide (TeO2), combined with

varying amounts of other metal oxides such ZnO, Na2O or La2O3. Tellurite has been

used for optical fibre applications in the IR region due to its many favourable properties,

such as a wide transmission window (0.35 µm to 5 µm), good glass stability, a relatively

low phonon energy and a high linear and nonlinear refractive index [135]. In recent

years, tellurite glasses have been used for mid-infrared fibre applications such as lasing

[136], fibre amplifiers [137, 138] and supercontinuum generation [139, 140].

To date, the major application for tellurite glass based devices within the telecom-

munications window has been the development of C-band fibre amplifiers, usually by

using an Erbium doped composition to generate gain [137, 141]. However, the high

nonlinearity of tellurite glasses means that they can also be used to fabricate broadband

parametric amplifiers that utilise nonlinear phenomena (such as FWM), instead of a

material transition, to generate gain. The bandwidth of such a parametric amplifier is

mainly limited by the dispersion of the fibre. Thus, by engineering this to be low and

flat, these devices can be made to operate with a high gain over broad bandwidths.

In this research, a tellurite based fibre design was used for considered for use in mul-

ticasting – an extremely broad bandwidth signal conversion application (Section 2.4.1

described this application in detail). This work is presented in Section 4.5.3.

3.4.5 Germanate

Germanate glasses (which are another type of heavy metal oxide based glass) are very

similar to tellurites. Where tellurites are composed mainly of tellurium oxide, the main

component of germanate glasses is germanium oxide (GeO2). The remainder of the glass

is, again similarly to tellurite, usually composed of other metal oxides such PbO, ZnO,

Na2O or La2O3

The similarity of the two glass families also extends to their optical properties – they

have similar phonon energies and similar mid-IR transmission properties. However

germanates have a higher glass transition temperature leading to better mechanical and

thermal stability [142]. Thus they offer many of the same advantages while doing away
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Glass Code n n2(×10−19) m2W−1 λn(µm) Reference(s)

Silica 1.41 0.2 1.55 [28]
Lead silicate SF6 1.76 2.2 1.55 [144]
Lead silicate SF57 1.80 4.1 1.55 [145]
Bismuth AB061 1.98 3.2 1.55 [146]
Tellurite La10 1.98 5.9 1.55 [147]
Germanate VIR-3 1.84 2.6 1.06 [148]
Germanate QS 1.94 4.2 1.06 [148]
Chalcogenide As2S3 2.48 250 1.06 [149]
Chalcogenide IG5 2.67 400 1.55 [29]
Chalcogenide As39Se55Cu5 2.93 170 1.55 [121]

Table 3.2: Refractive indices, both linear and nonlinear, for various soft glasses and,
for reference, conventional fused silica glass. In this table λn refers to the wavelength at
which the refractive index n is obtained; n2 is the nonlinear component of the refractive

index.

with some of the main drawbacks found in the practical use of tellurite glass, making

them attractive alternative materials for fibre applications in the mid-infrared. Tm-

doped step index germanate fibres, for example, have already been used to demonstrate

high power lasing at 2 µm [143].

The prospect of using germanate glasses to fabricate fibres that have similar optical

properties to tellurite, but with better mechanical stability led us to investigate the

development of some novel lead germanate glasses. As this family of glasses is relatively

unexplored in the literature, this work contributes to the basic material and fabrication

science of these glasses as well as their potential for use in the development of all optical

devices for telecommunications applications. This work is presented in the following

section.

3.5 Development and characterisation of new germanate

glasses

Heavy metal oxide based glasses such as tellurite, germanate and gallate are attractive

choices for applications in the telecoms and mid-IR bands (up to around 5 µm) where

a high nonlinear refractive index is required. Of these, tellurite in particular has been

an especially popular choice in the literature leading to a host of tellurite based fibre

applications – as mentioned earlier in Section 3.4.4. Germanate glasses share many of

the properties that make tellurite an attractive proposition for nonlinear fibre devices,
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however they are mechanically more stable due to the fact they have a higher glass

transition temperature [150].

This motivated the development of a novel germanate glass – one that would have

the same favourable optical properties as tellurite (such as a high refractive index and

transmission) but better mechanical stability, leading to more robust fibres.

The glass type that was chosen for development was a lead germanate. This glass

type was chosen mainly because, within the germanate family, they show the highest

refractive index. Moreover their suitability for step-index fibre fabrication has already

been demonstrated [150, 151]. They have also been shown to be highly transparent in

the visible [151] and near-IR spectral range [152], unlike bismuth germanates which also

have a high refractive index but exhibit complex absorption phenomena (associated with

the bismuth species) that span the visible to near-IR range [152].

Part of this development included an investigation of the effect of melting the glass in

a controlled dry atmosphere – oxide glasses such as tellurite and germanate typically

exhibit a high content of hydroxyl (OH) groups when melted in an open atmosphere.

These OH groups are undesirable as they lead to intense and broad absorption at 3-4 µm,

with an overtone at 1.4-1.5 µm that can affect loss in the main telecommunications win-

dow. Several methods have been investigated to fabricate both tellurite and germanate

glasses with low OH content, such as the use of fluorides in the glass batch. However,

this significantly changes the glass properties, making them more similar to those of

fluoride glasses. This is undesirable for high gain lasers and nonlinear devices as it

reduces the glass transition temperature and refractive index [153, 154]. To mitigate the

effect of these OH groups a different approach was used, outlined in Reference [155, 156]

– where, for tellurite glasses, significant reduction of the OH content (by 1-2 order(s) of

magnitude) was achieved by using a controlled dry atmosphere for glass melting.

The impact of La2O3 in the glass composition on stability has also been studied. This

builds on previous work within the group that showed that, for a Na-Zn-tellurite glass,

addition of La2O3 increased the glass stability and allowed incorporation of active rare

earth ions without significantly changing the glass properties [9]. In addition to this, the

Raman spectra, linear refractive index and nonlinear refractive index were measured for

some glass compositions.
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Where appropriate, the analysed properties of the new lead-germanate glasses have been

compared with a Zn-tellurite glass. Zn-tellurite glasses were chose for comparison as

these glasses have been widely investigated for mid-IR applications [136, 137, 139, 140,

157] and such a comparison would enable the study of the germanate glasses developed

here as a practical alternative to tellurite. Within the Zn-tellurite glass system, the glass

that was selected for comparison was a Na-Zn-La tellurite glass (TZNL) whose properties

have been investigated in detail in previous work [9]. The TZNL glass has also been

optimised for fabrication of microstructured fibres using the extrusion technique [9],

which is same technique was used to fabricate the lead-germanate microstructured fibre

in this work.

The development and characterisation of this germanate glass is presented in the follow-

ing sections as follows: Section 3.5.1 describes the fabrication of the germanate glasses,

including details of the particular compositions used; Section 3.5.2 covers measurements

of the physical characteristics of the glass, such as its density and thermal properties;

Section 3.5.6 details measurements of the Raman properties of the glass; finally the

optical properties are presented in Sections 3.5.5, 3.5.3 and 3.5.4 which cover the loss,

refractive index measurements and nonlinearity measurements, respectively.

It should be noted that the work in Sections 3.5.1 to 3.5.6 were done by other members

of the group (see the statement of original work in Section 1.4 for details). They are

however presented here for completeness. The experiments on the measurements of the

linear and nonlinear refractive indices, however, were carried out by the author. These

experiments allow the dispersion and nonlinearity of the material to be calculated, which

is essential to designing fibres for nonlinear telecommunications applications using this

glass.

This germanate research has also been published and can be found via Reference [32].

3.5.1 Glass fabrication

The composition of the germanate glasses developed were within the system 60·GeO2

— (40 − x − y)·PbO — x·La2O3 — y·Na2O with x ranging from 0 to 10 and y = 0 or

5. These glass compositions are shown in Table 3.3 along with the TZNL glass that was

used in the comparison of glass properties described in the following sections.
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To fabricate the glasses they were first prepared into 30-300g weights, batched using

raw materials consisting of commercially sourced GeO2, PbO, La2O3 and Na2CO3 with

99.99% or higher purity. The glass batches were then placed in a glove box and purged

with dry nitrogen (≤10 ppmv water). All glass batches were then melted in platinum

crucibles at 1250 ◦C for 0.5-5 h, depending on the batch weight. The resulting glass melts

were finally cast into preheated brass moulds and annealed at 400-450 ◦C, depending on

the glass composition and batch weight.

Glass GeO2 PbO La2O3 Na2O Density Tg Tx Tx-Tg n0 n2

code (g/cm3) (◦C) (◦C) (◦C) at

1.55 µm

(10−20

m2/W)

GP 60 40 6.27 422 570 148

GPL2 60 38 2 6.24 444 576 132

GPL5 60 35 5 6.16 478 598 120 1.916

GPL10 60 30 10 6.13 cast glass partially crystallized

GPN 60 35 5 5.90 395 608 213

GPNL2 60 33 (2)a 5 5.93 415 663 248 1.869

GPNL5 60 30 5 5 5.83 455 692 244 1.868 57

TZNL (73)b (20)c 2 5 5.37d 315d 480d 165d 1.983d 55e

Table 3.3: Nominal glass composition (in mol%), density, glass transition
temperature (Tg), onset of glass crystallization (Tx), glass stability (Tx − Tg), linear
(n0) and nonlinear (n2) indices of germanate glasses made and tellurite glass TZNL

published in Reference [9]f .

aFor this sample, 2 mol% Tm2O3 instead of La2O3 was used.

bThis value refers to the TeO2 content.

cThis value refers to the ZnO content.

dValues taken from [9].

eValue taken from [147].

fThe measurement errors for the germanate glass properties are ±0.01 g/cm3 for the density, ±2 ◦C

for Tg and Tx, ± 0.02 for n0 and ± 6.3 × 10−20 m2W−1 for n2.

The majority of the glasses were melted, swirled, cast and annealed in open atmosphere;

these glasses were used for thermal and spectroscopic measurements and unstructured

fibre fabrication. However a few glasses were melted, swirled, cast and annealed in dry

atmosphere. The dry atmosphere environment was created by using a melting facility

consisting of a melting furnace purged with a gas mixture with similar composition to

air (80% nitrogen and 20% oxygen), an annealing furnace and glove box purged with
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dry nitrogen with water content ≤ 10 ppmv. This dry atmosphere glass fabrication was

used to minimise the amount of hydroxyl (OH) groups in the final glass. As mentioned

before, these OH groups are undesirable as they lead to intense and broad absorption

at 3 to 4 µm.

The resulting glass samples were made into three distinct types: rectangular glass blocks

of dimensions 15×10×30 mm3 for thermal and spectroscopic measurements; cylindrical

glass billets of 30 mm diameter and approximately 30 mm height for unstructured fibre

fabrication; and cylindrical glass billets of 50 mm diameter and approximately 20 mm

height for suspended core fibre fabrication. The unstructured germanate fibres were

used along with some unstructured tellurite (TZNL) fibres to perform a preliminary

evaluation of fibre strength via a measurement of the bend radius (the radius at which

the fibre breaks [158]). This yielded values of 21.5 ± 8.7 mm and 16.3 ± 5.9 mm for

the TZNL and GPL5 unstructured fibres (solid fibres made of a single material with no

microstructure), respectively. The smaller bend radius for the germanate fibre indicates

higher fibre strength, however further investigations need to be conducted to thoroughly

quantify the fibre strengths of tellurite and germanate fibres.

Polished plates made from the glass blocks or polished billets were used to measure the

IR absorption and the linear refractive index. The glass blocks as a whole were used

for density measurements, and glass pieces from blocks were used for thermal analysis

measurements. These measurements are described in the following sections.

3.5.2 Density and thermal properties

The density of the glasses was measured using the Archimedes buoyancy method. The

weight of the sample is first measured whilst suspended in air, and then measured again

after being immersed in a bath of water at a known temperature and density. The

difference is used to calculate the buoyancy force which, by the Archimedes principle, is

equal to the weight of water displaced. The Archimedes principle also states that the

volume of liquid displaced will be equal to that of the sample. The density can then be

calculated by first taking the ratio of the weight of the sample in air to the buoyancy

force. This gives
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Ws,air

Fb
=

Ws,air

Ws,air −Ws,liq
=

ρsVs
ρliqVliq

, (3.7)

where Ws,air is the weight of the sample in air, Fb is the buoyancy force, Ws,liq is the

weight of the sample when immersed in liquid; and ρ, V represent the density and

volume, respectively, with the subscript s denoting that of the sample and liq that of

the liquid. Using the fact that Vliq = Vs (via Archimedes), the equation above simplifies

to

ρs
ρliq

=
Ws,air

Ws,air −Ws,liq
, (3.8)

which may be used to calculate the density of the sample.

Not surprisingly, the results of the density measurements showed that the density of

the Na-free germanate glasses (6.1 to 6.3 g/cm3) is significantly higher than that of the

Na-containing glasses (5.8 to 5.9 g/cm3). Both types of germanate glasses have a higher

density compared with Na-Zn-tellurite glass (see Table 3.3), which is attributed to the

high amount of the heavy metal oxide PbO.

The glass transition temperature (Tg) and onset of glass crystallization temperature

(Tx) were measured using differential scanning calorimetry (DSC). DSC is a thermal

analysis technique that essentially measures the change in heat capacity of a material

with temperature. The sample is heated such that its temperature increases at a constant

rate and the heat flow is tracked as a function of temperature. The resulting plot can

then be used to determine the phase transitions in the material and the temperatures

at which they occur. The glass transition temperature, for instance, can be determined

from the glass relaxation peak – an endothermic dip in the heat flow graph represents the

heat flowing into the sample as it transitions from the glass phase to the super liquid

phase. Similarly, the crystallisation temperature is determined via the crystallisation

peak. Figure 3.4 shows a DSC graph for the GPNL2 germanate glass with the glass

relaxation peak, centred at approximately 667 ◦C, and the crystallisation peak, centred

at approximately 741 ◦C.
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Figure 3.4: DSC data for the GPNL2 germanate glass shows the glass relaxation peak,
centred at approximately 667 ◦C, and the crystallisation peak, centred at approximately

741 ◦C.

In these analyses glass disks of 30 to 60 mg weight and a heating rate of 20 K/min

were used. The measurements also allowed the glass stability to be quantified using the

temperature difference Tx − Tg.

Figure 3.5 shows the glass transition temperature as a function of increasing La2O3

content of the germanate glasses. For both the Na-free and the Na-containing glasses, Tg

increases with increasing replacement of PbO by La2O3, which is of benefit for developing

glasses with higher thermal stability, which in turn aids the fibre fabrication process.

Within the Na-free glasses, the glass stability (Tx − Tg) slightly decreases as PbO is

increasingly replaced with La2O3 (Figure 3.5). For the glass GPL10 with 10 mol%

La2O3, crystals were observed in the glass melt before casting. This result indicates

that larger amounts of La2O3 (> 5 mol%) in GPLx result in low glass stability and thus

make the glass unsuitable for fibre fabrication.

Compared with the Na-free germanate glasses, the Na-containing glasses have a consid-

erably higher glass stability. This result is consistent with the glass stabilizing effect

of small amounts of Na2O in lead-silicate and tellurite glasses [135, 159]. Within the

Na-containing glasses, the glasses with La2O3 have a slightly higher glass stability than

the glass without La2O3, which demonstrates that the presence of Na2O enhances the

solubility of La2O3 in the glass matrix.
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Figure 3.5: Glass transition temperature (Tg) as a function of the (La,Tm)2O3 content
of Na-free germanate glasses (GPL) and Na-containing germanate glasses (GPNL).

3.5.3 Refractive index measurements via ellipsometry

For the GPL5, GPNL2 and GPNL5 germanate glasses and for a TZN tellurite glass

with similar composition to TZNL (TZN in mol%: 80·TeO2 — 10·ZnO — 10·Na2O),

the linear refractive index was measured over the broad range of 500 to 2000 nm using

variable angle spectroscopic ellipsometry – a broad band technique that measures the

change in polarization of light as it reflects from (or transmits through) a material, for a

range of wavelengths and incidence angles. The ellipsometric technique does not directly

measure the optical constants of the material, however the measured response depends

on the dielectric properties and thickness of the material and can therefore be used to

infer the values of optical constants, such as the refractive index [160].

For this investigation, the ellipsometer used was one manufactured by the J. A. Woollam

company (V-VASE), set up in a in fairly typical ellipsometry configuration: linearly

polarized light (of known polarisation but arbitrary azimuth) was reflected from the

sample surface and the reflected beam analysed via a rotating polariser to determine

its polarization. The phase change imparted onto the beam on reflection changes its

polarisation from linear to, generally speaking, elliptical in nature.

By the comparing the polarization ellipse of this reflected bean with the known linear

polarization of the incident light, the system is able to determine the change in both
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Figure 3.6: Schematic for a typical ellipsometry measurement. Linearly polarised
light of a known polarisation is reflected off a sample and then the output polarisation
is measured via a rotating analyser. This figure was taken from the J.A. Woollam Co.

Inc. website [4].

amplitude and phase of the s-polarized and p-polarized constituents. This change in

polarization is represented by the complex reflectance ratio ρ, given below in terms of

parameters Ψ and ∆

ρ = tan(Ψ)ei∆ =
R̃s

R̃p
, (3.9)

where R̃s and R̃p are the Fresnel reflection coefficients of the s-polarized and p-polarized

light, respectively. There are given by

R̃s =

na cos θ − ñs
√

1−
(
na
ñs

sin θ
)2

na cos θ + ñs

√
1−

(
na
ñs

sin θ
)2


2

, (3.10)

R̃p =

na
√

1−
(
na
ñs

sin θ
)2
− ñs cos θ

na

√
1−

(
na
ñs

sin θ
)2

+ ñs cos θ


2

, (3.11)

where na is the refractive index of air (assumed not to be complex), ñs is the complex

refractive index of the substrate and θ is the angle of incidence/reflection. The relation-

ship between ñs and the parameters Ψ and ∆ in the equations above is what allows the

refractive index to be derived via ellipsometry.

The software on the ellipsometer uses a model of the substrate (i.e. bulk dielectric,

thin film etc.) to predict the expected values for the parameters Ψ and ∆, for a given
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wavelength and angle of incidence. These are then compared to the experimentally

measured values and the model parameters are adjusted to minimise the difference

between the generated data and the experimental values. This minimisation is done

using a fitting procedure which, in this instrument, is based on the Levenberg–Marquardt

algorithm. The error in the fit is quantified by a parameter known as a root mean squared

error (MSE), defined as

MSE =

√√√√ 1

2N −M

N∑
i=1

[(
ΨMod
i −ΨExp

i

σExpΨ,i

)
+

(
∆Mod
i −∆Exp

i

σExp∆,i

)]
, (3.12)

where N is the number of spectrum points, M is the number of variable parameters

in the model, ΨMod and ∆Mod are the parameter values generated by the model, ΨExp

and ∆Exp are those measured by the experiment, σExpΨ is the error in ΨExp and σExp∆ is

the error in ∆Exp. For a perfect fit (with no systematic errors) the MSE will be 1. In

experiments, the aim is therefore to get as close to a MSE of 1 as possible.

Figure 3.7: This figure highlights the difference between having a smooth back surface,
versus a rough one. For the smooth surface on the left, back reflections may be in
parallel with those beams reflected from the front surface. However if the back surface
is rough the light is scattered and does not interfere with reflections from the front

surface.

Since ellipsometry measures a change in polarization, anything that contributes to

depolarization, such as surface roughness, will add error to the results. To minimize such

errors glass samples of 8-10 mm thickness were prepared with polished surfaces. On the

top surface, where the light from the ellipsometer reflects, the glass was finely polished

to ensure that the average surface roughness, Ra, was as low as possible. However on the

bottom surface, the sample was roughed up with a coarse grade paper. This was done

to prevent any reflections from the back surface coming back in parallel to those from

the top surface. Such reflections are not ideal when measuring the optical properties for

bulk samples as accounting for them adds complexity to the measurement – the simplest

scenario is to remove them altogether. The easiest way to do this is by roughing up the
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back surface to scatter any light that strikes it. Figure 3.7 demonstrates how this is

achieved. Back surface reflections can also be eliminated by using an index matching,

absorbent material at the back of the sample.

For both surfaces, once the polishing was complete the surface was analysed with a

surface profiler. This enabled us to quantify the roughness of the surface, via the average

roughness parameter Ra. The results of this analysis, for one of the samples is shown

in Figure 3.8. We see a significant decrease in the roughness of the top surface from

Ra = 63.95 nm to Ra = 15.98 nm. The results for the other samples used were similar,

with Ra averaging from 15 nm to 20 nm across the samples. Analysis of the effect

of surface roughness on the apparent value of the refractive index in Reference [161]

shows that, for glass samples, a negligible effect is observed for roughness values up to

30 nm. As these samples were comfortably under this threshold we may be confident

that surface roughness does not contribute any significant error to the results.

We also see in Figure 3.8 that, for the bottom surface, the roughness increased to just

over 1 µm – a value that is comparable to the wavelength of the light used in the

measurement and thus likely to scatter all light off the back surface.

In addition to carefully polishing the surface each spectral was also averaged (100 scans

per point) along with incidence angle (12 scans per angle for 5 angles). Given the bulk

nature of these samples (i.e. not thin films), the surface polishing and the high averaging,

the error in the measurements is estimated to be no more than 1-2% [162–164].

The results of the refractive index measurement, in the visible and near-IR range, are

shown in Figure 3.9. From these measurements we are able to fit a Sellmeier equation

of the form shown in Equation (3.13) to the data.

n2(λ) = 1 +
3∑
i=1

Biλ
2

λ2 − Ci
. (3.13)

The values of the fitted Sellmeier coefficients are given in Table 3.4. The values at

1.55 µm are listed in Table 3.3.

Not surprisingly, the Na-free germanate glass GPL5 has a significantly higher index that

the Na-containing glasses GPNL2 and GPNL5. This result is consistent with the higher

density for Na-free germanate glasses as described in Section 3.5.2. Despite different
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(a) Top surface, before Polishing Ra = 63.95 nm (b) Top surface, after Polishing Ra = 15.98 nm

(c) Bottom surface, before Polishing Ra = 413 nm (d) Bottom surface, after Polishing Ra = 1089 nm

Figure 3.8: Analysis of the surface roughness of one of the germanate samples. (a)
and (b) show the top surface before and after polishing, respectively. Similarly (c) and
(d) show the bottom surface, before and after polishing. The roughness of the any

particular point in the plots is given by its colour bar on the right of each plot.

Table 3.4: Sellmeier coefficients for germanate and tellurite glasses

Glass B1 B2 B3 C1 C2 C3

GPL 1.458 1.203 23.06 0.03138 0.03064 2287.0

GPNL5 1.065 1.399 1.849 0.02663 0.02663 2555.6

GPNL2 1.538 0.934 1.120 0.01417 0.04078 782.1

TZN 1.378 1.511 3.435 0.04756 0.00744 411.3

content of the heavy metal oxide PbO and different density, GPNL2 and GPNL5 exhibit

almost identical refractive indices. In GPNL2 and GPNL5, 2 mol% and 5 mol% PbO are

replaced with Tm2O3 and La2O3, respectively. Both Tm2O3 and La2O3 are lanthanide

oxides (Ln2O3). Hence, the almost identical refractive indices of GPNL2 and GPNL5

indicate that PbO and Ln2O3 have comparable impact on the refractive index.

The lead-germanate glasses have somewhat lower indices than the TZN and TZNL

tellurite glasses, which is attributed to the lower polarisability of Ge4+ compared with



Chapter 3. Soft glass 85

500 1000 1500 2000
1.85

1.9

1.95

2

2.05

2.1

Wavelength (nm)

n

 

 

TZN

GPL5

GPNL5

GPNL2

Figure 3.9: Refractive indices of of GPL5, GPNL2 and GPNL5 germanate glasses
and TZNL tellurite glass. Circles are measured points; the line shows the Sellmeier fit.

Te4+ [165].

3.5.4 Nonlinearity

The nonlinear refractive index for the GPNL5 glass was measured using a suspended core

fibre that had previously been fabricated by colleagues within the author’s institution.

This fibre was fabricated from a relatively large billet (180 g) melted for the first time

in a controlled atmosphere glass melting facility. Due to unoptimized conditions for this

first large glass melt, particles from the furnace liner were unintentionally introduced

into the melt. As a result, the fibre had sections of varying loss. To account for this in

the measurements, fibre segments with relatively short lengths (< 1 m) were used and

both the nonlinearity and loss was measured for each length of fibre. The loss of these

fibre segments varied from 4.5 to 8.8 dB/m. Given that this is a first generation fibre of

this material and structure we are confident that, in future trials, the loss can be made

consistent and lowered to a value much closer to the measured bare fibre loss for this

material, i.e. < 1.5 dB/m at 1550 nm.

The nonlinear refractive index for the GPNL5 suspended core fibre was determined

by first calculating the value of the nonlinear coefficient (using the method described

in Reference [166]), which is based on measuring the phase shift, φ, induced by the

Self Phase Modulation (SPM) phenomenon [34]. It involves pumping a fibre with a
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dual frequency signal and observing the generation of side bands via four wave mixing

(FWM) [34]. The details of this experiment are covered in Section 7.3 of the fibre

characterisation chapter. The results are summarised here, to complete the analysis of

the germanate glass.

From the experimental data, the nonlinear coefficient was measured to be γ = 1177±128

W−1km−1 for this fibre. To calculate the effective area Aeff a SEM image of the cross

section of the fibre end used in the experiment was first scanned and inserted into a

finite element model. This allowed calculation of the electric and magnetic fields of

the fundamental mode propagating through the fibre and thus the effective area Aeff

– calculated, in this case, to be 1.951 µm2 (see Section 4.3 for details on this modelling

procedure). By then using the equation γ = 2πn2/λAeff the value for the nonlinear

refractive index was found to be n2 = 56 ± 6 × 10−20 m2W−1.

The nonlinear index of the TZNL glass was measured to be n2 = 55 ± 2 × 10−20 m2W−1

[147] for a polished glass plate using the Z-scan technique as described in Reference [167].

Within the measurement error, we see that the nonlinear indices of TZNL and GPNL5

glass are identical.

Figure 3.10: Nonlinear index of GPNL5 compared with other soft glasses. The solid
line represents the Miller’s rule, as per Reference [5].
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Figure 3.10 compares the measured value for the optical nonlinearity of the germanate

glasses presented here with values found in the literature for other soft glasses, including

other lead-germanates. The curve represented by the solid line in this figure corres-

ponds to the expected nonlinear refractive index, for a given linear refractive index in

accordance with the empirical Miller rule [116]. For the lead germanates extracted from

the literature, the n2 values have been obtained by converting the third order optical

susceptibility χ(3) values measured by Hall et. al. [148] using the equation

n2 [m2/W] = K
160π

cn2
0

χ(3) [esu], (3.14)

where n0 is the linear index, c is the speed of light and K is a constant. Whilst there

is some uncertainty in the literature as to the appropriate value of this constant, K = 6

was chosen as this value converts, for lead-silicate glass, the χ(3) [esu] value measured

by Hall to an n2 [m2/W] value that is similar to the n2 value which was measured by

Friberg et. al. [145] and independently confirmed by Petropoulos et. al. [168].

It is worth noting that the relationship between the linear and nonlinear index for

the lead-germanate glasses presented here agrees well with those measured by Hall et.

al. [148] for 60·GeO2 — 40·PbO and 75·GeO2 — 25·PbO glasses. To the best of our

knowledge, these are the only other measurements of the optical nonlinearity of lead-

germanate glasses to date.

3.5.5 Loss

The experiments to determine the loss of the glasses were done in two parts: in one the

absorption of the bulk samples in the mid-IR was measured; in the other the loss was

evaluated for unstructured fibres in the visible and near-IR regimes. The measurements

on the bulk samples were made to determine the effect of the dry absorption glass

fabrication technique on the OH induced loss peak generally found in these types of

glasses – the aim was to evaluate if the fabrication in a dry atmosphere had indeed

reduced this peak. However as the loss in the mid-IR range is not particularly relevant

to telecommunications applications these results are not included in this thesis (they

may be found in Reference [32]).



Chapter 3. Soft glass 88

The experiments on the unstructured fibres serve as a baseline test for the loss that can

be expected in microstructured fibres made from this glass. They also let us determine

if the fibre fabrication procedure introduces any extra losses into the material. These

results are presented below in Section 3.5.5.1.

3.5.5.1 Visible and near-IR loss of unstructured fibres

To determine the material loss that can be achieved in extruded germanate glass fibres,

broadband fibre loss spectra were measured for the GPL5 and GPNL5 unstructured

fibres using the standard cutback technique. The light source was a tungsten filament

bulb, and the fibre output was coupled via a bare fibre adaptor to a commercial optical

spectrum analyser ranging from 400 to 1700 nm. Several cleaves were performed at each

cutback length to ensure that cleave variability could be averaged out of the results.

The measurement error is 10%.

Figure 3.11(a) shows the loss spectra of GPL5, GPNL5 and TZNL unstructured fibres.

All three fibres have a similar minimum loss of 0.5-1 dB/m at approximately 1.3 µm.

Preliminary absolute absorption measurements of the bulk GPNL5 glass indicated that

reduction of the minimum loss of germanate glass fibres to approximately 0.2 dB/m is

possible by improving the extrusion and fibre drawing conditions.

The band at 1.45 µm is the overtone of the fundamental absorption of free OH groups

at approximately 3.0 µm [156]. The higher intensity of the overtone of free OH groups

in germanate glasses compared with tellurite glass is consistent with the larger intensity

of the fundamental absorption of free OH groups in germanate glasses.

The shift of the free OH overtone from 1.44 µm in the germanate glasses to 1.47 µm in

the tellurite glass is consistent with the wavelength shift of the fundamental vibration

of strongly bonded OH groups (4.3 µm for germanate and 4.4 µm for tellurite). Due to

the overlap of the fundamental vibrations of free and weakly bonded OH groups, any

wavelength shift cannot be resolved for these two vibration bands. We attribute the

red shift of the OH bands, i.e. the shift to lower frequency, from germanate to tellurite

glasses to decreasing bond strength from Ge-O to Te-O similarly to the lower frequency

shift from the Ge-O to the Te-O stretching vibration observed in the Raman spectra

(Section 3.5.6 and Figure 3.12).
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Figure 3.11: Loss spectra of unstructured fibres.

For tellurite glass, melting in a platinum crucible (compared with melting in a gold

crucible) was found to cause additional absorption at ≤ 600 nm due to the presence

of platinum impurities in the glass as a result of crucible corrosion by the glass melt

[156] (Figure 3.11(a)). The short wavelength edge of the germanate fibres is at a similar

position to that of the tellurite glass fibre made from glass melted in a platinum crucible.

This result indicates that in germanate glass fibres the short wavelength loss is limited

by the absorption of platinum species and not by the intrinsic absorption edge of the

glass.

3.5.6 Raman characteristics

Stimulated Raman scattering (SRS) is a nonlinear optical process with applications

in a range of fields such as spectroscopy [169–171] fibre lasers [172, 173] and fibre

amplifiers [174, 175]. Measuring the Raman gain thus forms an important part of the

characterisation procedure for any nonlinear glass. Additionally, knowledge of Raman

parameters, such as the Raman fraction and Raman gain bandwidth, is important when

modelling nonlinear processes within fibres (see Section 5.2 for details).

SRS is when the interaction of a strong pump wave with the vibrational modes of

medium scatters photons into a frequency down shifted Stokes wave. The amount of

energy transferred to the Stokes wave (sometimes simply referred to as the Raman
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wave) depends on a parameter known as the Raman gain coefficient [176]. The Raman

characteristics for a medium are quantified by measuring the spectral variation of this

Raman gain.

The Raman spectra were measured for the two unstructured fibres made from GPL5

and GPNL5 glasses and for a TZNL unstructured fibre also made using the extrusion

technique as described in Reference [9]. An argon ion continuous wave laser beam at

514.5 nm was launched into a fibre piece of approximately 30 cm in length. A low power

of 56 mW was used to avoid photo-induced structural changes. From the same fibre

end, the output light was imaged onto a spectrometer (Horiba Jobin Yvon – iHR 320).

The laser line was blocked using a bandpass filter. This filter caused the Raman spectra

to be cut-off at 250 cm−1. The wavelength of the spectrometer was calibrated using the

argon ion laser line at 514.5 nm. Note that the same Raman spectrum was obtained

using a higher energy laser beam at 488 nm, indicating that photo-induced structural

changes did not occur under the experimental conditions.
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Figure 3.12: Raman spectra of germanate glasses (GPL5, GPNL5) and tellurite glass
(TZNL).

Figure 3.12 shows the Raman spectra for the two germanate fibres and the tellurite

fibre. For both germanate glasses, the highest-frequency Raman band is situated at

approximately 800 cm−1. This Raman band is composed of two peaks attributed to Ge-

O stretching vibrations [150]. The highest-frequency Raman band of the tellurite fibre

is at 750 cm−1 and is composed of two peaks attributed to Te-O stretching vibrations
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[167] . The position of the highest-frequency Raman bands agrees with other tellurite

and lead-germanate glasses [150, 167, 177–179].

The frequency of diatomic molecule stretching vibrations increases with increasing bond

strength and decreasing weight of the atoms [159]. Therefore, the shift of the network

former stretching vibration to higher frequency from Te-O to Ge-O is attributed to both

the higher bond strength of Ge-O (due to higher field strength of Ge4+ compared with

Te4+ [165]) and lower mass of Ge compared with Te.

3.5.7 Summary

We have developed and characterized a range of lead-germanate glasses that, when

compared with other infrared transmitting high index glasses (such as tellurites) stand

out for having the desirable properties of low phonon energy and high refractive index

(both linear and nonlinear) without compromising on fibre stability, due to the fact that

they retain higher glass transition temperatures.

In the lead germanate glasses studied here, partial replacement of PbO by La2O3 up

to 5 mol% was found to increase glass transition temperature without decreasing glass

stability or refractive index.

We have also fabricated a suspended core microstructured fibre from one of these glasses

and used it to measure a nonlinear refractive index that is comparable to that of

tellurite and bismuth glasses. This is a significant result as it demonstrates both the

fabrication of a small core microstructured fibre and showcases the high nonlinearity of

the material (n2 = 56 ± 6 × 10−20 m2W−1). The extrusion based fabrication technique

is also readily expandable and thus this fibre represents a first step in the potential

fabrication of more complex geometries, such as those required for dispersion engineered

fibres. This is explored in Section 4.7, where the refractive index data measured for

this glass is used to design a germanate based fibre for nonlinear telecommunications

applications.
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3.6 Conclusion

This chapter covers many of the fundamentals of glassy materials. This understanding

is essential to being able to describe and understand the kinds of materials that qualify

as soft glasses – which are the primary materials used in this research, due to their low

softening points and high nonlinear refractive indices. As such, some of the commonly

used families of soft glasses are described, along with a discussion of what each offers

when considering glasses for nonlinear telecommunications devices.

This chapter also details the development and characterisation of a novel range of lead

germanate glasses. The properties of these glasses have been investigated in detail,

particularly the refractive index and the nonlinearity as knowledge of these parameters

is essential to fibre design. These glasses have also been shown to be robust and highly

nonlinear, making them promising candidates for use in optical fibre devices.

Now that the materials used in the fibre design process have been discussed, the following

chapter moves on to fibre design. This next chapter (Chapter 4) covers how the optical

properties of the glasses, such as refractive index and nonlinearity, are used to construct

fibre designs for a particular application, and the mathematical tools involved in this

process.



Chapter 4

Fibre design

4.1 Introduction

This chapter describes the process of designing dispersion engineered optical fibres for

telecommunications applications. It describes how fibre parameters such as dispersion

and nonlinearity are affected by the geometry of the waveguide and how the geometry

can therefore be used to engineer these parameters. The chapter also outlines some of the

types of geometries typically used for this engineering before then detailing the specifics

of the approach taken in this research to engineer fibres optimised for the applications

described in Chapter 2 – namely multicasting and phase sensitive amplification.

Parts of the work presented in this chapter were performed in parallel with the work

shown in the modelling chapter (Chapter 5) and some of these modelling results were

used to inform and improve upon the design process. For example, the insight gained

from the modelling of a fibre designed for multicasting was used to refine the methodo-

logy used in designing the fibre for phase sensitive application.

This chapter is organised as follows: Section 4.2 discusses the design considerations that

must be taken when designing fibres for four wave mixing based applications, including

how the key fibre properties, such as nonlinearity and dispersion, can be engineered and

optimised via the fibre geometry. Section 4.3 provides an overview of the finite element

model (FEM) technique which was used to calculate the dispersion and nonlinearity for

a fibre geometry and thus evaluate the potential of a specific fibre design for use in a

given application. Section 4.4 outlines some types of geometries that are used to engineer

93
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these properties for soft glass fibres. Section 4.5 describes in detail the approach used

in this research – combining a microstructured fibre design, termed a ‘hexagonal wagon

wheel’ (HWW) fibre, with a genetic algorithm to optimise the dispersion profile and

nonlinearity for the required application. The final fibre designs for multicasting and

phase sensitive amplification were evaluated via FEM modelling and these results are

discussed in Sections 4.5.3 and 4.5.4, respectively.

A simplified version of the hexagonal wagon wheel design, using a novel lead germanate

glass is also presented in Section 4.7. This fibre design does not have a dispersion profile

or nonlinearity that is as favourable as the hexagonal wagon wheel fibre designs, but it

is a much simpler design and was explored due to its relative ease of fabrication.

4.2 Design considerations

When designing optical fibres for broad band nonlinear telecommunications applications

based on four wave mixing, two parameters are paramount in the design considerations:

the fibre nonlinearity and the dispersion profile. The primary aim is to maximise the

gain and spread it out over a broad spectral range. This is achieved by having a high

nonlinearity and a dispersion profile tailored to suit the application.

The nonlinearity is measured by the effective nonlinear coefficient γ defined as in Equa-

tion 2.35, in terms of the nonlinear refractive index n2 ad the effective area of the fibre

mode Aeff . From this definition of γ, we see that there are two avenues to obtaining

a high fibre nonlinearity: choosing a material with a high n2 and minimising Aeff

by designing for a tightly confined mode area. This has the effect of simultaneously

increasing the numerator and decreasing the denominator in Equation 2.35. A soft

glass nanowire, for instance, is a perfect example of this – the high linear index of the

core contrasts highly with the air ‘cladding’ and tightly confines the mode, while the

high intrinsic n2 further enhances the nonlinearity. However this geometry has limited

scope for dispersion engineering. Thus, when designing MOFs for nonlinearity based

applications, we aim to minimise the mode area with a high effective nonlinear index

whilst still maintaining enough flexibility in the geometry to be able to engineer the

dispersion.
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The dispersion of the fibre, defined in Equation 2.41, is the other main parameter that

affects fibre performance. This fibre dispersion can be considered to be approximately

the sum of the dispersion of the material and that of the waveguide, written as

D ≈ Dmat +Dwav, (4.1)

where Dmat and Dwav represent the dispersion due to material and waveguide, respect-

ively [118]. In fibres where there is significant material refractive index variation (with

respect to wavelength) across regions, such as graded index fibres, there is also another

contribution to the dispersion known as the profile dispersion [180]. However, the profile

dispersion in most fibre structures at visible and near-IR wavelengths is generally so small

that it is negligible [39].

For FWM based nonlinear telecommunications applications, such as those introduced

in Section 2.4, the gain depends on the phase mismatch between the interacting waves.

For this gain profile to be both high and broad enough to cover the band of interest,

the phase mismatch needs to be minimised across the band. As the phase mismatch is

determined by the propagation constants of the interacting waves (as in Equation 2.55)

this requires tailoring these propagation constants as required across the frequency band,

i.e. tailoring the dispersion profile of the fibre. The material component of the dispersion

is obviously fixed by the choice of glass, however the waveguide dispersion can be tailored

via the fibre geometry. This follows from Equations 2.30 to 2.31, as the eigenvalue

equation that determines the value of the mode’s propagation constant depends on the

fibre geometry and refractive index profile. Therefore, through the design of the fibre

geometry and refractive index distribution the waveguide dispersion may be tailored to

offset the material dispersion such that the net dispersion profile results in the phase

mismatch being minimised, ideally to zero.

Soft glasses present an ideal medium for this sort of dispersion engineering as their

low softening temperature enables them to be fabricated into a complex geometries via

extrusion. This process involves heating the glass and then forcing it though a steel

structure known as a die. This will imprint the inverse of the die structure through the

glass as it passes through so, by carefully machining the steel die, a complex structure can

be introduced into the glass. The major caveat is that the die must remain rigid at the
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softening temperature of the glass, thus extrusion through a steel die cannot be used with

glasses like silica that have much higher softening points. Although glasses like silica

may be extruded using dies made of harder materials, such as ceramics, introducing

complex microstructure is significantly more difficult as these materials are generally

not able to be machined to the same precision as steel dies. This extrusion process is

described in detail in Chapter 6.

In addition to these primary considerations (nonlinearity and dispersion), another major

factor that must be taken into account is the optical loss. This is an important fibre

parameter as it ultimately determines the efficiency of any fibre device. Optical losses

in optical fibres are usually represented by the fibre attenuation coefficient α, defined as

in Equation 4.2 in units of decibels (dB) per unit length.

α [dB/m] =
10

l
log

(
Pin
Pout

)
, (4.2)

where l is the fibre length and Pin and Pout are the input and output powers, respectively.

This attenuation coefficient includes the effect of the bulk material loss, the confinement

loss and any scattering losses that may occur due to surface roughness or from other

scattering centres within the material. The bulk loss represents the losses incurred due

to absorption by the substrate material and is independent of the fibre design while

scattering losses typically occur as a result of imperfect fabrication conditions (and can

thus be eliminated by refinement of the fabrication process). The confinement loss,

on the other hand, is a consequence of the fibre design – it accounts for the power

lost from the fibre via the exponential decay term that occurs in the electric field from

Equation 2.31 (due to the imaginary component of β). This confinement loss is defined,

in units of dB, as [181]

CL [dB] =
20

ln(10)
Im{β}. (4.3)

In any fibre design loss is obviously undesirable and thus attenuation must be minimised.

This can be done by careful selection of materials, refinement of the material fabrication

process, refinement of the fibre fabrication process and minimising the confinement loss

through the fibre design.
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There are several other factors that also need to be considered when designing fibres.

They may be summarised as follows:

• Bend loss and bend radius: the bend loss is due to the extra attenuation caused

by an increase in the confinement loss as the fibre bends and will thus affect the

performance of a fibre device. The band radius is the maximum radius the fibre

can bend before it breaks – a low bend radius means a fibre may not be coiled

tightly.

• Tensile strength and structural rigidity: this ultimately determines the difficulty

of handling the fibre and the mechanical stability of the substrate glass plays an

important part.

• Modality: the number of modes present in the fibre will affect its performance. For

most applications it is desirable to only have the fundamental mode present and

thus single mode fibres are preferred. The high index contrast of soft glass fibres

generally means they are multimode but due to the higher loss of these modes the

fibre can be made effectively single mode by choosing a longer fibre length.

Ultimately however, it is the nonlinearity and dispersion that determine whether the fibre

is able to perform the desired function. Consequently the design procedure focuses on

these two key aspects, whilst still paying attention to all the other design considerations.

A certain level of intuition is required at the start of this process to determine the

materials and general design structure that broadly encompasses all of the necessary

considerations required to achieve the end goals. This is then refined through a calculated

process (described in Section 4.5) to produce the end result.

It is useful then to first have an understanding of how certain geometric structures match

with fibre properties. Section 4.4 that follows, outlines some of the general types of fibre

geometries that have been used for engineering optical fibre properties, and also contains

a discussion on how the choice of structure contributes to the guidance properties of the

fibre (especially the dispersion and nonlinearity).
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4.3 Finite element method

The finite element method is a versatile numerical technique for solving differential

equations that can be applied to the wave equations for an optical waveguide. The

flexibility of this method is particularly useful for the case of complex MOFs considered

here, as it can be applied to waveguide geometries of arbitrary shape and refractive

index profile. As such the finite element method has established itself as one of the most

common and powerful means of determining the propagation characteristics of optical

waveguides [182–185].

The finite element method works by first taking a geometry and splitting it into a number

of distinct, homogeneous subdomains to produce a mesh of finite elements. In the two

dimensional work considered here the finite elements that form this mesh are either

triangles or quadrilaterals, as shown in Figure 4.1(b) for an optical fibre cross section.

The governing wave equations (in this case the Hemholtz wave equation [35]) are then

solved for each for the discrete elements and combined via the appropriate boundary

conditions to calculate the global solution(s) [185].

The accuracy of the FEM solution is heavily dependent on the density of the mesh

– the greater the density the more accurate the final solution will be. However an

increase in elements is accompanied by a corresponding increase in the number of

individual calculations that must be performed. This obviously increases the required

computational load, and hence time. In practice, the aim is to have a mesh density that

allows the model to converge to an accurate solution in a reasonable time frame. This

requires having sufficient density to provide an accurate solution but not so high that it

requires an unreasonable amount of computing time to solve over. In the simulations of

HWW fibres performed in this work, the sweet spot for mesh density was found to be

around 45,000 elements across the geometry.

This meshing process is refined by having a mesh of that is relatively finer around the

regions where the accuracy of the solution is particularly important, and coarser outside

these areas. Areas where accuracy is especially important include: areas that contain

fine structural features (such as around small holes); areas where the field intensity is

relatively higher; and regions where sharp changes in the field distribution are expected
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(a) The model geometry. Glass regions are are shown in grey while the regions
corresponding to air (i.e. n = 1) are in white. Note that all of the cladding glass is
not included in the model as it increases computation time but has negligible effect on
the final solution since the light is predominantly concentrated in the central glass/air

region.

(b) Finite element mesh around the core region. Note how a finer mesh (i.e. with
smaller and more finite elements) is used around areas with smaller features to get

better accuracy because the light intensity is high in these regions.

(c) The computed field intensity for the fundamental mode. Areas where the field
intensity is strong are represented in redder hues, while regions where the field is weak

are in blue – as indicated by the bar to the right.

Figure 4.1: The stages involved in modelling a given fibre geometry. The fibre
geometry is first defined as in (a); a mesh of finite elements is then defined within this
geometry as in (b); the wave equation is then solved over these elements to calculate

the fibre modes, including the fundamental mode solution shown in (c).
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(such as the fibre core). A non uniform mesh of this type balances solution accuracy

with computational load better than one of uniform density.

In addition to using a non uniform mesh, the computational load can also be decreased

by not modelling regions of the fibre such as the outer cladding where the field intensity

would have decayed to essentially zero. For the HWW fibres modelled in this work this

was done by using a geometry such as that shown in Figure 4.1(a), where sections were

removed from the outer cladding so that they would not be included in the model.

Once the geometry and mesh have been set up, the next step is defining the boundary

conditions. This includes the boundary conditions that tie the individual elements

together and those that constitute the outer edge of the model (and thus limit the

number of elements to a finite amount). For the internal regions of the structure, the

boundary conditions are relatively less complex as the model considers just a dielectric

waveguide and therefore only needs to ensure the continuity of the fields across individual

elements [35]). The outer edge of the model is handled with one of two ways: it is defined

to be a perfectly reflecting boundary or as a perfectly absorbing layer.

Having the outer boundary that perfectly reflects is the default case for the software

package used in this research (details are given at the end of this section). However

these reflections are unphysical (as they are introduced entirely by the numerical model)

and would reduce the solution accuracy if they were significant in magnitude. One must

therefore be careful to ensure that the reflecting boundary is far enough away such that

the mode field intensity at this point is sufficiently low that any reflections are negligible.

Another consequence of such a boundary is that the propagation constant will always

be real, since this boundary does not account for any power loss due to confinement loss

(confinement loss is defined in Equation 4.3).

The alternative to this is to instead use a perfectly absorbing layer as the outer boundary.

This region, usually referred to as a perfectly matched layer (PML), is included into the

model as a thin domain that is wrapped around the geometry and is set up to absorb

all of the electromagnetic field that enters it. This effectively simulates the effect of

surrounding the geometry with an infinite medium (which it would normally take for

the field to otherwise decay to zero). The use of a PML is in fact the standard means

of evaluating the confinement loss of optical fibres [186, 187].
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In this work the RF module of the COMSOL Multiphysics® software package was used

to generate and solve the FEM. When solving the model the program was configured

to look for a fixed number of solutions, per wavelength, around a given guess value

for the effective index. As only the fundamental mode is of interest for this work, the

model was configured to only look for the two degenerate fundamental solutions with the

initial guess value for the effective index set to be the refractive index of the core glass.

The COMSOL Multiphysics® package was integrated with MATLAB® to calculate the

dispersion, nonlinearity and other propagation characteristics, such as confinement loss.

4.4 Dispersion engineered fibre types

The various fibre geometries that have been used in the fabrication of dispersion en-

gineered fibres may be categorised into two main types: Microstructured Optical fibres

(MOFs) and all solid fibres. MOFs are generally made out of a single material and

their structure is determined by an array of microstructured holes in the transverse fibre

profile. All solid fibres on the other hand do not have any holes or voids within but are

structured out of a composite set of materials. In the sections below each category is

described, along with an outline of the respective advantages and disadvantages of each.

4.4.1 Microstructured optical fibres

Microstructured optical fibres are a class of fibres where the guidance of light is manip-

ulated via structural modifications to the fibre cross section. Microstructured optical

fibres (sometimes referred to as a holey fibres or Photonic Crystal fibres (PCFs)) were

first envisioned by Phillip Russell in 1991 [16] and a few years later they were successfully

fabricated for the first time by his team [188]. Since then, the unique properties of MOFs

have, in addition to dispersion engineering, been used for other applications such as

endlessly single mode fibres [189], large mode area fibres [190] and hollow core/photonic

bandgap fibres [191].

The flexibility of modern fabrication processes has resulted in a plethora of varied

geometries for MOFs – some of which are simple (consisting of just a few, symmetrically

arranged holes) and others that are complex (with many holes arranged in complex

formations). While the complex MOFs offer the most flexibility in design and thus
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ability to engineer the dispersion and nonlinearity, the simple suspended core MOF

designs offer advantages such as relative ease of fabrication with new glasses and are thus

also considered here. The properties of both categories are described in the following

sections.

4.4.1.1 Simple MOFs – the suspended core fibre

The suspended core fibre consists of a solid core surrounded by large air holes, which

effectively form an air cladding. These holes are then surrounded by an outer glass

cladding. Light is guided in the suspended core which behaves in a manner that

approximates that of a glass nanowire suspended in air.

Figure 4.2: A suspended core fibre fabricated in a fluoride glass. This fibre was
fabricated as part of research into fibre based optical sensing [1].

Figure 4.2 shows a suspended core fibre that consists of a triangular core of glass

supported by three struts. This type of geometry is sometimes referred to as a ‘wagon

wheel’ structure and represents the simplest form of microstructured fibre.

The high index contrast between the core glass and the air results in a high numer-

ical aperture. When combined with a small core diameter this results in a tightly

confined mode area and extremely high nonlinearity. Indeed suspended core bismuth

optical fibres have been used to demonstrate γ values of 5400 W−1km−1 [192], and

tapered chalcogenide fibres have pushed this even further with a nonlinear coefficient of

γ = 54,100 W−1km−1 [126].

The ability to guide light in subwavelength scale core diameters also enables the fibre to

have a very high anomalous waveguide dispersion. This can be used to compensate for

the typically high normal material dispersion at short wavelengths and move the zero
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dispersion wavelength to regions much shorter than the intrinsic material ZDW. This is

demonstrated in Figure 4.3, where the dispersion and nonlinearity has been calculated

by modelling a suspended core geometry over a range of core diameters and wavelengths,

using the finite element method. In the 3D graphs shown in the left hand side of this

figure, the ZDW is represented by intersection of the zero dispersion plane (the dark

region) and the dispersion curves. We see that as the diameter d gets smaller the ZDW

moves to shorter wavelengths. For small core diameters (less than around 1 µm) the

fibre actually has two ZDWs in the 500 nm to 2000 nm range that was modelled. The

graphs on the right hand side of Figure 4.3 also show that the nonlinearity increases

significantly for small core fibres due to the increased confinement of the mode.

While the core diameter of the suspended core geometry can be used to alter the

dispersion and nonlinearity of a fibre, this parameter is the only one which may be used

to engineer the fibre properties (for a given glass). This limits the extent of dispersion

tailoring that can be done. For example, it is extremely difficult to lower both the

dispersion and the dispersion slope with the suspended core geometry.

Consequently the applicability of suspended core fibres is limited for broadband applic-

ations. However the high nonlinearity and the ability to move the zero dispersion make

them useful for narrow bandwidth applications.

4.4.1.2 Complex MOFs

Broader control of the fibre guidance properties can be achieved by extending the

microstructured approach to structures more complex than the suspended core geometry

described earlier. A specifically designed array of holes around the core region creates an

effective cladding of air and glass where the refractive index of this region is determined

by the size and arrangement of the holes.

One such arrangement used to engineer the effective index is to have a hexagonal array

of holes around a central glass core (which can be thought of as an omitted centre hole).

An example of this type of structure is shown in Figure 4.4. The dispersion curve of these

fibres is determined by two parameters: the diameter of the holes d and the pitch Λ (the

distance between holes). By varying and modelling the effect of these two parameters

one may design a structure with dispersion characteristics that suit the problem at hand.
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(a) Lead silicate (SF57)

(b) Bismuth (AB061)

(c) Tellurite

Figure 4.3: Dispersion and nonlinearity of a various soft glass suspended core fibres,
as a function of core diameter d and wavelength λ. The dark region on the graph on
the left hand side is the zero dispersion plane – the intersection of this plane and the
dispersion curves gives the ZDW. The graphs show that, for all the glasses, the ZDW
moves to shorter wavelengths as the core diameter increases. Meanwhile, the nonlinear

coefficient increases of smaller core diameters due to the increased confinement.
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Figure 4.4: A hexagonal array MOF fabricated in a bismuth glass [2]

The geometry of this fibre design allows fabrication of hexagonal MOFs by either the

‘stack and draw’ [16, 188] or extrusion technique [2]. The former method may be used to

fabricate such fibres in either silica [188] or soft glasses [193]. The extrusion technique,

which is more flexible and can be used to fabricate a variety of geometries, is discussed

in further detail in Chapter 6.

While the hexagonal hole array is the most popular method of engineering dispersion

in MOFs, other structures such as ‘grapefruit fibres’ [194] and a composite (where a

different glass is used in the cladding holes) MOF [195] have also been used to engineer

the fibre dispersion and nonlinearity. These composite fibres are actually very similar

to the all solid fibres discussed next.

4.4.2 All solid fibres

Instead of introducing holes into the fibre geometry, one may also engineer the dispersion

by combining multiple glasses with different refractive indices. As with holey fibres,

the combination of refractive indices is used to create a region with a variable, effective

index. The key difference is that a glass/glass combination is used instead of an air/glass

combination.

Recent work with lead silicate glasses have demonstrated that the all solid approach

can be used to fabricate fibres with low dispersion at 1.55 µm for telecommunications

applications [132, 196]

The main advantage of an all solid approach is that it overcomes some of the fabrication

challenges associated with creating the complex subwavelength features required for
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Figure 4.5: Dispersion and nonlinearity, as a function of core diameter d and
wavelengths λ, for a solid fibre consisting of two commercial lead silicate glasses –
SF57 for the core and SF6 for the cladding. The dark region on the graph on the left
shows the zero dispersion plane. We can see that by combining two glasses it is possible
to obtain a zero dispersion wavelength with a much lower dispersion slope compared to

Figure 4.3.

some MOF designs. However, all solid fibres are limited by the fact that the constituent

glasses must be chosen such that their chemical and physical properties are similar

enough for them to be fabricated together. If, for example the ‘billet stacking’ method

[196] is used for fabrication, it is critical that the softening points of the glasses are

within a range narrow enough for them to all be extruded together.

4.5 Design approach

The approach to dispersion engineering taken in this research was to use a ‘hexagonal

wagon wheel’ (HWW) fibre design and optimise the geometry using a genetic algorithm

based optimisation procedure. The HWW geometry may be thought of as a hybrid

of the hexagonal and suspended core type fibre designs and is based on previous work

[65] on designing dispersion engineered fibres for supercontinuum generation in the mid

infrared [197]. In this work, the same design methodology has been adapted, however

the dispersion engineering is focussed on the telecoms band.

4.5.1 The hexagonal wagon wheel fibre

The hexagonal wagon wheel fibre design consists of a suspended core containing a ring

of holes, as shown in Figure 4.6. This initial structure was chosen as it represents a
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hybrid of the suspended core and hexagonal MOF type geometries – the larger, outer

ring of holes create the suspended core region in which the mode is confined, while the

ring of inner holes allow tailoring of the dispersion profile via their size and placement.

Thus it allows the high confinement and nonlinearity of the suspended core geometry to

be combined with the dispersion tailoring capabilities of the hexagonal microstructure.

Figure 4.6: Initial fibre geometry. The fibre parameters shown above were used to
optimise the design for low dispersion and high nonlinearity

Once the general fibre geometry has been chosen, the next step is to find the optimal

version of this structure that gives the desired dispersion and nonlinearity. This is a

classic example of an inverse problem – we have an input system, an output set of data

and a physical model that produces the data for a given system but we seek to work

backwards from a given set of data to find the input system that produces it. In this

case the input system is the fibre geometry, the output data consists of the desired fibre

characteristics (namely low, flat dispersion and high nonlinearity) and the model linking

the two is derived from the wave propagation equations [35].

Inverse problems of this nature are typically nontrivial to solve. The main difficulty

arises from the fact that multiple versions of the input system can produce the same

output, i.e. there is no one–to–one mapping between input and output. In the context
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of fibre design, this simply means that various fibre geometries can lead to the same

dispersion and nonlinearity profile. Therefore, while it may be possible to make an

educated guess and obtain an input set that gives the desired output, we cannot know

if it is the best solution without exhaustively evaluating all the other input sets in the

parameter space.

This is clearly not feasible so it is generally best to formalise most inverse problems into

an optimisation problem instead. Such an approach is used routinely in many branches

of physics and mathematics [198–200]. In this work a similar solution has been adopted,

where a genetic algorithm was chosen as the optimisation method. This is discussed in

further detail in Section 4.5.2 that follows.

To optimise this structure for dispersion tailoring we must first parametrise it. We do

this as shown in Figure 4.6 via the parameters R1, R2, R3, R4, R5, r1, r2, r3, L1 and L2.

Of those parameters, the ones that determine the dispersive and nonlinear properties of

the fibre are R1, R2, R3, R4 r1 and r2 as they determine the arrangement of the holes

in the inner cladding. R1 and r1 are describe one circular ring of three holes around the

centre of the fibre and R2 and r2 similarly describe a second ring of holes, interleaved

with the first. In both cases r1/r2 is the radius of the holes, while R1/R2 is the distance

between the centres of these holes and the centre of the fibre. The presence of these

two independently varying sets of inner holes, along with the outer holes, provides many

degrees of freedom and consequently the ability to achieve extremely fine dispersion

control.

4.5.2 Genetic algorithm optimisation

As mentioned earlier, the challenge of determining which variant of the HWW structure

leads to a fibre with the characteristics best suited to meeting the aims of this research is a

complex problem, best solved by the use of an optimisation procedure. This complexity

mainly arises from the fact that the effect of each parameter is not independent; it

is the interplay between them that determines the final fibre properties. Without an

optimisation procedure the best we can do is infer trends for individual parameters.

Consequently surmising the effect of varying multiple parameters simultaneously is diffi-

cult to ascertain and predict with any confidence. Unless a large number of exhaustive,

extensive simulations are performed.
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There are various optimisation techniques that have been explored in the literature to

solve problems of this nature. They may generally be classified as either a minimisation

procedure (such as simplex algorithms [201]) or an iterative procedure combined with

a heuristic (such as genetic algorithms). The latter was chosen as it was thought to

be more robust and better able to tackle this particular problem. The more traditional

minimisation techniques generally converge to a solution quicker but are more prone

to generating solutions corresponding to local minima, instead of the global minimum.

Overcoming this requires resetting the program to cover multiple initial conditions in the

hope that all local minima are uncovered. This is obviously inefficient and consequently

gradient based optimisation techniques work best (and indeed outperform evolutionary

algorithms) in cases where, for example. when the solution space is convex.

A genetic algorithm is better able to deal with the multidimensional parameter space

presented by the HWW design as it implicitly handles multiple input conditions via the

use of randomised populations [202]. It therefore does not need to be restarted and

repeated. There are also other advantages, such as being able to search for solutions in

noisy or nonstationary input conditions [203] and being able to operate without having

to characterise the quality of a solution in terms of a least squared error.

The latter point is important as the error must be a specific quantity and thus requires

an equally specific definition of the ideal case (the error is generally calculated to be

representative of the difference between the solution and the ideal case). In this instance

that would mean starting out by defining a fixed dispersion and nonlinearity profile. This

is not ideal as we must be extremely careful to ensure that the ideal case is indeed the

best possible outcome. Otherwise, since the solution can only converge towards this, the

design may be limited to something that does not actually represent the best possible

outcome. In a genetic algorithm solutions are evaluated in terms of a fitness function,

which is much less restrictive as any definable function can be used.

A genetic algorithm was therefore chosen as the optimisation procedure. This enabled

us to start with the generic geometry such in Figure 4.6 and iteratively improve on it to

get an extremely tailored dispersion profile. This type or procedure has also been used

in the past for dispersion tailoring of microstructured optical fibres [204].

The genetic algorithm procedure essentially mimics the natural selection process ob-

served in nature. However the selection criteria in this case are imposed by a predefined
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fitness function, as opposed to a natural environment. The procedure starts with a initial

population of individuals – where each individual is defined by a set of genes and is a

candidate solution to the optimisation problem. This initial population is generally best

produced by randomly sampling across the space of all solutions (for practical purposes

the sampling may be limited to a fixed space instead). In the case of the HWW fibre

design each individual is a parameter set ( i.e. R1, R2, R3, R4, R5, r1, r2, r3, L1 and

L2), with its genes corresponding to a particular value (e.g. R1 = 100 nm).

The population is then evaluated by using the fitness function to rank each individual

within it [205]. Once ranked, the search heuristic then determines how individuals will

be paired in order to generate the next generation of offspring. Individuals of higher

fitness correspond to solutions of higher quality and thus they are preferred to those of

lower fitness. To reflect this, the probability that an individual will used in a pair to

‘breed’ a new solution is set to be determined by its fitness. This way those individuals

with higher fitness have a correspondingly higher probability to pass their genes on.

However, to prevent the population being dominated by elite individuals (i.e. those

with the best fitness), individuals are prevented from pairing with themselves and any

individual may be paired with multiple times.

Once paired, new individuals are then created from these existing individuals through a

mating process. This involves crossing over the genes between parents to form those of

the offspring. Mutations may also be introduced into the gene code by adding random

changes to the genes. Doing this greatly increases the chances that the algorithm will

converge to the global solution instead of being mired in a search for a local minimum.

After the creation of each generation the process is repeated and the entire population

is evaluated again. If the average fitness of the population is deemed to be high enough

the algorithm may be stopped at this point. However, it is better practice to instead

track the fitness of each generation and observe if it converges to a certain value. If

this is the case we may infer that the optimisation problem has been solved as further

iterations are unlikely to produce better results.

In this genetic algorithm, the fitness function that was used was defined as
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F =
γ0∑

j

|Dj |
, (4.4)

where Dj is a set of dispersion values at wavelengths, λj , in the band of interest and γ0

is the nonlinear coefficient at the central wavelength. The physical significance of this

function is that it highlights those members of the population that have high nonlinearity

and low dispersion in the band of interest. This is then the selection criteria used by

the search heuristic to evolve the population towards better solutions.

To evaluate this fitness function for a particular geometry the finite element method was

used to first calculate the dispersion and nonlinearity of the fundamental fibre mode.

Essentially, this involves breaking up the fibre cross section into a finite number of small

elements and solving Maxwell’s equations in each one of them with appropriate boundary

conditions [184, 206]. A combination of COMSOL Multiphysics® and MATLAB®

were used to perform these calculations and the results were fed back into the genetic

algorithm. This is covered in more detail in Section 4.3.

This process is summarised in Figure 4.7. The program to carry out this evolutionary

optimisation was developed by a colleague as part of his Ph.D. research. The details

may be found in his thesis [207]. A newer version of this program has also been released

for public use [208].
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Figure 4.7: A simple flowchart summarising a typical genetic algorithm optimisation
procedure.

4.5.3 Tellurite HWW for multicasting

As mentioned in Chapter 2, the major fibre requirements for this application were to have

a broad, high gain profile to allow the FWM process to generate 16 copies of the input

signal. The breadth of the gain would need to accommodate an operating bandwidth

broad enough to fit 16 copies of the signal as well as four pairs of pump waves – all in all,

this equates to 24 distinct waves. Therefore, based on the signal and pump bandwidths

in Reference [36], an operating bandwidth of 1440 nm to 1650 nm was chosen, with 15

equally spaced points in this region used to evaluate the fitness function.

The other main requirement was of course a high nonlinearity. After a few preliminary
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simulations it became apparent that the fitness function in Equation 4.4 was too weighted

towards low dispersion. This meant that, as
∑

j |Dj | moves toward zero, small changes

in the denominator of Equation 4.4 have a proportionally larger effect than changes in

the numerator. Consequently improvements to nonlinearity are trumped by a lowering

of the dispersion, even if this lowering is by a marginal amount and may thus have a

lower effect on gain than a relatively larger increase in nonlinearity. To counter this, the

fitness function was slightly modified by introducing a constant to effectively amplify

the effect of changes in γ. The new fitness function that was used may be written as

F =
Kγ0∑
j

|Dj |
, (4.5)

where the constant was chosen to be K = 104. The dispersion curve is evaluated via Dj

– a set of dispersion points at wavelengths λj where λj = (1440 + [j − 1])× 14 nm and

j = 1, 2..15.

The material chosen for the fibre design was an in house tellurite. This is the same

as the TZNL tellurite glass mentioned in Chapter 3 (73·TeO2 — 20·ZnO — 5·Na2O —

2·La2O3). This glass was chosen mainly due to the fact that it has quite a high nonlinear

index of n2, of 5.9 × 10−19 m2 [28, 195] – an order of magnitude higher that that for

fused silica [209]. Additionally this is a mature glass, in terms of fibre fabrication, and

thus its behaviour under fabrication conditions is understood better [9, 156, 167].

Figure 4.8: Evolution of mean fitness for tellurite HWW. After an initial fluctuation
in the mean fitness, it steadily increases before converging at around the 21st generation.
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The genetic algorithm was then started with an initial population of 1000 parameter

sets – each one being a randomly generated based on the structure shown in Figure 4.6.

To ensure that the output designs could were within reasonable fabrication capabilities,

limits were set on each parameter. For example the lower and upper limits on R3

were 0.5 µm and 5 µm, respectively. As this parameter determines the radius of the

suspended core region anything smaller than 0.5 µm would be impossible to fabricate;

similarly anything larger than 5 µm would have too low a nonlinearity to be useful.

In addition to these limits, an additional condition was imposed that forced R1 to be

equal to R2 – this ensures that each set of inner holes is the same distance away from

the centre of the fibre. This is not ideal as it results in fewer degrees of freedom and,

consequently, ability to fine tune the dispersion profile. However it significantly reduces

the possibility of the genetic algorithm generating a design that would require a die

that was too complex, or even impossible to fabricate. Having the sets of holes too

close together in the radial direction could, for example, make the design infeasible

(more information on die design and how it relates to fibre fabrication can be found in

Chapter 6).

Parameter Value

r1 171 nm

r2 224 nm

r1 813 nm

R2 813 nm

R3 1.09 µm

R4 2.30 µm

Table 4.1: Fibre parameters for the 23rd generation.

The evolution of the population fitness is shown in Figure 4.8. We see the average

population fitness start to saturate at around the 21st generation. The algorithm was

then stopped shortly after this point and the structure with the highest fitness in the

23rd generation was evaluated. The fibre parameters for this generation are shown in

Table 4.1 while the geometry is shown in Figure 4.9.

The evaluated dispersion and nonlinearity are shown in Figure 4.10. It shows that the

genetic algorithm has produced a structure with extremely low dispersion over a broad

band – the dispersion only varies from −2.87 ps-1nm-1km-1 to 0.29 ps-1nm-1km-1 over
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Figure 4.9: The geometry of HWW fibre designed in tellurite for multicasting. The
shape of the fundamental mode at 1550 nm is shown in the figure inset. This geometry

corresponds to the fibre parameters in Table 4.1.
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Figure 4.10: Dispersion and nonlinearity for the tellurite HWW design shown in
Figure 4.9. At 1550 nm the nonlinear coefficient of this fibre design γ = 1789 W−1km−1,
while the dispersion D = 1.8 ps−1nm−1km−1 and the dispersion slope (evaluated from

1540 nm to 1560 nm) is 0.010 ps−1nm−2km−1

the wavelength rage from 1450 to 1650 nm. The resulting fibre design also has a high

nonlinearity, with γ = 1789 W-1km-1 at 1550 nm.

This fibre design in modelled in Chapter 4, where it is numerically shown to be capable

of multicasting signals over such a broad band.

4.5.4 Bismuth HWW for PSA

The design process for the fibre for phase sensitive amplification was similar to the

one used in Section 4.5.3 in the design of the HWW for multicasting. However, some
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Parameter Value

r1 120 nm

r2 120 nm

R1 619 nm

R2 619 nm

R3 810 nm

R4 1.66 µm

Table 4.2: Fibre parameters for the 20th generation.

significant changes were made. The first of these was changing the substrate from

the in-house tellurite glass to a commercially available Asahi bismuth-oxide glasses,

BIAB061. While this glass has a lower nonlinear refractive index than the tellurite

(n2 = 3.2× 10−19 m2W−1 [117]) it is known to have good mechanical and thermal

stability which aids the fabrication process. Indeed bismuth oxide glasses have been

used extensively for the fabrication of microstructured optical fibres [117, 133].

The second change was equalising the size of the inner holes by introducing an additional

limit of forcing r1 and r2 to be the same. Again this results in a loss of some degrees of

freedom and to achieve fine dispersion control, we must consider independently varying

r1, r2, R1 and R2 i.e., two sets of inner holes, each with a different radius and distance

away from the centre. However, such a design presents significant fabrication challenges.

Consequently there is a trade off between ease of fabrication and dispersion control.

Given that the operating bandwidth for PSA is narrower than that for multicasting,

the required dispersion profile could still be obtained with just one set of inner hole

sizes. Thus making this trade off between ease of fabrication and fine dispersion control

worthwhile.

After implementing these changes into the program the algorithm was restarted with an

initial population of 1000 randomly generated versions of the base design. The limits

imposed were the same and the fitness function only changed slightly to narrow the

wavelength range from 1500 nm to 1600 nm, i.e. λj = (1500 + [j − 1]) × 14 nm with

j = 1, 2..15. The evolution of the fitness in each generation is shown in Figure 4.11.

It shows a sharper rise in the average fitness of the population but, again, the fitness

saturates after a certain number of generations; in this case this happens at around the

15th generation.
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Figure 4.11: Evolution of mean fitness for bismuth HWW. After an initial fluctuation
in the mean fitness it increases steadily before converging at around the 15th generation.

The algorithm was consequently stopped at the 20th generation and, as before, the

member of the population in that generation with the highest fitness was extracted and

evaluated. The resulting parameter set is shown in Table 4.2

Convergence of the parameter set is verified by observing the parameter regions in the

R1/R3 : R3 plane. The plots in Figure 4.12 show the parameter space for R1 and R3

shrinking towards an optimal region as the genetic algorithm evolves through successive

generations.
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Figure 4.12: Convergence of population parameters R1 and R3

The dispersion and nonlinearity for this structure is shown in Figure 4.14. This fibre

has a dispersion value D = 0.14 ps−1nm−1km−1 and nonlinear coefficient γ = 1099

W−1km−1, respectively at the telecoms wavelength of 1550 nm. The dispersion slope

for this fibre design is higher than that obtained for the Te HWW due to the extra

limitations imposed on the optimisation procedure. However, since the PSA application

is over a much narrower bandwidth, the desired result may still be achieved. Simulations

were carried out to demonstrate this and their results are presented in Chapter 5.
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Figure 4.13: The geometry of HWW fibre designed in bismuth for PSA. The shape
of the fundamental mode at 1550 nm is shown in the figure inset. This geometry

corresponds to the fibre parameters in Table 4.2.
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Figure 4.14: Dispersion and nonlinearity for bismuth HWW shown in Figure 4.13. At
1550 nm the nonlinear coefficient of this fibre γ = 1099 W−1km−1, while the dispersion

D = 0.14 ps−1nm−1km−1 and the dispersion slope is 0.246 ps−1nm−2km−1

.

4.6 Evaluation of optimisation procedure

The power of this genetic algorithm optimisation technique is seen by comparing the

parametric gain g, as a function of pump separation, for the dispersion engineered MOFs

designed here with commercially available highly nonlinear fibres. In Figure 4.15 below

shows the gain for the following types of fibre:

(a) commercially available silica HNLF with flattened dispersion and ZDW at 1550 nm;
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(b) bismuth step index fibre with a core diameter of 3.6 µm so that the zero dispersion

wavelength is at 1550 nm (the same as the optimised HWW fibres)

(c) tellurite step index fibre with a core diameter of 3.8 µm so that the zero dispersion

wavelength is at 1550 nm (the same as the optimised HWW fibres)

(d) the same as (b) above but for its nonlinear coefficient, which has been artificially

raised to match that of the designed bismuth MOF.

(e) the bismuth HWW designed for PSA, shown in Figure 4.13

(f) the tellurite HWW designed for multicasting, shown in Figure 4.9

For similar values of pump power, the gain per length gets successively higher and

broader as we move from the silica fibre to the soft glass fibres, with the best performance

being that of the dispersion engineered HWW fibres. By just maintaining the ZDW and

increasing the γ value through the use of a material with a higher intrinsic nonlinearity

the gain, per length, in (b) and (c) are already orders of magnitude higher and covers a

broader band, relative to that in (a).

The best gain has been achieved by combining dispersion flattening with high nonlin-

earity through the use of microstructure – as done with the optimised MOF designs

presented here. The gain in this case [i.e. (e) and (f)] is even significantly better

that in (d) where the nonlinear coefficient of the bismuth-air step index fibre has been

artificially increased. This highlights the benefits of using soft glass based designs, both

in terms of high material nonlinearity and the ability to specifically tailor and optimise

the dispersion profile through the use of microstructure.

To achieve similar gain in a conventional silica HNLF one would require significantly

higher pump powers or longer lengths, compared to the dispersion tailored, soft glass

MOF. Generally, if the total power into the fibre is to be kept at a few Watts the

required length of silica HNLF is of the order of a few 100 metres. In addition to this,

the operating bandwidth, which is determined by the pump separation, of a Silica based

HNLF is lower, irrespective of length. This is due to the fact that the region over which

g is nonzero and real is narrower, as seen in Figure 4.15.
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Figure 4.15: Gain bandwidth for dispersion engineered fibre MOF compared to other
highly nonlinear fibres. In the figures above P represents the power in either pump and

the gain is defined as in Equation 2.73. In all plots the ZDW is at 1550 nm.

4.7 Simplified germanate HWW

The complex HWW structure allows for fine tuning of the dispersion profile due to the

varied degrees of freedom offered by having two sets of holes (the ring of smaller inner

holes and the ring of larger outer holes). Having an inner ring of holes also aids in the

confinement of the mode and thus increases the nonlinearity of the fibre. However, during
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fabrication trials with the GPNL5 germanate glass the surface tension was discovered to

be too high to allow a microstructured fibre design of this type (with both inner holes

and outer holes, of varying size) to be drawn without a complex pressurisation setup

(see Section 6.5 for details of these results).

Thus, a simplified design, without any inner holes, was also considered. The properties

of this design are mostly determined by the radius of the suspended core region and the

size of the outer holes. Consequently the design is more robust as it would have higher

tolerances to deviations of fibre parameters from the ideal structure.

Figure 4.16: The geometry of the HWW with no inner holes at a core radius of
3.4 µm. This geometry was obtained by taking the HWW design shown in Figure 4.13,
removing the inner holes and scaling the core radius to move the ZDW to 1.55 µm. The

shape of the fundamental mode at 1550 nm is shown in the figure inset.

For this simplified HWW fibre design one of the novel germanate glasses described in

Section 3.5, the GPNL5 glass, was chosen. The choice of glass is in line with the main

reason behind considering this simplified design – enabling fabrication of a fibre that is

more robust than those considered thus far. This is due to the fact that these germanate

glasses possess many of the favourable properties of tellurite but are more mechanically

and thermally stable [142, 150].
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Figure 4.17: Dispersion and nonlinearity for the simplified germanate HWW, with
no inner holes and a core diameter of 3.4 µm (as shown in Figure 4.16). At
1550 nm the nonlinear coefficient of this fibre γ = 344 W−1km−1, while the dispersion

D = −1.47 ps−1nm−1km−1 and the dispersion slope is 0.237 ps−1nm−2km−1

The benefits of genetic algorithm optimisation procedure for this simplified HWW design

are limited, as the parameter set is relatively small. Therefore, to determine the optimal

fibre parameters, the initial structure chosen was that shown in Figure 4.13 but with its

inner holes removed. This geometry from this parameter set was then scaled by a set

of constant values and the dispersion and nonlinearity were evaluated each time. These

results are shown in Figure 4.18, where the dispersion and dispersion slope at 1550 nm

have been plotted as a function of the scaled core radius (i.e. R3).

Figure 4.18: Evaluation of the dispersion at 1550 nm and the dispersion slope for a
germanate HWW with no inner holes. A core diameter of 3.4 µm gives the best result
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The results show that, at a core diameter of 3.4 µm, a ZDW of 1550 nm may be obtained

with a dispersion slope of 0.24 ps-1nm-2km-1. The geometry is shown in Figure 4.16.

The dispersion and nonlinearity for this geometry is shown in Figure 4.18

We see that by moving to this simplified structure the core diameter is relatively much

larger than the fibres obtained via the genetic algorithm optimisation. This larger core

region, along with the lack of inner holes to confine the mode, result in a relatively lower

effective area and thus nonlinearity. However, it is worth noting that this simplified

structure still has a favourable dispersion profile (albeit over a narrower band) and

a nonlinearity of γ = 344 W−1km−1 at 1550 nm, which is still an order of magnitude

higher than commercial silica HNLF. Thus it still has much potential for use in nonlinear

telecommunications applications.

4.8 Conclusion

This chapter has described how the two most important fibre properties for telecommu-

nications applications, namely the dispersion and the nonlinearity, are affected by the

fibre geometry. Section 4.4 describes some of the types of fibre geometries commonly

used to engineer these fibre properties. Following this, Section 4.5 discusses the process

used in this in this research to obtain the fibre designs for the applications outlined in

Chapter 2. This process, a genetic optimisation algorithm, is shown to generate novel

fibre designs with low, flat dispersion and high nonlinearity. A simplified structure

has also been studied and is described in Section 4.7 – this structure is based on the

optimised designs, but reduced in complexity to aid fabrication.

Further evaluation of these designs is done in Chapter 5 where a pulse propagation

method is used to simulate the nonlinear process for which the fibre was designed.

These simulations are used to judge the gain performance of the fibre designs before

beginning fabrication trials.



Chapter 5

Modelling of fibre designs

5.1 Introduction

This chapter describes the pulse propagation modelling of the hexagonal wagon wheel

fibre designs presented in Chapter 4; namely the tellurite based HWW design for

multicasting and the bismuth oxide based HWW design for phase sensitive amplification.

The results presented here were obtained by the use of a pulse propagation model to

simulate the behaviour of an optical wave travelling along the length of the fibre. For

the tellurite HWW the modelling showed that the fibre is able to multicast a signal from

1-to-16 copies – where each copy has a bandwidth of 40 Gb/s and thus enables processing

of a signal at 640 Gb/s. For the bismuth fibre design, a high bit rate, noisy DPSK signal

at 640 Gb/s was simulated and the numerical model was used to demonstrate that this

signal could have its phase noise squeezed significantly by the designed fibre.

Analysis has also been done on the effect of structural variances on the performance of

both the tellurite and bismuth fibre designs. When fabricating microstructured fibres

a certain amount of structural variance is inevitable. Thus, modelling these effects is

necessary to develop an understanding of allowable fabrication tolerances.

This chapter begins with an overview of the pulse propagation modelling technique in

Section 5.2. The modelling for each fibre design is then presented – the tellurite HWW

is discussed in Section 5.3 and the bismuth HWW in Section 5.4. Each fibre section has

its own summary however an overall conclusion of the results is provided at the end.

125
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5.2 Pulse propagation model

A pulse propagation model (PPM) is a numerical tool that is used to predict the

evolution of an input pulse (or set of pulses) within a waveguide of known optical

properties. It takes in the propagation characteristics calculated by the FEM model and

simulates the propagation of an optical wave through the fibre. A PPM is extremely

valuable for the design of optical fibres for nonlinear applications as it enables one to

simulate the application for which the fibre is intended. This validation of the design is

an essential prerequisite for fibre fabrication.

In a pulse propagation model, the functional form of the input must be specified along

with the equations governing its propagation within the waveguide. This equation is

then solved in a stepwise manner and used to quantify how the input pulse propagates,

culminating with the final output from the waveguide. For optical fibres this governing

equation is the nonlinear Schrödinger equation (NSE) for nonlinear, dispersive media

[210, 211], as shown in Equation 2.48. Specifying the parameters of the NSE requires

knowledge of the optical properties of the fibre, such as dispersion, loss and nonlinearity

which must therefore be evaluated first by using a process such as the finite element

modelling technique described earlier.

Considerable insight into nonlinear optical processes such as FWM can be gained via

the use of a PPM, as the stepwise nature of the model can be used to quantify both

the spectral and temporal evolution of a given waveform within a fibre and how the

process is affected by the optical properties of the fibre. This can be used to refine

the fibre design and, as mentioned earlier, validate designs before commencing the fibre

fabrication process, which is generally relatively more expensive and time consuming.

The PPM used in this work was a split-step Fourier pulse propagation model of the

nonlinear Schrödinger equation. This program was originally developed by my colleague

Wen Qi Zhang as part of his research into supercontinuum generation in the mid infrared

[207]. This program has now been released for public use [208]. I adapted his program

to work with the dispersion and nonlinearity of the fibre designs developed in Chapter 4,

under input conditions that simulate the application for which the fibres were designed.

This numerical simulation method is used instead of just solving the simplified coupled

four wave equations as it allows us to more closely simulate real conditions. Pump
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depletion and cascaded four wave mixing, for instance, are included in the PPM and,

as shown later in Section 5.4, this allows us to consider the effect of saturation in phase

sensitive amplification.

The form of the NSE (in the time domain) that governs the propagation model used

in this research is shown in Equation 5.1, for a pulse with envelope A. This equation

may be derived in a similar fashion to the simpler pulse propagation relation shown in

Equation 2.48, however a more general form must be used for the optical susceptibility

and higher order terms are retained from the Taylor expansion of β [34].

∂A

∂z
=− α

2
A+

∑
k>2

ik+1

k
β(k)∂

kA

∂T k

+ iγ

[
1 + iτshock

∂

∂T

]
×
[
A

∫
R(T ′)|A(z, T − T ′)|2dT ′

]
. (5.1)

Note that we have moved to the reference frame of the pulse, i.e. T = t − z/vg, where

vg is the group velocity.

Equation 5.1 is a generalised form of the NSE that covers all the effects that determine

the propagation of an optical wave through a waveguide: the first term on the right

hand side includes the effect of loss thorough the absorption coefficient α; the second

term gives us the effect of dispersion through β(k) (the coefficients of the Taylor series

expansion of the propagation constant β(ω) around the frequency ω0); the third term

handles all the nonlinear effects and includes the optical shock time, defined below [34].

τshock =
1

ω0
− 1

neff (ω0)

∂neff (ω)

∂ω

∣∣∣∣
ω0

− 1

Aeff (ω0)

∂Aeff (ω)

∂ω

∣∣∣∣
ω0

, (5.2)

where neff is the effective mode index (as defined in Equation 2.32), Aeff is the effective

area of the mode (as defined in Equation 2.34) and ω0 is the angular frequency about

which the pulse is centred. The nonlinear response function R(t) contained in Equation

(5.2) is given by [34].
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R(t) = (1− fR)δ(t) + fRhR(t). (5.3)

The δ-function in the first term of Equation (5.3) represents the instantaneous dielectric

response. This is responsible for all Kerr type effects such as self and cross phase

modulation, along with four wave mixing. The second term represents the delayed

Raman response of the ions in the glass. It is evaluated using the Raman fraction fR

and the Raman response function hR(t). The Raman response function, which depends

on the material used, describes the delayed temporal response of the nonlinearity, while

The Raman fraction fR represents the fractional amount of the nonlinear polarisation

that arises from this Raman response [34].
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Figure 5.1: Raman gain for BiAB061 glass. This data is reproduced from [6] which is,
to the best of our knowledge, the only known measurement of Raman gain for bismuth

oxide glasses.

For bismuth oxide glasses such as the one considered here in the fibre design for PSA

(see Section 4.5.4) the Raman gain may be evaluated using the Raman response function

in Reference [6] – giving a Raman gain coefficient per unit effective area gR/Aeff as a

function of frequency shift ∆f as shown in FIgure 5.1, with two peaks of approximately

0.013 W−1m−1 (at ∆f = 0.64 THz) and 0.011 W−1m−1 (at ∆f = 1.9 THz); and

goes to zero for frequency shifts larger than 3.2 THz. Thus, given the short fibre

length, relatively low pump power and, most importantly, the fact that the pump-signal

separation (29 nm = 3.7 THz) is larger than the Raman gain bandwidth of the first
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pump (at 1521 nm), Raman effects have not been considered in the simulations based

on this glass.

For the tellurite glass considered in the design for multicasting (see Section 4.5.3) the

Raman gain was evaluated using the data from Reference [7] – where the authors

reported on TZN glass of composition 70·TeO2 — 20·ZnO — 10·Na2O. This glass is

very similar to the TZNL glass used in this research that has composition 73·TeO2 —

20·ZnO — 5·Na2O — 2·La2O3 and thus the TZNL glass can be expected to have a very

similar Raman gain profile.

This Raman gain data (shown in Figure 5.2) shows that for the tellurite, unlike the

Bismuth, the Raman gain bandwidth is relatively large. The gain spectrum, in terms of

just the gain coefficient gR, has three prominent peaks – one of approximately 5.5×10−13

m/W (at ∆f = 13 THz) and two peaks of 8.6 × 10−13 m/W (at ∆f = 20.5 Thz and

∆f = 22 THz).
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Figure 5.2: Raman gain for TZN glass of composition 70·TeO2 — 20·ZnO — 10·Na2O
from Reference [7]. This glass has a very similar composition to the TZNL glass

(73·TeO2 — 20·ZnO — 5·Na2O — 2·La2O3) considered in this work.

The breadth of the Raman gain for the tellurite glass, being non zero from approximately

5 THz to 25 THz, means that it must be included in the multicasting simulations as signal

copies are generated in an approximately 25 Thz band (from approximately 1450 nm to

1650 nm) centred around the signal (at 1550 nm). To do this the Raman fraction fR and

the Raman response function hR(t) given in Equation 5.3 must first be calculated. The

value of the gain fraction fR was calculated to be 0.064 – the details of this calculation
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can be found in Reference [197]; it essentially uses the Kramers-Kronig relations and the

relationship between the complex nonlinear refractive index and Raman gain given in

Reference [212] to obtain an expression for fR in terms of the complex nonlinear index.

This value is comparatively much lower than that of silica, which is 0.18 [212]. However

the total Raman response (which is the product γfrhR(t)) is still significant due to the

fact that γ is much higher in tellurite because of its higher nonlinear refractive index

(5.9× 10−19m2W−1 for tellurite versus 2.4× 10−20m2W−1 for silica).

Once all the relevant terms for the NSE have been defined, namely the input pulse,

loss, dispersion, nonlinearity and Raman fraction, the PPM proceeds via the ‘split step’

method. The split step method derives its name from the basic premise by which it

operates: the initial equation (which does not have an analytical solution) is first split

into components that do; each component is then solved individually, stepped forward

by a small amount in the direction of propagation and then recombined. The process

then repeats for as many steps as is required. The key assumption is that, if the step is

very small, each component can be treated independently and propagating the solution

only adds a numeric error that is proportional to the size of the step taken (and can be

neglected if the step size is small enough).

In this case the initial equation is the NSE defined in Equation 5.1. It can be split into

a component that is linear in A and another that is nonlinear and rewritten, using the

formalism in Reference [34], as

∂A

∂z
= (D̂ + N̂)A, (5.4)

where D̂ is the operator responsible for the linear component and N̂ is the nonlinear

operator. Physically, D̂ includes the effects of loss and dispersion and N̂ , as its name

suggests, accounts for all the nonlinear effects on the pulse. They are given by

D̂ =
α

2
A+

∑
k>2

ik+1

k
β(k)∂

kA

∂tk
, (5.5)

N̂ = iγ

[
1 + iτshock

∂

∂T

] [
A

∫
R(T ′)|A(z, T − T ′)|2dT ′

]
. (5.6)
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We then assume that, if the pulse propagates according to Equation 5.4 over a small

distance h (in the direction of the z axis), the two operators can be assumed to act

independently. We may therefore set D̂ = 0 in Equation 5.4 and solve for N̂ ; and

similarly set N̂ = 0 and solve for D̂. Thus we arrive at an approximate solution given

by

A(z + h, T ) ≈ ehD̂ehN̂A(z, T ). (5.7)

The exponential term in Equation 5.7 involving N̂ can be evaluated directly from

Equation 5.6; the term involving D̂ however is computed in the Fourier domain using

the relationship

ehD̂A(z, T ) = F−1(ehD̂(−iω)F [A(z, T )]), (5.8)

where F and F−1 denote the forward and inverse Fourier transform, respectively; and

ω is the angular frequency. D̂(−iω) is evaluated from Equation 5.5 by replacing δ/δT

by −iω.

In practice these Fourier transforms are evaluated using the fast Fourier transform

algorithm (FFT) [213], which has been developed to run extremely fast on modern

computers and thus allows us evaluate the split step solution over a number of small

steps. The use of a small step size is essential to making accurate predictions as the

error of the split step method is of the order 1
2h

2[D̂, N̂ ]. This is derived by taking the

dominant term derived from evaluating the Baker–Hausdorff formula [214], up to the

second order, for the two noncommutating operators D̂ and N̂ . [D̂, N̂ ] represents the

commutator, given by

[D̂, N̂ ] = D̂N̂ − N̂D̂. (5.9)

The size of the step used in the simulations must however be balanced with computa-

tional load. In these simulations a step size of 10 µm was found to provide accurate

results in a reasonable time frame when modelling fibres over lengths in the order of

10 cm to 1 m.
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In addition to the step size, when using this sort of split step Fourier algorithm, one

must also be careful of the size of the time window used in the computation. The FFT

algorithm must be bounded within a predefined time window and if this is not large

enough, numerical artefacts may be introduced into the Fourier spectrum. In these

simulations care was taken to ensure that the time window was large enough such that

only a negligible amount of the pulse, if any, was present at the edge of the window.

It should be noted that the split step Fourier method is but one of a set of numerical

methods that may be used to solve the NSE. Other solutions have been proposed that

employ a finite difference methods that could also have been used to solve Equation 5.1

[215]. However the split step Fourier method was used in this pulse propagation al-

gorithm as it is a long standing technique that is well understood and has previously

been applied to a variety of optics problems of a similar nature [211].

5.3 Tellurite HWW for for multicasting

This section details the results of the PPM carried out on the tellurite HWW design

introduced in Section 4.5.3. This fibre was designed to have a broad flat dispersion,

to be able to multicast a high bandwidth signal by replicating it into multiple, lower

bandwidth tributaries for parallel processing. The dispersion and nonlinearity for this

fibre were first calculated using a FEM model of the fibre cross section (see Section 4.5.3

for details). These results, shown in Figure 5.3, are key inputs to the PPM program,

along with the details of the input wave. The complete details and results of these

simulations are discussed in the following section.
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Figure 5.3: Dispersion and nonlinearity for the tellurite HWW design modelled for
multicasting (see Figure 4.9 for the fibre geometry).
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5.3.1 Simulation results

The pulse propagation was modelled with similar pump powers to those used in Ref-

erence [37], where two CW pumps with 1.2 W of power each were used to multicast

a 40 Gb/s into 8 copies and this perform 320 Gb/s multicasting. To demonstrate the

potential of this fibre for broadband multicasting, the pulse propagation model was run

with a pair of slightly lower power CW pumps with 1W at 1535 nm and 1565 nm; and

a low power input signal of 10 mW at the standard telecommunications wavelength of

1550 nm. The PPM was evaluated using a step size of 10 µm, with 216 points used when

calculating the FFTs.

The pump wavelengths were chosen such that there would be enough room in the

spectrum around these pump wavelengths to fit high bandwidth input signals. These

initial powers would be easily achievable with by using an EDFA as a preamplifying

stage. The fibre loss in the simulation was set to 2 dB/m – this value was set based on

the fact that unstructured fibres made with this TZNL glass have been measured with

losses of 1 to 2 dB/m [9, 156].

The evolution of the spectrum is seen in Figure 5.4 which shows the spectrum at a few

points down the fibre length – just after the start of the simulation (Figure 5.4(a)), after

10 cm of propagation (Figure 5.4(b)), after 25 cm of propagation (Figure 5.4(c)), and

finally at 48 cm of propagation (Figure 5.4(d)). These plots show the evolution of the

spectrum as the simulation progresses along the modelled fibre length. It shows that

after just 48 cm of fibre the 16 required signal copies have been produced. The variation

in peak power of the multicast signals, termed the noise ripple, is also reasonable at less

than 5 dB across the spectrum. This noise ripple must be kept to a minimum so ensure

that the signal to noise ratio is consistent across the multicast signals.
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(c) Propagation length = 25 cm
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(d) Propagation length = 48 cm

Figure 5.4: Power spectrum at various fibre lengths in the propagation model. The
cascaded FWM process has already started by 10 cm. At 48 cm, 16 signal copies have

been generated with < 5 dB noise ripple.
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5.3.2 Analysis of structural deviations

We have seen that the tellurite fibre design obtained via the genetic algorithm has very

favourable dispersion and nonlinearity – allowing for the 1-to-16 multicasting required to

process a 640 Gb/s signal in less than 0.5 m of fibre. However, with any microstructured

design, some structural variation from the ideal geometry can be expected to occur

during fabrication. This includes distortions to the shape of the holes (generally form

circular to elliptical), partial closure of small holes relative to large ones and scaling of the

geometry to be larger, or smaller than intended. With this HWW design in particular,

the maintenance of the size of the inner holes, at 171 nm and 224 nm, presents a

significant fabrication challenge (refer to Table 4.1 for the complete parameter set).
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Figure 5.5: The effect, on dispersion and nonlinearity, of scaling the fibre design.

Figure 5.5 shows the effect, on dispersion and nonlinearity, of uniformly scaling the

ideal fibre design by +10% and −10% – a relatively simple distortion of the structure.

These scale factors were chosen as fabrication of fibres similar to this design indicate

that fabrication distortion does indeed lead to a final structure where the key structural

parameters are scaled by approximately ±10%, relative to the ideal design [216].

We see quite a significant change in the dispersion where it has moved to become

completely normal for the −10% case and completely anomalous for the +10% case. The

dispersion value at 1550 nm changes from 1.8 ps−1nm−1km−1 to 25.4 ps−1nm−1km−1 for

the +10% and −33.9 ps−1nm−1km−1 for the −10% case. It is worth noting however that

the dispersion slope (evaluated from 1540 nm to 1560 nm) is still relatively flat, especially

for the −10% case where it is −0.018 ps−1nm−2km−1 compared to the ideal case which is

0.010 ps−1nm−2km−1 (the dispersion slope for the +10% case is 0.059 ps−1nm−2km−1).
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Nevertheless, this change in dispersion is still large and suggests that the dispersion is

very sensitive to fibre geometry.
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Figure 5.6: Power spectrum at 48 cm for the non ideal fibre cases. This spectrum
has much poorer signal equalisation compared to the spectrum for the ideal case at the

same length [Figure 5.4(c)].

The pulse propagation results for these non ideal fibre scenarios are shown in Figure 5.6.

The same input conditions were used as before and the simulation was run for the same

fibre length (48 cm). However at the 48 cm mark for these simulations the amplitude

of the FWM generated idlers is not even across the spectrum – the difference in power

between the signal copies at the edge of the spectrum, compared with those at the centre

of the spectrum is up to 20 dB. This level of noise ripple in the spectrum is too high for

it to be usable for practical multicasting.

Some improvement to the noise ripple may be obtained by allowing more gain to

accumulate over a fibre length longer than 48 cm. However, this improvement is slight

and does not compensate for the change in the dispersion profile in the non ideal fibre

geometries that results in the FWM gain (as defined by Equation 2.73) being narrower

and not as flat as the ideal case. Consequently the gain for the signal copies at the

edge of the spectrum is significantly lower than that for those at the centre, resulting in

unequal pump powers.

5.3.3 Summary of Tellurite HWW modelling

The tellurite fibre design shows great potential for high bandwidth FWM based applica-

tions such as multicasting a 640 Gb/s signal. The dispersion is near zero at 1550 nm and

flat over an extremely broad bandwidth of 200 nm. In addition to this the nonlinearity

is also extremely high, with a nonlinearity of γ = 1789 W-1km-1 at 1550 nm.
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However, the flat, broad dispersion curve of this fibre design is obtained by having two

inner sets of inner holes in the suspended core region which provide fine dispersion

control over a broad band. However, as these holes alternate in size and are significantly

subwavelength with radii of 171 nm and 224 nm, the fabrication of such a structure

is challenging. Furthermore, modelling of expected fabrication variances shows a large

deviation from the ideal state for a relatively small ±10% scaling of fibre geometry. The

change in dispersion is so high that the noise ripple of the multicast signals from the

scaled geometries is over 20 dB and thus too large for practical use. Thus, for the next

design of a HWW fibre, fabrication constraints such as equalising the size of the inner

holes were included into the genetic algorithm.
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5.4 Bismuth HWW for phase sensitive amplification

This section describes results of the pulse propagation model of the bismuth HWW

fibre designed for phase sensitive amplification. The details of this design can be found

in section Section 4.5.4. Compared to the tellurite HWW design, the spectral region

for which low dispersion is required is narrower – due to the fact that the operating

bandwidth for PSA is much lower than that for multicasting. This eases the design and

fabrication requirements on the fibre as the dispersion control is applied over a narrower

band.

As before, the dispersion and nonlinearity were evaluated using a FEM model of the

fibre cross section (see Section 4.5.4 for details). This information, shown in Figure 5.7,

was then used in the PPM. The details of this simulation, along with its results, are

presented below.
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Figure 5.7: Dispersion and nonlinearity for bismuth HWW design modelled for PSA
(see Figure 4.13 for the fibre geometry).

5.4.1 Simulation results

To test the fibre design from Section 4.5.4 the model needs to demonstrate a reduction

in both amplitude and phase noise for a noisy input signal. As this fibre was designed

to operate in next generation telecommunications devices, noise suppression must be

shown at high bit rates, such as 640 Gb/s. As with the multicasting simulations, The

PPM was evaluated using a step size of 10 µm, and 216 points were used to calculate

the FFTs.

To reduce the amplitude noise, the amplifier must operate in a regime where the signal

gain is saturated [217], i.e. where the output power does not increase for further increases
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in the input signal power. This gain saturation happens mainly due to depletion of the

pump energy when the fibre is operating close to its maximum gain [217]. Once the

gain is saturated, further amplification will serve to equalise the amplitudes of the pulse

train by amplifying them all up to the saturation point. Thus by operating parametric

amplifiers in the saturation regime, one may limit or squeeze the amplitude of a train

of input pulses.
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Figure 5.8: Simultaneous reduction in amplitude noise ripple and amplification for a
train of 640 Gb/s pulses. The red bars show the spread in amplitude noise.

The noise suppression effect of operating in the gain saturation regime was first studied

in semiconductor optical amplifiers (SOAs) [218, 219] before being demonstrated in fibre

parametric optical amplifiers (FOPAs) [220]. Since four wave mixing based amplification

also preserves phase, gain saturation is particularly useful for performance improvement

of DPSK signals [221, 222] as it counteracts the phase-to-amplitude noise conversion

aspect of the transfer function.

The effect of saturation is seen in Figure 5.8 which shows good power equalisation of the

output pulses. For the input, a train of 640 Gb/s pulses was defined with equal pulse

widths and pulse separation of 78.1 ps. The simulated pump power and fibre length were

0.8 W (in each pump) and 53 cm, respectively. The fibre loss was set to be 2 dB/m.

The effect of saturation on amplitude suppression may be quantified by defining a ripple

factor in the amplitude noise as Pr = ∆P/PRMS , where ∆P is the difference in power

between the lowest and highest signals and PRMS is the root mean square power. We

then see that the amplitude noise ripple is reduced by 7.9 dB while the RMS power is

amplified by 2.6 dB.

The four wave mixing scheme to achieve phase squeezing considered in this work is

similar to that in Reference [93], where the signal and idler are degenerate at 1550 nm

and the two pumps are placed symmetrically apart (in frequency). In this FWM scheme
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the pump wavelengths were set to λP1 = 1521.1 nm and λP2 = 1580.0 nm. Having

such a large pump to pump separation minimises unwanted interference between the

two pumps and allows for high bandwidth signals. The fibre loss was again set to be

2 dB/m. The model was then run on a train of noisy 640 Gb/s DPSK type input pulses

which were defined, as earlier, to have equal width and separation of 78.1 ps. Noise was

introduced into both the phase and the amplitude through a random number generator

such that it would produce a broad scatter of points (when plotted on a polar plot, as in

Figure 5.9) similar to those obtained after transmission of DPSK pulses in a real system.

The results, seen in Figure 5.9, show the phase noise being progressively squeezed as

the pulses propagate along the modelled fibre. Maximum squeezing was found to occur

at a length of 53 cm – after this point the fibre loss starts to dominate and the signal

amplitude degrades. At this point however significant squeezing of the phase noise has

been achieved. Phase noise of approximately 90◦ has been reduced to just over 20◦ with

a small amplitude gain of 0.7 dB and without a significant penalty in amplitude noise,

which rises by 0.5 dB from a noise ripple of 1.6 dB in the input signal to 2.1 dB in the

phase squeezed output.

This level of squeezing is comparable to what has currently been achieved experimentally

at bit rates of 40 Gb/s, but is demonstrated here for an ultrafast, broadband input signal

at 640 Gb/s. Note that the rotation in absolute phase of the signals due to the build up

of linear phase as the pulses propagate down the fibre is not important for differentially

encoded formats like DPSK. In any case, the absolute phase can be rotated by changing

the pump phases appropriately.

5.4.2 Analysis of structural deviations

By designing a MOF to have high gain within a relatively short length it can tolerate both

the effect of variations in the zero dispersion wavelength due to structural fluctuations

along the fibre length and the inevitable deviations from the ideal structure that happen

during fabrication.

Figure 5.10 shows the variations in fibre dispersion and nonlinearity for deviations from

the ideal structure. These structures have been numerically altered from the ideal case
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Figure 5.9: Squeezing performance for 640 Gb/s pulses at different propagation
distances – from near the start of the model (fibre length L = 1 cm, top left), in
steps of 10 cm to the end of the model (L = 53 cm, bottom right). The initial signal
had approximately 90◦ of noise, which is squeezed to less than 20◦ after 53 cm of
propagation. The input signal for this simulation was set to 0.35 W, while each pump

was set to 0.8 W.

by uniformly stretching/contracting the fibre parameters by −10%, +10% and +20%,

relative to the ideal case (the ideal structure has also been included for comparison).

The most significant change is seen in the−10% case where the zero dispersion wavelength
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Figure 5.10: The effect, on dispersion and nonlinearity, of scaling the fibre design.

moves to a much shorter wavelength, relative to the ideal case. For the other cases, the

fluctuation in the dispersion is not as pronounced. The change in the nonlinearity is

as expected – as the structure gets smaller γ increases due to the mode being more

confined; whereas an increase in size leads to less confinement and a lower γ.

As dispersion and nonlinearity curves, by themselves, do not represent PSA the phase

responses for these structures is also shown in Figure 5.11. The phase response here is

defined as the gain of the input signal as a function of its initial phase. As is typical for

phase sensitive amplification, the phase responses show the gain periodically oscillating

with phase where the input signal phases for which the gain is highest are separated

from those for which the gain is lowest by π/2. Ideally, one would want this gain

discrimination to be as large as possible as it determines how ‘tightly’ the phase noise

is squeezed.

We see that as the performance of the fibre design suffers considerably for a change

in the structure of −10%. However, the results also show that the fibre performance

in the 100% to 120% range is quite similar. In some instances, such as for the +10%

case (shown in the bottom left of Figure 5.11), the squeezing is slightly improved when

compared to the ideal case (shown in the top right of Figure 5.11), albeit with less

amplitude gain. Given this trade off, the ideal design is still the best case. However the

similar performance shown in plots (b), (c) and (d) of Figure 5.11 indicate that the high

nonlinearity of this fibre allows us to tolerate fluctuations in the dispersion at the signal

wavelength quite well, provided that D remains sufficiently small and normal.

This indicates that good fabrication tolerance may be achieved by aiming for a struc-

ture that is slightly larger than the optimal design. Note that, for comparison, these

simulations were all done with the same values of pump and signal power and phase. By
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Figure 5.11: Phase response for deviations from the ideal fibre structure: −10%
deviation from ideal structure (top left), ideal structure (top right), +10% deviation
from ideal structure (bottom left), +20% deviation from ideal structure (bottom right)

optimising these parameters one may improve the performance of a non ideal structure

even further, to bring it closer to the response of the ideal fibre.

5.4.3 Summary of Bismuth HWW modelling

The modelling analysis of the bismuth HWW fibre indicates that it could be used

to perform broadband phase sensitive amplification for high speed telecommunication

networks, operating at speeds up to 640 Gb/s. The fibre design has a high gain and

short operating length. Analysis of performance when subjected to geometric variations

that are expected during fabrication show that changes in the dispersion profile can be

compensated for by the high nonlinearity.
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It is worth highlighting the fact that the fibre length used in these simulations is only

53 cm – two orders of magnitude lower than the lengths generally used in silica HNLF

based PSA devices. This is useful for building compact devices with low latency. Such

a fibre may also be used to simultaneously perform phase and amplitude amplification

without the need to suppress the Stimulated Brillouin Scattering, since the Brillouin

coefficient for Bismuth oxide based nonlinear fibres has been shown to be an order of

magnitude less than a silica based HNLF [223].

5.5 Conclusion

Modelling of the genetic algorithm optimised HWW fibres first shown in Chapter 4

shows that these fibres may indeed be used to form the basis of a high bandwidth all

optical device. The fibre designs were modelled using input powers similar to those

used in the literature to perform low bandwidth operation in silica fibres. However, in

both cases, they were able to demonstrate much higher bandwidth operation, over much

shorter lengths.

With the tellurite HWW design, the 1-to-16 multicasting required to process a 640 Gb/s

signal was shown to be possible with just under 0.5 m of fibre. However this structure was

also shown to be very sensitive to deviations from the ideal parameter set. Consequently,

it would be difficult to reliably fabricate a multicasting device using this fibre design.

The modelling results for the bismuth HWW design were more promising. The fabric-

ation constraints applied to the genetic algorithm optimisation procedure in the design

stag resulted in a fibre that is more tolerant of fabrication deviances. The results from

Section 5.4.2 show that a certain amount of dispersion variability may be sufficiently

compensated for by the high fibre nonlinearity. Consequently this fibre design is the

more practical of the two, albeit with less favourable dispersion and nonlinearity.

The results from the attempted fabrication of these fibre designs is discussed in Chapter 6

that follows.
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Fibre fabrication

6.1 Introduction

This chapter describes the soft glass fibre fabrication work that was done as part of this

research. The bulk of the work presented in this chapter revolves around the fabrication

of the hexagonal wagon wheel fibres designed and modelled in the preceding chapters

(Chapter 4 for design and Chapter 5 for modelling). Preliminary work done on the

fabrication of some other all solid composite fibres made from tellurite and chalcogenide

is also presented.

As the results presented throughout this chapter have been obtained via the extrusion

technique, some background on this fabrication technique is first given in Section 6.2.

Section 6.4 onwards covers fabrication trials of the HWW fibre. Ultimately, the required

fibre structure was not achieved but significant progress was made, especially towards

the simplified germanate HWW structure presented in Section 4.7. This work on the

germanate glass fibre is discussed in Sections 6.5 and 6.6.

While the final fibre structure falls short of the required parameters in the design, the

novel nature of the glass involved meant that there were many useful outcomes from

this research. These learnings are summarised in the concluding remarks in Section 6.7

145
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6.2 Background

The fibre fabrication process begins with a billet of glass, made by combining a set of raw

ingredients in a glass melting oven as described in Chapter 3. Turning this glass billet

into a microstructured fibre is a complex process with many intermediate steps. The two

methods most commonly used for this process are the ‘stack and draw’ technique [16, 188]

and the extrusion technique [2]. Another method that is sometimes used is the casting

method – this is somewhat less flexible than either stack and draw or extrusion (in terms

of the structures it can produce), however it has been used to fabricate microstructured

chalcogenide fibres through the use of a structured mould [224].

The casting technique is applied to the glass while it is still in a liquid state. The molten

glass is cast into a mould and then allowed to cool. Once cool, the mould is removed,

leaving the glass behind. If the mould is structured then this structure will be imprinted

onto the glass – this is the technique used in Reference [224] to fabricate microstructured

chalcogenide fibre, where the cast was dissolved away to leave a structured glass billet

which could be drawn into fibre. A variation of the casting technique, rotational casting,

can also be used in the fabrication of concentric glass structures. When fabricating fibres

using this method the cladding glass is first poured into a preheated mould which is then

rapidly swung into a horizontal position and then rotated at high speed (typically ≥ 3000

revs/min) until the glass has cooled [225, 226]. The core glass is then cast into the centre

of this tube to create the preform.

The stack and draw technique consists of first drawing a glass tube into a number of

capillaries. These capillaries are then stacked together in a jacket tube, around a central

glass rod (that corresponds to the core region in the final fibre), with the geometry of

the stack determining the final fibre structure. This technique is extremely useful when

fabricating MOFs such as those with a hexagonal array of holes (see Section 4.4.1.2)

however it is limited by the fact the final fibre structure must match that of the assembled

capillary stack. Thus for the complex HWW fibres designed here, where the geometry

consists of noncircular hole arrangements, the stack and draw technique cannot be used.

The extrusion technique on the other hand is more flexible as the preform is obtained

by extruding the billet through a metal die. The preform structure is then only limited
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by what can be machined into the metal of the die. This enables an range of complex

geometries to be fabricated in the final fibre, as shown in Figure 6.1.

(a) ) (b) (c)

Figure 6.1: Examples of various microstructured fibre geometries fabricated at the
Institute for Photonics and Advanced Sensing, University of Adelaide. The fibre in (a)
is a photonic band gap fibre; (b) is a suspended core fibre (alternatively known as a

‘wagon wheel’ fibre); (c) is a large mode area fibre.

Before the start of any extrusion, there is a certain amount of preparation that must

be done to ensure optimal results. The first step in this is careful polishing of the glass

billet to ensure that it is smooth on all sides. This is done through the use of a slowly

rotating lapping plate and polishing pads. The billet is first roughly polished with an

abrasive paper to ensure that the surfaces are level, and that the billet proportions (such

as diameter) are as required. The process then moves through finer grades of abrasion,

eventually finishing with a soft pad and a slurry of 1 µm grade particles that results in

an extremely fine, optical grade finish.

Once the billet has been polished to a suitable quality it is thoroughly cleaned, along

with the die, to ensure that all surfaces are free of any dust or grease. This cleaning

process includes washing the items with water, detergent1 and alcohol and placing it in

an ultrasonic bath for around 20 minutes to ensure that any fine particles are dislodged.

The polishing and cleaning process is important for several reasons: it prevents foreign

particles from contaminating the final preform and fibre and thus increasing the optical

loss; a smooth glass surface against the metal during extrusion minimises the chances

of air being trapped in between the scratches in the glass and the metal and thus being

drawn out into air bubbles in the preform; excessive roughness, or even deep scratches

1If the glass composition is such that it will react with the detergent, this step is omitted and the
glass is cleaned with just water and alcohol.
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in the billet, can also lead to poor internal surfaces in the preform and fibre which

contribute to the loss.

Once the glass and die have been adequately prepared the extrusion is ready to begin.

The first step in this process is to heat the bulk glass billet up to a point where it

softens. Once the glass is at the required temperature, a controlled ram is used to force

it through the die. This results in an extruded preform whose transverse profile reflects

the inverse of the die structure. Therefore, complex geometry can be introduced into

the glass by appropriately designing and fabricating the die structure.

The success of the extrusion depends on the management of two key parameters: the

extrusion temperature and ram speed. The extrusion temperature determines how soft

the glass will be as it is pushed through the die, i.e. it determines the glass viscosity.

Differences of a few degrees are sufficient to produce significantly different extrusion

results so precise control of this temperature is crucial to the success of the extrusion.

The ram speed is also important as it determines how quickly the glass will flow through

the die, and consequently, the pressure applied (on both the glass and the die) and the

amount of time the glass will spend absorbing heat as it passes through the hot zone.

The correct values for extrusion temperature and ram speed vary significantly depending

on both the glass used and the design of the die. Incorrectly specifying these values by,

for instance, setting the ram speed too high or the temperature too low can cause an

extremely high pressure within the die enclosure that can lead to catastrophic results,

such as the breaking of the die. The extrusion may also fail if the glass is not sufficiently

fused coming out of the die exit due to either passing through the die too quickly or by

not being hot enough; or if the preform is tapered due to the glass moving too slowly

and thus remaining too hot for too long – both cases being a consequence of incorrectly

set values for extrusion temperature and ram speed. However, knowing which values

to set these parameters at is nontrivial as it requires prerequisite knowledge of glass

properties (such as transition temperature and viscosity) and some prior experience

with the specific glass and die design. It is therefore not uncommon, when extruding a

new glass and die combination, to require a number of trials to obtain the best extrusion

parameters.

In our extrusion setup the glass and die is placed into a stainless steel body, which is

then inserted into a furnace. The ram sits above the furnace and is set to push on the top
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of the billet via a circular plate placed just above the glass. This plate simultaneously

protects the glass from the rough surface of the piston and allows the piston to be

recovered from the body post extrusion (by preventing it from adhering to the softened

glass during the extrusion). Once the apparatus has been heated up to the appropriate

temperature (a process that takes a few hours, with the exact time depending on the

glass), the temperature is fixed for the rest of the extrusion and the ram speed is set to

a constant value to start the extrusion. An electronic feedback loop is used to adjust

both the temperature of the furnace and the force of the ram accordingly. This is shown

schematically in Figure 6.2

Piston

Billet

Die

Extrudate

Heat

Figure 6.2: A schematic of the extrusion process. The billet is placed in a metal body
within a chamber (not pictured) where it is heated to a point where the glass softens.
Pressure is then applied via a piston acting on the top of the glass to force the glass
through a die. The result is an extrudate which has the inverse shape of the die – for
example, as pictured here, if the glass is extruded through a die with a single central

pin the extrudate will take the shape of a tube.
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The resulting preform is then drawn down into a cane – usually a millimetre or so in

diameter. This is done by vertically mounting the preform at one end and applying

heat just above the other end until that section begins to soften, taper and draw down

under its own weight – an event referred to as ‘the drop’, represented schematically in

Figure 6.3. Once the glass has dropped down to an appropriate level, the glass bulb is

cleaved off the end and a tractor wheel is then lightly applied to the remaining cane.

This is shown schematically in Figure 6.4. This allows the operator to keep pulling

the cane out of the preform and control the draw speed. Control of the draw speed is

important, as the draw speed is inversely proportional to the square of the cane diameter

– the diameter of the cane is thus controlled via the draw speed. As the cane is drawn,

sections are cut off every 20 to 30 cm or so to allow room under the tower for more cane

to be drawn.

Preform

Heat

Drop

Figure 6.3: To start the fibre draw or caning process, heat is applied to the bottom
of the preform such that a section starts to soften. The weight of the glass beneath
the softened section then starts to pull the glass through under gravity forming what
is known as the drop. The drop is allowed to continue under its own weight until
a suitably long section has been drawn out. If a cane is to be drawn this section is
then softly clamped between rollers to continue drawing out the glass (see Figure 6.4),

otherwise the end is fixed to a rolling fibre drum which pulls the glass through.

Once the cane has been obtained it is inserted into an glass tube known as a ‘jacket’. The

jacket is obtained by extruding another glass billet through a simple die to form a tube.

Once the cane is integrated into the jacket, this essentially results in a second preform
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with much smaller hole sizes than the first. This is important for small, subwavelength

features (such as the inner holes in the HWW fibres) as it allows us to get the correct

dimensions in the fibre. Drawing down to a fibre with subwavelength holes in a single

step is not possible as it would require the outer diameter of the fibre to be much smaller

than the minimum it needs to be to have enough mechanical strength to be spooled onto

a drum without breaking – this outer diameter minimum is generally approximately

100 µm (the exact value depends on the fragility of the glass used) [1].

Preform

Cane

Figure 6.4: Once the drop has formed and drawn down some cane, tractor wheels
are applied to the side to enable more cane to be drawn. Sections of cane are cleaved
off below the rolling wheels once they are long enough and the process continues until
all the glass from the preform has been drawn out. The fibre drawing process is very
similar to this schematic where instead of pulling the glass via the rollers the (much
narrower) fibre end is attached to a rolling drum that pulls the glass through as it

rotates.

The process of inserting the cane into the jacket to form a glass assembly for fibre

drawing is usually referred to as the rod–in–tube technique.
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The jacketed cane is then drawn down to fibre, in a fashion very similar to that used for

drawing the cane. The main difference in the fibre draw is that the traction wheels are

no longer present and the material is pulled instead by a rotating drum. As the drop

happens the descending end is clamped on this drum, which is located at the bottom of

the draw tower. The drum is then set to rotate at a controllable rate, specified by the

operator. As the drum rotates, material is continually drawn from the preform into a

fibre whose diameter may be anywhere from 100 µm to 300 µm. During the draw this

fibre diameter is controlled by the rotating speed of the drum – the faster it rotates the

quicker the glass will be drawn out of the preform and the narrower the fibre will be;

and vice versa. The diameter of the fibre is also measured by the tower as it is being

drawn, which allows the drum speed to be adjusted dynamically to achieve the desired

fibre diameter.

During both the caning and fibre drawing stages the amount of hole inflation is regulated

by the pressure of the gas within. Control of this pressure is achieved through one of

two methods: self pressurisation or active pressurisation. Self pressurisation is when the

pressure within the holes builds up naturally due to the restriction of glass flow out of the

preform caused by the tapering of the glass as it is pulled through the draw. This is quite

a complex process that is generally difficult to describe theoretically. Previous work has

shown that an analytical theory may be used for the simple case of a capillary [227],

however this model may not readily be extended to the drawing of microstructured fibres,

where the geometry is complex. In the past, self pressurisation has been the preferred

way to draw microstructured fibres, largely due to the difficulty of actively controlling

the pressure of the gas during the draw. Improvements in fibre drawing technology have

now made it easier to control pressure during the draw and thus draw fibres under active

pressurisation.

Active pressurisation, as the name suggests, involves actively increasing the gas pressure

within the holes of the preform or cane. This is done by attaching the exposed top end

of the preform, via a seal, to a controlled source which can be used to pump gas in

with variable pressure. This method allows additional control of the fibre process but

it introduces challenges due to its inherent sensitivity. With self pressurisation, for

instance, it is not possible to lose control of the fibre draw to the extent that the final

fibre is over inflated however this can easily happen when using active pressurisation.

These issues are discussed in further detail in Section 6.6.
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The fibre draw operator must control all the following variables to obtain the desired

structure in the final fibre: the draw temperature, the pressure of the gas in the holes

of the preform, the rate at which the preform is fed into the hot zone (see Figure 6.3)

and the speed at which the cane or fibre is drawn. As the process is inherently sensitive

to small fluctuations in any of these parameters, fibre drawing requires a considerable

amount of expertise. Consequently the fibre draws were always done with a dedicated

technician operating the draw tower. I was on hand at all times to assist as required

and do spot analyses of the drawn fibre as it emerged to ensure that it had the required

structure.

6.3 Preliminary work – composite fibre fabrication

This section documents some preliminary fabrication work on composite fibres done as

part of this research. This preliminary work explored the use of two highly nonlinear

glasses, namely chalcogenide and tellurite, in a composite, all solid fibre design.

As discussed in Section 4.4.2, the all solid design (where different glasses are used in

the core and the cladding) may be used to engineer the zero dispersion wavelength of

the fibre via the core radius and cladding composition. Using such a geometry with an

extremely nonlinear glass such as chalcogenide for the core can thus be used to fabricate

a highly nonlinear fibre with zero dispersion at 1.55 µm.

6.3.1 Background and motivation

The extreme nonlinearity of chalcogenide glasses (as discussed in Section 3.4.1) makes

them a favourable choice for nonlinearity based applications. For this preliminary work

the commercially available IG5 chalcogenide glass was used. The composition for this

IG5 glass (sometimes also refereed to as AMTIR-3) is 28·Ge — 12·Sb — 60·Se [228] and

it has a high nonlinear refractive index of 400× 10−19 m2W−1 [29].

While this glass has favourable nonlinear properties at 1.55 µm, its material dispersion

is strongly normal in this wavelength region. The approach considered to counter this

material dispersion was to introduce a tellurite cladding around the chalcogenide and

consequently introduce a waveguide dispersion to match the material dispersion of the
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IG5. Figure 6.5 shows how using a tellurite cladding and setting the core diameter

appropriately can be used to create a composite fibre with zero dispersion at 1.55 µm.
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Figure 6.5: Dispersion variation of chalcogenide and tellurite composite fibre with
core diameter. The graph shows that a ZDW of 1550 nm can be obtained for a core

diameter around 0.75 µm.

6.3.2 Results and discussion

This initial choice was to fabricate this fibre via the rod–in–tube method. The chalco-

genide glass was first extruded into a rod and then combined it with a tube created of

tellurite. The combination of the two results in a rod–in–tube assembly that can then

be drawn down into fibre.

The chalcogenide rod was created by extruding a cylindrical IG5 billet with a 30 mm

outer diameter through a die with a 1 mm circular aperture. This resulted in a long,

slightly tapered rod with an outer diameter ranging from 1.05 mm to 1.12 mm. This

long rod was then cleaved into smaller lengths, as shown in Figure 6.6.

The increase in outer diameter of the rod relative to the die exit is due to die swell – a

phenomenon where friction between the die exit and the glass results in distorting swell

of the glass as it leaves the die [229, 230]
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Figure 6.6: Chalcogenide rods obtained after extruding the glass through a 1 mm rod
die.

The tellurite tube was created by extruding a large TZNL2 billet with a 50 mm outer

diameter through a tube die with a 1.5 mm internal diameter and a 10 mm outer

diameter. Tapering of the tube (under its own weight) resulted in a final glass tube

with an outer diameter ranging from 8.5 cm to 9.3 cm and an inner diameter ranging

from 1.05 mm to 1.31 mm. The internal diameter of the tube was calculated from a

high resolution photograph of the tube cross section, which was scaled by the measured

outer diameter. The scale factor is determined by measuring the number of pixels in the

photograph that correspond to the known outer diameter of the tube.

After fabrication, both the rod and the tube were annealed and then cleaned. The

cleaning procedure consisted of first immersing the glass in isopropanol and then placing

the immersed glass in an ultrasonic bath for 15 minutes. The glass was then flushed

once more with the isopropanol before placing the rod in the tube to form a rod–in–tube

assembly for fibre drawing.

The assembly was then drawn under a vacuum seal to produce a fibre with an outer

diameter of approximately 160 µm. As this was only a preliminary draw this diameter

2Recall that this is a Na-Zn-L tellurite glass with composition 73·TeO2 — 20·ZnO — 5·Na2O —
2·La2O3, introduced in Chapter 3
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was chosen purely to obtain a stable draw, as opposed to targeting a specific value for

dispersion engineering.
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Figure 6.7: The measured loss for the chalcogenide–tellurite composite fibre fabricated
via the rod–in–tube technique. The loss for this fibre was measured to be 25.1 ±

1.0 dB/m for a core diameter of 9.1± 0.4 µm at 1.55 µm.

Once the fibre was fabricated, its loss was measured using the standard cutback tech-

nique, where the loss per unit length is calculated by measuring the power over a series of

cutbacks from an initial length (this technique is described in more detail in Chapter 7).

The results, seen in Figure 6.7, show that this fibre had a high loss of 25.1±1.0 dB/m at

1.55 µm. While this loss value is high, it should be noted that, based on the transmission

data and refractive index given in the product data sheet for this glass [228], the bulk loss

at 3 µm is approximately 20 dB/m and can be expected to be higher at 1.55 µm3. This

suggests that the material loss for this glass at near to mid-IR wavelengths, including

1.55 µm, is already quite high. However, the actual bulk transmission for this glass at

1.55 µm was unable to be measured due to the lack of a suitable spectrometer at the

time.

The core diameter of the fibre section used in the cutback measurement was also

measured, by placing sections from the cleaved fibre ends under a calibrated optical

microscope to measure the diameter of the core region. The average core diameter from

3This assumption is based on the fact that the bulk loss for another commercially available glasses
with a very similar composition, AMTIR-1, is higher at at 1.55 µm than 3 µm [231]
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this measurements was calculated to be 9.1±0.4 µm, which corresponds to a large mode

area.

(a) Optical microscope image (b) IR camera view of core guidance

Figure 6.8: The core diameter of the composite fibre was measured using an image
such as (a) from a calibrated optical microscope. The guidance in the core was confirmed
by imaging the output face of the fibre onto an IR camera to produce an image such

as that in (b).

Closer inspection of the fibre cross section under a scanning electron microscope revealed

another possible reason for the high measured loss: a poor quality interface between the

core and cladding glasses. The SEM images from a some of fibre cross sections, seen in

Figure 6.9, show a number of voids at the interface of the core and the cladding. These

images are representative of the rest of the analysed cross sectional samples, all of which

show the same features. These bubble shaped voids would cause high scattering losses

at the interface between the core and the cladding, adding to the total fibre loss.

These voids were most likely caused by grooves or scratches on either the outer surface

of the rod or the inner surface of the tube. Scratches may be introduced into the

surface during the extrusion stage via imperfections on the die surfaces. However, this

is unlikely due to the high level of care and cleaning done on the surfaces in preparation

for extrusion. The more likely scenario is these scratches occur during the assembly of

the rod–in–tube preform. Although care is taken during this stage it is inevitable that

there will be some level of abrasion between surfaces which could lead to scratches that

then manifest as voids in the final fibre. When fabricating microstructured fibres via

extrusion this is not generally an issue as the core region is physically separated from the

edge of the cane, however for MOFs fabricated via stack and draw and especially for an

all solid, step index type geometry the quality of the interface is crucial to maintaining

good guidance.
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(a) (b)

Figure 6.9: SEM images showing defects at the core–cladding interface of the
composite chalcogenide–tellurite fibre.

The voids at the surface interface could also have been caused by incomplete wetting

between the two glasses during the fibre drawing stage – if the fusion of the core and

cladding glass at the interface is incomplete due to the materials not being able to wet

to each other, it could result in gaps such as those observed. Another possible reason is

the evaporation of gases from either the core or cladding glass leading to bubbles at the

interface between the two glasses.

Since the rod–in–tube technique could not guarantee a smooth interface between the

core and cladding regions, the billet stack technique was used for the next fabrication

trial. With this method the glass billets are vertically stacked on top of each other and

then the stack is extruded through a regular rod die. The interface between the two

materials is formed as the glass flows through the die in a ‘soft’ state and is thus less

susceptible to mechanical scratching.

As the composite flows through the die the glass stacked at the bottom (closest to the

die) becomes the outer cladding, while the glass at the top remains as the core. This

is due to the friction between the glass and the die at the die wall, which results in an

parabolic radial distribution of glass flow velocity through the die. This velocity profile,

as a function of radial distance, is given by

v =
∆p

4nl
(R2 − r2), (6.1)
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where r is the radial coordinate, R is the radius of the die aperture, ∆p is the pressure

difference between the glass at the die entrance and exit, l is the length of the die and η

is the glass viscosity. This equation is derived from the Hagen-Poiseuille law for viscous

fluid flow through a capillary, assuming a stagnant layer adjacent to the die wall [232].

Consequently the glass flowing through the centre of the die does so at a faster rate that

the glass that is closer to the die wall. This enables the glass at the top to effectively

push against the glass at the bottom, which flows around it to create a concentric layer.

In this work the stack only consisted of two glass billets, however the billet stack method

can be used with multiple glasses to create a perform with multiple coaxial rings of glass

[196]. This is represented schematically in Figure 6.10.

Heat

Billet stack

Composite 
extrudate

Figure 6.10: A schematic of the billet stack extrusion process. Individual glass billets
are vertically stacked and then extruded together. The resulting preform is a composite

structure with alternating layers of glass.

Two composite preforms were extruded using this technique: one with an 10.5 mm outer

diameter and another with a 5.5 mm outer diameter. Cross sectional analysis of these

preforms showed that, as expected, the preform started with a section that was mostly

tellurite, with a small chalcogenide core, before gradually transitioning into a section

that was mostly chalcogenide. Figure 6.11 shows cross sectional samples taken from

each end of the large preform that demonstrate this.

While composite preforms were fabricated using this technique, these preforms were

very fragile – especially as the outer diameter decreased. Indeed no usable cane could
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(a) Start of preform (b) End of preform

Figure 6.11: Cross sectional samples of composite preform created by a billet stack
extrusion. We see the amount of the core material (chalcogenide) increasing through
the preform. Note the cracks through the glass seen in (a). These seem to indicate

physical stresses in the preform.

be fabricated as, upon removing the extruded preform from the die body, it broke into

pieces that were too short to to be inserted into another tube. This is likely due to

physical stresses introduced into the material as a consequence of their differing physical

characteristics. For instance, the thermal expansion coefficient for the IG5 chalcogenide

is quoted as 14.3 × 10−6/K while that of a tellurite composition very similar to the

TZNL has been measured to be 18.8 × 10−6/K [233].We see some evidence of physical

stresses in the glass in Figure 6.11(a), albeit exacerbated by the cleaving procedure.

6.3.3 Summary

The preceding sections document fabrication trials of a composite glass fibre, consisting

of a chalcogenide core and a tellurite cladding. This work was motivated by theoretical

modelling which showed that, by choosing an appropriate core index, a chalcogenide

and tellurite composite fibre could be fabricated with a zero dispersion wavelength at

1.55 µm. This could have potential for narrow bandwidth telecommunications applica-

tions due to the extremely high nonlinearity of the chalcogenide.

Fabrication was attempted first via the rod–in–tube method and while this was used

to successfully fabricate a fibre, it was found to have a high loss due to voids at the

core–cladding interface. This prompted us to use the billet stacking method to have

a smoother interface between the two glasses. However the preforms produced by the

billet stack extrusions were found to be mechanically unstable, possibly due to stresses

in the glass.
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This line of work was abandoned at this point, however some promise was shown by

the fact that a composite fibre was fabricated and this fibre was shown to guide light

at 1.55 µm, albeit with high loss. Significant improvements to this could be made by,

for instance, changing the composition of the glasses used slightly to better marry their

physical properties. Other glasses could also be used as the cladding to further tune the

dispersion.

6.4 Tellurite HWW fabrication trials

The fabrication for the hexagonal wagon wheel was first attempted in tellurite, however

the design chosen for fabrication was the HWW geometry designed for PSA described

in Section 4.5.4 (refer to Figure 4.13); instead of the HWW geometry designed for

multicasting described in Section 4.5.3 (refer to Figure 4.9). The primary reason for

choosing to fabricate the geometry from Figure 4.13 over that in Figure 4.9 was the size

of the inner holes, i.e. those in the suspended core region of the HWW design. The

fibre geometry designed for multicasting consists of two sets of inner holes, with radii

of 171 nm and 224 nm, and modelling of structural variances suggested that the design

was extremely sensitive to the simplest expected fabrication deviations (see Section 5.3.2

or details). Consequently, it was decided that this geometry could not be reasonably

fabricated within required tolerances and the geometry designed for PSA in Figure 4.13

was a better investment of effort instead – the inner holes in this fibre design are all the

same size, with a radius of 120 nm, and the modelling results of structural deviations on

this design showed better tolerance of geometric variations (see Section 5.4.2 for details).

Although the HWW geometry for PSA was originally designed in a bismuth oxide glass,

a stable source of this glass was unavailable at the time as it stemmed from an earlier

collaboration with the supplier which had been completed by the time these fabrication

trials started. However the material dispersions for the tellurite and bismuth are very

similar thus, with some slight modifications to the structure designed in Section 4.5.4,

a similar dispersion profile could be obtained by using tellurite as the glass substrate.

It was therefore decided to attempt to fabricate the HWW fibre in tellurite glass. While

this meant the fibre would have less mechanical stability, due to the tellurite glass
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having a lower transition temperature than the bismuth oxide glass, it would have a

higher nonlinearity due to the higher nonlinear index of the tellurite.

6.4.1 First iteration

For the first iteration a relatively large target preform outer diameter of 15 mm was

chosen. Generally preforms are around 10 mm in diameter but this larger size was

chosen to have a high ratio between the core diameter (i.e. R3) and the outer diameter

of the preform. The higher this ratio is, the higher the eventual fibre diameter can be

while still having the required core size.

6.4.1.1 Die design – v1

The die consisted of two parts – a die plate and a jacket. The die plate contains the

inverse of the structure required in the preform. Thus, as the glass is extruded through

it, the required structure is longitudinally imprinted into the glass. The die jacket, which

the plate fits into, constrains the outer edges of the glass flow and determines the radius

of the preform as it exits the die. These two parts are fitted together to make up the

die. Figure 6.12 shows photographs of these two parts.

(a) Separated die components (b) Exit of die with fitted components

Figure 6.12: The die plate and jacket used in the v1 design.

When viewed from top down the die resembles a sieve with a number of ‘feed holes’.

These holes allow the glass to flow through the die, with the idea being that the glass

strands would fuse as they emerge on the other side and then solidify into the preform

after passing out the die exit and cooling down. A set of metal pins is used to block

the glass flow in certain sections – these regions then become voids in the preform that
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correspond to the holes in the fibre design. This design is shown in Figure 6.13, where

black has been used to represent the feed holes for glass flow and red sections represent

the metal pins used to create the holes.

Other die designs, with a more complex arrangement of metal components, could also

have been used [207] but this sieve plate based design was chosen mainly because it

minimises the glass volume held in the die. This glass is unrecoverable as it does not

exit the die and solidifies within it at the end of the extrusion, thus requiring a larger

billet volume.

Figure 6.13: The die design for the sieve plate, which consists of six cylindrical pins
for the inner hoes and six wedge shaped pins for the outer holes.

6.4.1.2 Extrusion results

The results of the tellurite extrusions are detailed in the following sections. In all cases

the La10 composition of the tellurite was used (see Chapter 3) to fabricate the glass

billets. These billets were then polished to a smooth surface on all sides using a 1 µm

grade polishing powder.

Te-126

This was the first attempt at extruding a preform for a hexagonal wagon wheel fibre

in this research, and also the first time a HWW geometry of this type (i.e. tailored
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for dispersion engineering around 1.55 µm) had been attempted in this glass. Based

on previous extrusions of MOFs with this glass, the extrusion was carried out at a

temperature of 360 ◦C and a ram speed of 0.02 mm/min. Unfortunately, the outcome

of the extrusion was not a success as the preform glass did not fuse sufficiently upon

exiting the die, possibly due to either the extrusion temperature being too low or the

ram speed being too high. The problem was most pronounced at the start and outer

edges of the preform where individual glass strands could be observed. This can be seen

in the photographs of the preform, shown in Figure 6.14.

(a) (b)

Figure 6.14: The preform obtained from the Te-126 extrusion. Unfused glass strands
around the outer part of the preform are observed along the length of the preform in

(a), and at the start of the preform in (b).

Cross sectional samples of the preform, shown in Figure 6.15, revealed that, although

the preform was largely unfused, partial fusion of glass did occur in the core region. In

this part of the preform the glass, while not fusing into a solid block, had nonetheless

partially coalesced. The analysis of the core region also revealed another problem with

the preform: the inner holes had drifted outwards, towards the edge of the suspended

core region. This suggests an issue with the glass flow in the core region, where the

direction of the flow is moving partially outwards from the core and thus pushing the

holes out as well.

Since the preform from this extrusion was not fused, further progress towards fibre

fabrication, such as caning, was not possible.
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Figure 6.15: Cross-section from the Te-126 extrusion result. This extrusion was not
successful due to the clear lack of fusion in the glass, and the distortion of the inner
holes. The red circle highlights one of the inner holes, which has drifted out toward the

edge of the core region.

The lack of fusion in this preform suggests that the glass flowing through the die was

either too cold, and therefore not soft enough to fuse properly; or that it moved through

the die too quickly and cooled before complete fusion could take place. For the next

extrusion, the conditions were modified to facilitate more glass fusion in the preform.

Te-127

The main conclusion from the previous extrusion was that the incomplete fusion observed

in the preform was due the glass not having sufficient time to fuse upon exiting the die.

To resolve this, the extrusion temperature would have to be increased or the ram speed

decreased. Increasing the temperature increases the heat within the glass, making it

softer and thus aiding fusion, however it also increases the chances of crystallisation

within the glass. The choice was therefore made maintain the extrusion temperature at

360 ◦C but reduce the ram speed from 0.02 mm/min to 0.01 mm/min, thereby facilitating

fusion by allowing the glass more time in the hot zone.

The results of this attempt are shown in Figure 6.16. We see that, in spite of the very

slow ram speed, the preform is much the same, i.e. mostly unfused except around the
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(a) (b)

Figure 6.16: Preform obtained from second tellurite extrusion (Te-127). The preform
is again mostly unfused with some partial fusion around the core region.

core region. As this extrusion was done at close to the upper limit for temperature (for

this glass) and lower limit for ram speed, this suggested a fundamental issue with the

die design. The die design was therefore revisited to improve the glass flow though the

die for the next fabrication trial. This second iteration of the die is discussed in the

following section.

6.4.2 Second iteration

The results from the previous extrusion trials suggest that the reason the glass did not

fuse in the outer regions had to do with the v1 design of the die and the way the glass

flowed through it. Based on these results and analysis of the die it was concluded that

the flaw in the design was the relatively large amount of feed holes in the outer region,

compared to the inner region. In this outer region the glass does not ‘see’ much metal,

compared to the inner region with the metal pins. Consequently the friction for the glass

flowing through the outer region is significantly lower than that for the inner region. This

results in the glass outside the core region flowing too fast, without sufficient time to

fuse. Fusion in the inner region is also aided by the fact that the glass in this region is

exposed to more metal and will therefore be hotter due to the heat from the die.

As most of the glass flow is also in these outer regions it effectively pulls the whole of

the preform through the die too quickly. This results in the glass of the inner region of

the preform not spending enough time in the hot zone, thus explaining why this region

was only partially fused.
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To test this hypothesis the die from the Te-127 extrusion was recovered and modified,

before the next trial. This modified version of the die, labelled v1.1, is described below.

6.4.2.1 Die design – v1.1

To reduce the flow of glass in the outer region of the die many of the feed holes from the

v1 die used in the Te-127 extrusion were blocked, on both sides of the die. On the die

entrance side it stops the glass from flowing into these regions, while on the die exit side

it effectively brings the outer wall closer. These modifications are shown in Figure 6.17.

(a) (b)

Figure 6.17: The v1.1 die. This die was made by taking the v1 die (pictured in
Figure 6.12) and adding some modifications to block some of the outer feed holes and

thus reduce the amount of glass flow in this region.

By reducing the rings of outer feed holes from nine to just two, the feed holes in the

v1.1 die were all close to a metal surface – the glass strands from the inner ring were

close to the outer surface of the wedge shaped metal pins while those from the outer

ring were close to the metal of the new die wall. Compared to the v1 design, the v1.1

die was expected to facilitate fusion better as much more of the glass would ‘see’ metal

and therefore flow through more slowly, allowing sufficient time for the preform to fuse.

The idea behind this recycled, modified die was to enable this hypothesis to be tested

in a relatively quick and cheap manner, compared to fabricating a brand new die.

6.4.2.2 Extrusion results

Te-128
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This extrusion was carried out with the v1.1 die, under the same conditions as Te-127,

i.e. an extrusion temperature of 360 ◦C and a ram speed of 0.01 mm/min.

The results of this extrusion confirmed the hypothesis that the cause of the unfused glass

in the preform was the lack of metal surfaces in the outer regions. The preform from

this extrusion came out completely fused, albeit with low glass quality due to being run

through an already used die. Figure 6.18 shows a cross section of the preform obtained

from this extrusion.

Figure 6.18: Results from Te-128 extrusion showing the preform fused into a solid
block.

While the fusion problem had been solved with the modifications to the die design the

secondary problem of the inner holes being deformed still remained. Figure 6.18 shows

that the inner holes had been deformed from the intended circular shape and had again

drifted out towards the edge of the suspended core region. This suggested that the glass

flow from the core was being pulled outward, towards the edge of the suspended core

region, and thus also moving the holes in the same direction. Further revisions were

made to the die design to compensate for this (see Section 6.5.1.1).

Even though this preform had a low glass quality due to the die being recycled from

the Te-127 extrusion, it was caned to observe the effect of this caning procedure on the

inner holes. The resulting cane is shown in Figure 6.19. It shows that, as suspected, the

inner holes have moved out even further. In some cases the holes had even moved into

the struts, causing them to break.



Chapter 6. Fibre fabrication 169

Figure 6.19: The cane obtained from the Te-128 preform. While the shape of the
core is close to the design, some of the inner holes have drifted out into the struts.

Extrusion Die design T (◦C) v (mm/min) Result

Te-126 v1 360 0.02 Preform was largely unfused.

Te-127 v1 360 0.01 Slower ram speed did not solve
problem of glass not fusing.

Te-128 v1.1 360 0.01 Modified die design resulted in
fused preform. However inner holes
were displaced. Caning of pre-
form pushed inner holes out further,
causing breakage of struts in some
instances

Table 6.1: Summary of results from tellurite HWW fabrication trials. The columns
labelled T and v refer to the extrusion temperature and ram speed, respectively.

6.4.3 Summary of tellurite HWW extrusions

Three fibre fabrication attempts of the HWW fibre design were made with the tellurite

glass, however none of them resulted in a preform from which fibre could be drawn. The

results of these extrusions are summarised in Table 6.1.

For the first two extrusions, Te-127 and Te-128, the v1 die design was used and preform

did not come out fused, even though the ram speed was slowed from 0.02 mm/min

in Te-127 to 0.01 mm/min in Te-128 to allow the glass more time to fuse during the

extrusion. The die was then modified to reduce the amount of outer feed holes and the

next extrusion with this modified v1.1 die did result in a fused preform. However, as
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most of the die was recycled from the previous extrusion, the quality of this preform

was too poor to continue on to fibre drawing.

Whilst unsuccessful, useful insight was drawn from these extrusions – the large number

of outer feed holes in the v1 die, relative to the inner feed holes, resulted in too much

glass flow in the outer regions of the die. This, in turn, was causing the glass to be pulled

through the die too quickly, and with insufficient heat. Consequently, for the next set

of fabrication trials, the die would need to minimise regions where the glass would flow

without ‘seeing’ metal. This would help maintain uniform friction and thus flow velocity

for the glass strands across the die, and ensure that this glass had enough contact with

hot metal to absorb sufficient heat.

The next set of fabrication trials is presented in the following section.

6.5 Germanate HWW fabrication trials

After the unsuccessful attempts at fibre fabrication with the v1 and v1.1 die designs

the die design was again revisited. This period also coincided with the development

of the GPNL5 germanate glass described in Section 3.5 and consequently, the decision

was made to switch from the tellurite glass to the germanate glass. The germanate

glass has better mechanical properties than the tellurite but also possesses many of the

favourable properties of tellurite such as high nonlinearity and good transmission in the

near infrared.

6.5.1 First iteration

6.5.1.1 Die design – v2

For this version of the die major changes were made, to accommodate the material

dispersion of the germanate glass (calculated from the refractive index measurements of

this glass, described in Section 3.5.3) and to solve the issues observed in the tellurite

extrusions. The major changes were as follows:
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• The number of outer feed holes was significantly reduced to just two rings. This

follows from the partial success observed with the Te-128 extrusion through the

modified v1.1 die

• The inner edges of the wedge shaped metal pins were changed from sharp edges to

rounded edges (see Figure 6.20). These edges correspond to the region where the

glass from the core flows into that of the struts. As the flow of the glass naturally

tends towards forming a rounded edge, changing the pin to facilitate this shape

should ease the pressure of the flow. This should result in less ‘pull’ on the inner

holes as the glass flows through the die, making them less likely to drift outwards.

Figure 6.20: Change in shape of outer pins from the v1.1 die (left) to the v2 die. The
red circles highlight the inner edges of one of the outer pins showing how it changed

from a sharp edge on the v1.1 die (left) to a rounded edge on the v2 die (right).

Photographs of this new (v2) die design are shown in Figure 6.21.

6.5.1.2 Extrusions

Ge-15

The first of the HWW extrusion trials with the GPNL5 germanate glass was a partial

success. The preform was indeed fused however the problem of the inner holes being dis-

torted and drifting was not entirely solved. A cross section of the preform (Figure 6.23)

reveals the holes to be elliptical in shape and closer to the edge of the core region than

desired. However the drift is not as bad as with the Te-128 extrusion.
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(a) (b)

Figure 6.21: The v2 design of the die. This major revision to the design has a much
smaller die plate due to the reduced number of outer feed holes.

(a) (b)

Figure 6.22: Results from Ge-15 extrusion

Even though the holes were deformed, this preform was caned so that a fibre draw could

be attempted. Upon caning, an interesting observation was made – the inner holes had

collapsed in on themselves and disappeared from the cane altogether. The outer holes

had also contracted a little bit. Figure 6.23 shows a cross section of the cane taken after

the draw – it is immediately obvious from this image that the inner holes are missing

from the geometry.

This suggested that the surface tension of the germanate glass at the caning temperature

is higher than that of the tellurite [234] and that self pressurisation may not be sufficient

to draw this fibre.

6.5.2 Second iteration – the simplified HWW

Section 4.7 introduced the simplified version of the HWW structure in germanate. The

work on developing this simplified design, with no inner holes, was motivated by the
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Figure 6.23: Cross section of Ge-15 cane showing no inner holes

realisation from the Ge-15 trial that the surface tension of the GPNL5 glass was too

high for a structured preform in this glass to be drawn into fibre using self pressurisation.

Opening out the preform requires active pressurisation, however as the inner holes of the

preform are sized differently to the outer holes, a complex active pressurisation setup is

required – one that is able to apply different pressures to different regions of the fibre.

As such a setup was not available, a simplified fibre design was pursued instead.

It should be noted that in future work on developing HWW fibre designs, the surface

tension of the intended glass should be taken into account at the start of the design

procedure so that the inner microstructure, and thus the ability to finely control the

dispersion, can be maintained. The future work section (Section 9.1) at the end of this

thesis discusses this in more detail

6.5.2.1 Die design – v3

Using the fibre core radius and outer holes for dispersion control instead of the inner

holes (which were not included in this design) means the inner set of metal pins are

no longer required in the die. This necessitates a change in the die design from the v2

model shown earlier. Along with the removal of the inner pins, the wedge shaped pins

for the outer holes were also made larger (relative to the diameter of the die exit). This

has the additional effect of making the core diameter relatively smaller, which makes it

easier to scale it down to the required dimensions in the fibre. This v3 design in shown

in Figure 6.24.
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(a) (b)

Figure 6.24: The v3 version of the die design for the simplified germanate HWW

6.5.2.2 Extrusions

Ge-21

The preform resulting from this extrusion was the closest of all the HWW extrusions

to the original design. This is partly due to the simplified design and partly due to the

application of all the knowledge and expertise gleaned from the previous trials. The

difficulty of computationally modelling glass flow through complex extrusion dies [230],

due to the fact that this requires a three dimensional modelling technique, means that

the process mainly relies on empirical knowledge and practical expertise. It is therefore

not uncommon to require a number of trials, as documented here, before achieving even

a moderately successful fabrication outcome.

(a) (b)

Figure 6.25: Results of Ge-21 extrusion. A cross section of the preform is shown in
(a) and again in (b) with the die structure overlaid
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Figure 6.25 shows a cross section of the preform on the left, with the die design overlaid

on the right. By overlaying the intended design with the final result it can be seen that

the core region matches the design quite well, however the outer holes are significantly

smaller than they should be. These small outer holes also result in the the outer wall of

the preform being thicker and closer to the core region than expected. This is further

evidence of the high surface tension present in this glass. Indeed the surface tension of

the GPL5 germanate glass, which has a very similar composition to the GPNL5 used

in this fabrication work (see Table 3.3 for composition details), was later measured by

a colleague to be 0.24 N/m – significantly higher than 0.16 N/m surface tension value

measured for tellurite [234].

This high surface tension would likely shrink the holes even further in the caning step,

and successively more so in the fibre drawing step. Such a fibre is likely to suffer from

hole collapse in the draw, or require significant applied pressure to keep the holes open.

To mitigate this and keep the holes as large as possible in the cane, the caning was

performed with active pressurisation. The applied pressure was increased in steps of 5

mbar (from the initial state of no applied pressure) until sufficient hole expansion was

observed in the cane. The best results were achieved with an applied pressure of 35

mbar, as shown in Figure 6.26(c).

The results in Figure 6.26 show that the holes open out significantly with increasing

applied pressure. The geometry of the cane in Figure 6.26(a) closely resembles that of

Figure 6.23 (done under self pressurisation).

6.5.3 Summary of germanate HWW extrusions

Two extrusion attempts were made with the germanate glass. These results are sum-

marised in Table 6.2.

Extrusion Die design T (◦C) v (mm/min) Result

Ge-15 v2 528 0.036 Partial success as preform was fused
but inner holes were still distorted.

Ge-21 v3 534 0.036 Simplified preform was extruded by
abandoning the inner holes.

Table 6.2: Summary of results from germanate HWW fabrication trials. The columns
labelled T and v refer to the extrusion temperature and ram speed, respectively.
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(a) 0 mbar (b) 25 mbar

(c) 35 mbar

Figure 6.26: The effect of active pressure on the caning of the Ge-21 preform. The
applied pressure was increased from 0 mbar to 35 mbar to open out the holes.

The first, which used the v2 die design, was a partial success – the preform came out

fused however the inner holes were still distorted and too close to the edge of the core

region. When this preform was caned however these inner holes disappeared, and the

area of outer holes (as a fraction of the total cross section) was significantly smaller

in the cane compared to the preform. This suggested that the surface tension of the

germanate glass was higher than expected – it was confirmed in a later experiment that

the surface tension of the lead germanate glass was indeed significantly higher than that

of tellurite [234].

For the second extrusion the simplified v3 die design was used, where the inner pins

were removed and the outer ones were made larger to combat the surface tension. This

did away with the inner holes and led to a preform whose structure was closer than

the previous trials to that expected from the die design. This preform was caned under

active pressurisation to ensure the outer holes stayed open.

The canes obtained from the Ge-21 preform were then used in HWW fibre fabrication

trials. This is described in Section 6.6 that follows.
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6.6 Fibre draws

Since a satisfactory preform was not obtained with the tellurite glass, the fibre draws

were attempted with the germanate preforms from the Ge-15 and Ge-21 trials. As

described earlier in Section 6.2, the canes were first jacketed with a tube extruded from

the same glass – as shown in Figure 6.27.

(a) (b)

Figure 6.27: Example of a tube extrusion. The cross section shown in (b) has an
outer diameter of 10.4 mm and an inner diameter of 0.8 mm.

When extruding the tube it is important to match the inner diameter of the tube with

the outer diameter of the cane. The inner diameter of the tube must be set to get a

reasonably snug fit with the cane. If this fit is too loose there is a risk the cane may not

expand enough into the space and thus compromise the fibre structure. If a vacuum is

used in the fibre draw, the issue of cane fit is not a problem as the tube can be easily

collapsed onto the cane by the vacuum. However this means that active pressurisation

cannot be used as our fibre draw tower was not equipped to actively pressurise the cane,

while simultaneously applying a vacuum between the cane and the tube.

6.6.1 Initial trials – self pressurisation

The first fibre draw trials were performed under self pressurisation using the cane from

the Ge-15 extrusion. These attempts did not succeed due to severe hole collapse during

the draw. The end result was essentially a bare fire, i.e. a fibre with no internal structure.

The failure of the holes to open out at all during the draw is further indication that the

surface tension of this glass is too high to be drawn under self pressurisation, for this
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hole size. However, as drawing under self pressurisation is easier to control this was the

method initially attempted.

As this germanate glass had not previously been used to fabricate a microstructured

fibre with active pressurisation, it was first necessary to develop an understanding of

how the glass responds to pressure during the draw. This study is discussed in the

following section.

6.6.2 Inflation trials

To examine the effect of pressure, inflation trials were conducted on two of the germanate

glasses – the GPL and GPNL5 compositions. The aim of this study was to quantify the

inflation of the glass, as a function of applied pressure.

To begin the trial a tube was fabricated and its inner and external diameters were

measured. The external diameter is measured using a set of callipers and the internal

diameter is then calculated from a scaled, high resolution image of the tube cross section.

As the internal diameters can be between 0.7 to 1.1 mm in size, this is the most accurate

way to measure them.

After the tube dimensions have been measured it is mounted on the drawing tower as

per a normal fibre draw. In this instance however, instead of a fibre the result of the

draw will be a capillary. By performing the same set of measurements on the capillary

diameters (with an optical microscope) a simple inflation ratio, I, may be defined as

below

I =
IDc/ODc

IDt/ODt
, (6.2)

where ID is the internal diameter, OD is the external diameter and the subscripts c

and t refer to the capillary and tube, respectively.

For both glasses the fibre draw was started with no pressure, allowed to stabilise to

the point where the fibre diameter remained consistent for over a minute, and then the

active pressure was turned on. The pressure was increased from 0 mbar in steps to 5,

10 20 and 30 mbar. After each step in pressure the draw was allowed to stabilise and



Chapter 6. Fibre fabrication 179

then run for a further 10 to 15 metres to create a band corresponding to that value of

applied pressure. At the end of the fibre draw a set of ten evenly spaced cuts were made

along each band to build up a set of values for IDc and ODc. Finally, the average of

these values, along with the ratio for the tube was used to calculate the inflation ratios.
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Figure 6.28: Inflation ratio (as defined in Equation 6.2) plotted as a function of
applied pressure for GPL (blue) and GPNL5 (black) capillaries.

The results of the inflation trials is shown in Figure 6.28. It shows that the glass responds

smoothly and predictably to applied pressure – a high inflation ratio of just over 5 can

be achieved by increasing the pressure up to 30 mbar. This result was encouraging

as it demonstrated that the high surface tension of the glass could be countered and

significant hole inflation could be achieved with applied pressure.

6.6.3 Active pressurisation trials

The data gathered from the inflation study demonstrated that, with sufficient pressure,

the intrinsically high surface tension of the germanate glass could be overcome. This

data was used to proceed with active pressurisation in the subsequent draws for this

fibre. The aim of these trials was to fabricate the simplified HWW structure introduced

in Section 4.7.

Initially, the fibre draws were not very successful. The active pressurisation process

requires very precise control of fibre draw parameters, such as applied pressure and
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draw speed, throughout the process and, in the initial attempts, the right values for

these parameters were not found. This resulted in fibres where the pressure was either

too high or too low., resulting in over or under inflation of the cane into the jacket.

Figure 6.29 shows some examples of this.

(a) (b)

Figure 6.29: The effect of pressure and temperature on fibre inflation. For the fibre
shown in (a) the pressure is too low and consequently the cane has not fully inflated
into the space of the tube. In (b) the pressure is too high leading to some of the holes

blowing out.

It is also important to note that the correct pressure to use depends on the temperature

of the glass. For a given value of applied pressure, the inflation of the holes in the fibre

will increase as a function of glass temperature. This glass temperature is impossible

to measure with the setup used and must be judged based on the temperature of the

furnace. However for a given furnace temperature the glass temperature will increase

based on the size of the preform – for instance, a 13 mm diameter preform will have

its edges closer to the furnace than a 10 mm one and (due to its larger volume of heat

conducting glass) will absorb more heat.

Another factor that needs to be considered is the fit of the cane into the tube. If this

fit is too loose the amount of pressure required to inflate the cane out into this space

needs to be quite high. This is undesirable as the higher the applied pressure, the more

sensitive the process becomes to fluctuations in temperature and pressure. Ideally the

applied pressure should be as low as possible – just high enough to inflate the holes

out to the size required. This can also be thought of as staying as close to the self

pressurisation case as possible.
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After a number of unsuccessful attempts enough empirical data was built up to be able

to determine a set of draw parameters good enough to result in a structured HWW

fibre. This enabled a fibre draw of the first HWW structure in this germanate glass,

using the preform from the Ge-15 extrusion. The result of this first success is shown in

Figure 6.30, where an applied pressure of 30 mbar was used to achieve the required hole

inflation. The images show that the cane was successfully inflated into the jacket.

(a) (b)

Figure 6.30: Ge-f19 draw – the first successful HWW fibre draw using the GPNL5
germanate glass. The image in (a) is from an optical microscope while (b) shown a

scanning electron micrograph (SEM) image of the core region.

While this result was heartening, the fibre draw has room for improvement. One of the

issues with the draw was that the preform used was relatively short and consequently

only a few metres of fibre could be fabricated from it. Close inspection of the SEM

image of the fibre in Figure 6.30(b) also reveals the core to be slightly asymmetric. This

makes the fibre birefringent and distorts the dispersion profile.

Following on from this result, the next trial sought to reproduce the successes of the

Ge-f19 draw but with a longer preform and with less distortion of the core. Canes were

chosen from the Ge-21 extrusion that had the largest holes and the most symmetry, with

the expectation that these properties would be reflected in the fibre draw. The use of a

cane with larger holes did indeed reduce the amount of pressure required from 30 mbar

to 27 mbar. The structure was also more symmetric, although not entirely so. Images

from this draw are shown in Figure 6.31.

The result in Figure 6.31 is the closest version of the ideal simplified HWW fibre. To

have the right dispersion profile a core diameter of 3.4 µm is required, however the actual
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(a) (b)

Figure 6.31: Ge-f23 draw – SEM images of second successful HWW fibre draw. This
structure is more symmetric than the previous one.

core diameter measured is 3.9 µm. Further work is therefore required to obtain the ideal

result however, due to the time constraints of this research, this result was not attained.

The loss of this fibre was measured to be 10.8 ± 1.3 dB/m (this experiment is detailed

in Section 7.4) – a high value given that the unstructured fibres in this glass have losses

of less than 2 dB/m at 1.55 µm (see Section 3.5.5.1). However it should be noted that,

as this fibre is only the second fibre with this structure that has ever been fabricated

in this glass its loss may be improved significantly by improving the fibre fabrication

procedure in further trials. Previous experience within the group has indeed shown this

to be the case for extruded fibres in other glasses, such as fluoride [235], lead silicate

[236, 237] and tellurite [156].

6.7 Conclusion

This chapter details the fabrication work performed during the course of this research.

Preliminary work investigated the use of tellurite and chalcogenide to fabricate composite

fibres, where the core diameter refractive index of the cladding region may be used

to control dispersion and nonlinearity. Both the rod–in–tube technique and the billet

stack technique were used in preform fabrication with the preform from the rod–in–tube

successfully drawn down into guiding fibre, albeit with high loss.
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From Sections 6.4 onwards, this chapter describes the work done on fabricating HWW

fibres to operate at telecommunications wavelengths. When this work was initially set

out the end goal was to fabricate a HWW fibre with flattened dispersion, as discussed in

the design chapter (Chapter 4). Due to unanticipated difficulties in the fabrication and

unavailability of material, fabrication of the tellurite and bismuth oxide based designs

that featured inner holes was not possible. However, several key learnings were made

from those attempts. The most important among them is the position of the inner ring

of holes, relative to the edge of the suspended core region. If these holes are too close

to the edge, the flow of the glass tends to push them out further, thus distorting the

structure. Future designs will have to incorporate a factor into the fitness function that

takes this into account.

While fabrication of a HWW structure featuring inner holes was not achieved, signi-

ficant progress was made towards fabrication of the simplified germanate HWW from

Section 4.7. The fabrication trials revealed the high surface tension present in this

glass, making holes contract in both the extrusion and drawing stages. Combating this

required the use of active pressurisation which led to the manifestation of asymmetries

in the cane that were exacerbated in the fibre.

The best way to tackle this would be to start off with even bigger holes in the preform

– holes big enough so that minimal, if any, pressure (< 20 mbar) needs to be applied

in the caning stage. This will reduce, or even eliminate, asymmetries in the cane and

have a flow on effect on the fibre structure. Ideally the fibre could then be drawn with

a low applied pressure. This also requires that the cane fit into the jacket be as tight as

possible, to ensure that it inflates out into the space.

It is also worth noting that the high surface tension of the germanate glass means that

fabricating an HWW fibre in this glass that contains inner holes requires an active

pressurisation setup that is able to differentially apply pressure to certain regions of the

fibre – the pressure applied in the inner holes needs to be different to that applied on

the outer holes to obtain the required geometry. This is due to the fact that the inner

holes would require a high applied pressure for the same amount of inflation (due to

their smaller diameter) and if the same pressure was applied to the outer holes it would

cause the fibre to blow out.
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In the end though, many of the fabrication challenges, invariably posed by a novel

glass, were overcome and HWW fibre was fabricated in the germanate glass. This core

diameter of this fibre, at 3.9 µm, was larger than the 3.4 µm required for it to have a

ZDW at 1550 nm (refer to Figure 4.17), but it represents and important step in the

fabrication of such fibres. It is the first generation of such a fibre and the first instance

of a microstructured fibre being drawn under active pressurisation with this glass. It is

hoped that this work may serve as a basis from which the many fabrication learnings

may be extended into developing HWW fibres that are closer to the intended design, or

even other microstructured fibres in this glass.

The characterisation of the fibres and materials developed in this research is presented

in Chapter 7 that follows, including a measurement of the loss of the germanate HWW

fabricated in the Ge-f23 trial. Chapter 7 also details the measurement of dispersion and

nonlinearity for suspended core fibres made from tellurite and germanate, respectively.



Chapter 7

Fibre characterisation

7.1 Introduction

This chapter describes a number of fibre characterisation experiments that were per-

formed as part of this research. These characterisation experiments include measure-

ments of dispersion, nonlinearity and loss of various fibres. As these properties are

crucial to the design of nonlinear fibres for telecommunications applications, measuring

them and comparing to simulation results is an important validation of the modelling

process.

The experimental results presented in this chapter are as follows: a measurement of the

dispersion of a tellurite suspended core fibre is presented in Section 7.2 and compared

to modelling results. Section 7.3 covers the measurement of the nonlinear coefficient

for a germanate suspended core fibre. This measurement, carried out via the so called

Boskovic method [166], is performed on the novel GPNL5 germanate glass first presented

in Section 3.5 and is used to derive the nonlinear index of this glass. The results

show that it compares favourably with other nonlinear glasses, such as tellurite, and

is thus a promising candidate for nonlinear fibre devices. Finally, Section 7.4 details a

measurement of the optical loss for the Ge-f23 germanate fibre (shown in Figure 6.31;

fabrication details are in Section 6.6).

185
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7.2 Dispersion measurement

Given the role of the dispersion profile in determining the gain for four wave mixing,

it is important to be able to characterise this property in optical fibres designed and

fabricated for FWM applications.

When characterising the dispersion for both designed and newly fabricated fibres, the

typical approach is to take a high resolution image of the fibre cross section and use

a the finite element method to model the optical properties of the fibre and calculate

the dispersion (see Section 4.3 for details). For fibre designs, the cross sectional geo-

metry is drawn directly using the COMSOL® modelling software in conjunction with

MATLAB® (as in Figure 4.1); whereas for fabricated fibres, an SEM micrograph of the

fibre cross section is imported into COMSOL® and used to create the geometry.

Evaluating the dispersion profile for MOFs via a model of the fibre cross section is

typically much quicker and less complex than experimentally measuring it. For novel

fibres in particular, where the fabrication process is not very mature, the loss may be

too high for an experimental measurement to be performed with adequate accuracy.

However, to verify this characterisation procedure, the dispersion for a tellurite and

bismuth suspended core fibre was experimentally measured and used to validate the

results from the model of the geometry. These experiments are described in the following

sections.

7.2.1 Background

The techniques for measuring chromatic dispersion in optical fibres fall into one of the

following categories: the time of flight method [238], the phase shift method [239] and

the interferometric method [240, 241]. Of these three, the time of flight and phase shift

methods are widely used in the characterisation of conventional silica optical fibres [242].

The time of flight method essentially measures the time that a pulse spends ‘in flight’,

along a length of optical fibre, and compares it to a reference signal to calculate the

delay on the pulse imposed by the glass. A tunable laser (or a set of lasers at fixed

wavelengths) is used to send a set of short, periodically spaced pulses down the fibre, for

a set of wavelengths. The time between when the pulse was injected to when it exits the
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fibre is recorded as the delay τ By making this measurement for several wavelengths a

result for the relative group delay, as a function of wavelength is obtained. Differentiating

this result and using the fibre length L according to Equation 7.1 then produces the

dispersion for the fibre.

D =
δ

δλ

( τ
L

)
. (7.1)

While this technique is widely used it is limited to very long lengths of fibre (hundreds

of meters, typically) due to the fact that the optical path must be long enough for the

delay between consecutive pulses to be distinguishable. In addition to this, the spectral

resolution and bandwidth of this technique is limited by the spectral properties of the

laser used in the experiment. The high stability and pulse rise times required to obtain

accurate results typically limit the optical source to narrow band, high fidelity lasers.

The phase shift technique is similar to the time of flight method, in that it also measures a

delay. However this measurement is made on phase difference, instead of time delay. The

input signal is amplitude modulated and at the output end of the fibre the relative phase

shifts between different wavelengths, extracted via a monochromator, are measured. The

delay, and hence dispersion, may then be calculated from this result.

An immediate advantage that the phase shift technique has over the time of light

technique is the ability to make a high resolution measurement of dispersion of over

a broad spectral range. However this technique still requires a relatively long length of

fibre (a few metres at least), to observe sufficient phase shift.

When working with soft glass microstructured fibres the operating length is generally too

short to use either the time of flight or phase shift method. The interferometric method,

on the other hand, requires a metre of fibre at most and may easily be done with 10-

20 cm lengths of fibre. This makes it an ideal method for measuring the dispersion of

our fibres.

In this technique the interferometer is set up into a Mach-Zender configuration where

the light is split into two arms (one where the beam travels in air, while the other

contains the fibre under test) before being recombined and analysed with an OSA. The

air arm is of variable path length so that the light travelling down that arm can be phase
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Variable length 
air arm

Fibre arm

Source Detector

Figure 7.1: Experimental setup used when measuring the dispersion of a fibre via the
interferometric method. The interferometer is setup into a Mach-Zender configuration,
with the test fibre being placed in the fibre arm and the variable length air arm used

to match the optical path length.

matched to the light in the fibre arm. A schematic of this measurement setup is shown

in Figure 7.1.

The intensity at the output may then be written as [240]

Iout = |Ef + Ea|2 = |Ef |2 + |Ea|2 + 2|Ef ||Ea|cos(φ(ω)), (7.2)

where Ef and Ea denote the electric field amplitudes in the fibre and air arm, respect-

ively, and the phase difference φ(ω) is given by:

φ(ω) = βf lf − βala, (7.3)

where β refers to the propagation constant, l is the path length and the subscripts f and

a denote the fibre and air arms, respectively. By replacing βala with ωla
c and expanding

φ(ω) in a Taylor series about an arbitrary frequency ω0, we arrive at the expression

below:

φ(ω) = βf (ω0)lf −
ω0la
c

+

(
β

(1)
f (ω0)lf −

la
c

)
(ω − ω0) (7.4)

+
1

2
· β(2)

f (ω0)lf (ω − ω0)2 +
1

6
· β(3)

f (ω0)lf (ω − ω0)3 + ...
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where β
(n)
f represents the nth order partial derivative of the fibre propagation constant,

i.e. β
(n)
f = δnβ

δωn

Equation 7.4 may be simplified into the form below:

φ(ω) = φ0 + [τ(ω0)− T0](ω − ω0) (7.5)

+
1

2
· β(2)

f (ω0)lf (ω − ω0)2 +
1

6
· β(3)

f (ω0)lf (ω − ω0)3 + ...

where we have introduced the term φ0, the delay (due to first order dispersion) in the

fibre arm τ(ω0) and the delay in the air arm T0. These terms are defined as follows:

φ0 = βf (ω0)lf −
ω0la
c
, (7.6)

τ(ω0) = β
(1)
f (ω0)lf , (7.7)

T0 =
la
c
. (7.8)

When the delay in the air arm is equal to that of the fibre arm (i.e. τ(ω0) = T0), the

second term in Equation 7.5 disappears, leaving us with the following expression:

φ(ω) = φ0 +
1

2
· β(2)

f (ω0)lf (ω − ω0)2 +
1

6
· β(3)

f (ω0)lf (ω − ω0)3 + ... (7.9)

If we ignore the contribution from the β
(3)
f term onwards (by assuming that β

(3)
f and

higher order dispersion terms are much smaller than β
(2)
f ) we see that the interference

pattern produced by Equation 7.9 will be symmetric about the central angular frequency

ω0. At this central frequency the delay in each of the interferometer arms is the same

and thus the delay in the fibre arm may be obtained by equating it to the known delay

in the air arm. By doing this for multiple wavelengths and using the relationship in

Equation 7.1 the dispersion parameter D may be calculated for the given fibre.
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Measuring the dispersion this way, while simpler, is not ideal as it is limited to wavelengths

away from the zero dispersion wavelength. As D approaches zero so do does β
(2)
f and

thus the assumption that higher order βf terms may be ignored as they are significantly

smaller is no longer valid. This method was used initially to test and ‘sanity check’ the

experimental setup at wavelengths where the fibre was expected to be highly dispersive.

Once this was established the data analysis methodology was changed to instead evaluate

the phase difference in a more direct fashion: by fitting an equation of the form given in

Equation 7.2 to the interferogram obtained when the two arms are path matched. This

allows for better measurement of the dispersion around the ZDW.

The interferogram fit was evaluated using a combination of the genetic algorithm curve

fitting technique (see Section 4.5.2 for an overview of genetic algorithm based optimisa-

tion) and the nonlinear least squares method [243] – with the fitting function code

provided by the optimisation toolbox package in MATLAB®1. Due to the highly

oscillatory nature of the data it was difficult, in most cases, to determine appropriate

initial guess values for the nonlinear least squares fitting function to be able to return

a suitable fit to the experimental data. The genetic algorithm was therefore used to

supplement this process – taking the initial guess values (determined based on a manually

entered guess of the dispersion range for a given interferogram) and refining it before

beginning the nonlinear least squares fit. The program exited the genetic algorithm if

the relative fitness improvement from generation to generation was less than 0.001%

after a maximum of 8 successive generations (the genetic algorithm was also set to time

out at 3 minutes). The ‘genes’ from the member of the population with the highest

fitness were then used as the guess values for the nonlinear least squares fit.

The genetic algorithm could have been used as the sole fitting method, however this

would have been too slow. By using a combination of fitting techniques the program

was able to evaluate a suitable fit to the experimental data in approximately 1 to 2

minutes for each interferogram.

Once the fitting of the experimental data was complete, the phase difference at the

central wavelength of the interferogram was then used to determine the time delay (as

a function of wavelength) via Equations 7.6 and 7.7; this time delay term was then

differentiated as in Equation 7.1 to obtain the fibre dispersion.

1More details on the fitting functions provided in this software package may be found at http:

//www.mathworks.com.au/products/global-optimization/

http://www.mathworks.com.au/products/global-optimization/
http://www.mathworks.com.au/products/global-optimization/
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Figure 7.2: Example of interferogram obtained for an imaginary 0.2 m fibre, path
length matched at a central wavelength of 1550 nm. Figure (a) shows the case of
a relatively high normal dispersion (D = −80 ps−1nm−1km−1 )while Figure (b)
corresponds to a relatively low normal dispersion (D = −10 ps−1nm−1km−1). The
greater number of fringes available when the dispersion is high makes the error of the

fit lower.

However the relative accuracy of the measurement near the ZDW is still lower than for

wavelengths further way due to the fact that the density of fringes in the interferogram

is proportional to the absolute value of the dispersion, as seen in Figure 7.2. A denser

fringe pattern provides more peaks for fitting and thus the oscillating cosine term in

Equation 7.2 that contains the phase delay may be determined with a higher degree of

confidence.

7.2.2 Experimental details

The optical source used in the experiment was a commercially available supercon-

tinuum generator (KOHERAS SuperK™Compact) with a broad bandwidth, spanning

from 500 nm to just over 1750 nm. The fibre output of this white light source was free

space coupled out via a microscope objective before being split by a beam splitting cube

to form the two arms of the interferometer – one of which contains the test fibre, while

the other is free space and of adjustable path length.

In the fibre arm of the interferometer light was coupled into and out of the fibre via a set

of lenses. At each end of the fibre, the lens and fibre end are placed on a nanostage that

allows for three dimensional translation of the lens, relative to the fibre end. The fibre

end was held stationary while the nanometre axis gauges on the stage are used move the

lens and adjust the position of the focussed beam spot until light was optimally coupled
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into the core of the fibre. Meanwhile, in the free space arm of the interferometer, a set

of mirrors on a linearly translatable rail was used to vary the path length.

Light from the two arms was combined via another beam splitter before being coupled

back from free space into a conventional silica fibre (SMF-28) which directs the light

into an optical spectrum analyser (OSA). This apparatus is shown in Figure 7.3.

M5 M6

BS2

Test fibre

M7

OSA

M2

BS1

WLS
Translatable 

mirrors

M1

SMF-28
coupling

Figure 7.3: Experimental setup for interferometric measurement. In the diagram
above WLS refers to the white light source; OSA to the optical spectrum analyser; M1
to M7 are mirrors; and BS1 and BS2 are 50:50 beam splitters. The dotted lines show

the path of the beam.

Once the light has successfully been coupled into and out of the test fibre in that arm

of the interferometer, the optical path in the free space arm must be adjusted until it

equals that of the fibre arm. This was done by using a mechanical micrometer screw

on the rail on which the translatable mirrors are mounted. These allow for the path

to be adjusted on a micron scale. However, since it would be extremely cumbersome

to adjust the optical path entirely via the micrometer the path length of the fibre arm

is first measured to determine the approximate length required of the free space arm,

to path match it with the fibre arm. The mirrors are then positioned at a value a few

centimetres below this and adjusted upwards in small increments until the paths are

matched.

At this point an interferogram can be seen on the OSA. Further adjustments of the path

are then used to move the position of the central peak in the spectrum and thus generate

a set of data from which the dispersion can be calculated.
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Given the sensitive nature of this experiment the OSA must be capable of analysing and

displaying the spectrum in real time – a monochromator based approach is too slow to

pick up the interferogram in time, making it extremely difficult to find the path matched

point. Consequently, in these experiments, a Ocean Optics USB2000 spectrometer that

displayed the spectrum in real time was used. This spectrometer had a detection range

from 350 nm to 1100 nm.

Once the measurement was complete the fibre end used in the experiment was cleaved

off and a SEM image of its cross section was taken. This image was then imported

into the finite element model and the dispersion was calculated for comparison with the

experimental result.

7.2.3 Results

As mentioned above, the first step in measuring the dispersion is matching the optical

paths of the two arms of the interferometer and then obtaining the interferogram.

Figure 7.4 shows an interferogram obtained for the bismuth suspended core fibre.
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Figure 7.4: Interferogram obtained for the bismuth suspended core fibre. The central
peak in this spectrum is at approximately 897 nm, as highlighted by the vertical red

line.

The path length of the free space arm was then adjusted to move the central peak of

the spectrum, with the results saved at each stage to build up a set of interferogram
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measurements. Each of these measurements was then used to calculate a value for the

dispersion parameter D, at the central wavelength of the interferogram.

The results of the dispersion calculation are shown in Figure 7.5 where the dispersion D

has been plotted as a function of wavelength for two suspended core fibres, one fabricated

with bismuth and the other with tellurite. We see good agreement between the calculated

dispersion (solid black line) and experimentally measured values (blue points) – most of

the experimentally measured data points are within 15% of the calculated values.

The results for the tellurite fibre in particular show that the agreement between measured

and calculated dispersion is better when the magnitude of the dispersion is higher.

However, this is not observed to the same extent in the graph for the bismuth fibre –

most likely due to the higher concentration of data points measured for the tellurite

fibre in the highly dispersive region.

This relative inaccuracy of the measurement near the ZDW is expected, since the

interferogram broadens out as the dispersion approaches zero (as shown in Figure 7.2).

This reduces the number of peaks in the measured spectrum and consequently reduces

the confidence in the fit. A possible improvement to this technique (when measuring

dispersion values close to zero) would be to insert a dispersive element (whose dispersion

is well known) into the fibre arm to ensure that the magnitude of the net dispersion in

that arm is of a sufficiently high value. This would increase the number of peaks in the

spectrum (thus improving the confidence of the fit) and the known dispersion value can

be subtracted off to obtain the fibre dispersion.

In addition to errors arising from the fitting procedure, the measured dispersion values

may also differ from the values calculated from the fibre SEM due to variations in

structural parameters (like core diameter) along the fibre length. The model assumes

the geometry is fixed along the fibre length, whereas in reality there is always some

structural variation – which is effectively averaged out in the measured dispersion value.

7.2.4 Summary of dispersion measurements

The dispersion has been measured for two microstructured fibres: one fabricated in

bismuth and the other in tellurite; both were of the suspended core type geometry. The

results, for both fibres, are shown to be in good agreement with the modelled dispersion
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(b) Tellurite fibre

Figure 7.5: Dispersion results for (a) bismuth and (b) tellurite suspended core
fibres. The solid line shows the dispersion as evaluated by modelling a SEM image
of the fibre geometry (shown in the insets of each figure) while the dots correspond to

experimentally measured points.

curves, with most of the data points within 15% of the value calculated from the SEM

of the fibre geometry.

These measurements validate the modelling technique used to evaluate the dispersion of

fibre design geometries, however more work is needed to both increase the accuracy of

the experiment and extend the measurement range further out into the infrared. The
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accuracy of the measurement could, for instance, be increased by using a beam splitter

that sends more of the input beam into the fibre arm relative to the air arm instead

of the 50:50 beam splitter used in this experiment (BS1 in Figure 7.3). This would

compensate for the fact that the loss in the fibre arm is relatively much higher than

in the air arm (where there is virtually no loss) and improve the signal to noise ratio

of the interferogram. The measurement range of this experiment is limited by the long

wavelength edge of the real time spectrometer (1100 nm) and may be increased by using

a different real time spectrometer (such as the Ocean Optics NIRQuest series which can

extend out to 2.6 µm [244]).

7.3 Nonlinearity measurement

As mentioned in Chapter 4, knowledge of the fibre nonlinearity (along with its dispersion

profile) is extremely important in guiding the design of optical fibres for telecommunica-

tion applications. For four wave mixing applications, such as those studied in this work,

the nonlinear coefficient γ is needed to evaluate the gain parameter in Equation 2.73.

The nonlinear coefficient can also be used to measure the nonlinear refractive index (via

Equation 2.33), thus making its measurement also useful for glass characterisation.

The following sections describe how the nonlinear coefficient was measured for a com-

mercially available silica HNLF and a suspended core fibre fabricated in the GPNL5

lead germanate glass, introduced in Section 3.5. The measurement of γ for this novel

germanate fibre was used to characterise the nonlinear refractive index of the glass (see

Section for 3.5.4 more details).

7.3.1 Background

Several methods exist for measuring the nonlinear coefficient γ of an optical fibre, defined

in Equation 2.33. They are generally either interferometric, or directly utilise nonlinear

effects such as self phase modulation, cross phase modulation or four wave mixing.

When interferometric methods are used, the interferometer is set up to measure the

nonlinear phase shift, i.e. the phase shift that results from the Kerr induced effect on

the refractive index [111]). This may be written as
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φ = γLeffP, (7.10)

where γ is the nonlinear coefficient, Leff is the effective length and P is the average

optical power. The effective length in this equation is the same as that defined in

Equation 3.6. By measuring the phase shift for a given set of optical powers, on a fibre

of known length and loss, the nonlinear coefficient may be calculated using Equation 7.10

above.

Various experimental configurations have been used in the literature to achieve this,

including a Michelson interferometer [245], Mach-Zender interferometer [246] and a

Sagnac interferometer [247]. In general these interferometric schemes are quite sensitive

to environmental perturbations and experimental conditions. However work has been

done with a ‘self-aligning’ interferometer [248] that uses a Faraday mirror to suppress

the effect of environmental perturbations on the experiment.

The method used to determine nonlinearity in non interferometric experimental setups

depends on the specific nonlinear effect being used. For instance, the spectral broadening

on short optical pulses caused by either SPM [249] or XPM [250] can be used to measure

γ. However this requires both an assumption or knowledge of the pulse shape and

complex deconvolution to infer γ from the broadened pulses.

This experiment used the measurement technique first presented by Boskovic et. al.

[166]. This method essentially measures the SPM induced phase shift on the beat signal

of a pair of high power CW waves. The two closely separated waves at frequencies

fP1 and fP2 are injected into the fibre to generate two FWM side bands at frequencies

of fS1 = 2fP2 − fP1 and fS2 = 2fP1 − fP2. The relative intensity of the side bands

compared to the pump is then used to measure the phase shift.

This is done using the shape of the spectrum – an example of which is shown in Figure 7.6.

The Fourier transform of the electric field propagating down the fibre can be used to

express the ratio of the side bands to pump intensities as [166]

IP1

IS1
=
J2

0 (φ/2) + J2
1 (φ/2)

J2
1 (φ/2) + J2

2 (φ/2)
, (7.11)
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Figure 7.6: An example of a FWM spectrum that may be used to calculate the
SMP induced phase shift and consequently the fibre nonlinearity. The pump waves
that comprise the beat signal are labelled P1 and P2, while the FWM side bands are

labelled S1 and S2.

where IP1 and IS1 are the intensities of the first pair of signal and side band, respectively.

Jn are nth order Bessel functions and φ is the SPM induced nonlinear phase shift. By

measuring the relative intensities of the signal and side band, the phase shift may be

calculated by solving Equation 7.11. Note that as the left hand side of Equation 7.11 is

a ratio of intensities the FWM spectrum may be measured in arbitrary units.

From this phase shift the nonlinear coefficient can be calculated using the following

equation [166]

φ =
2ω0n2

cAeff
LeffP = 2γLeffP , (7.12)

where ω0 and P are the central frequency and average power, respectively, of the beat

signal; n2 is the nonlinear refractive index; γ is the nonlinear coefficient; Leff is the

effective length of the fibre; and Aeff is the effective area of the mode propagating

within the fibre. The effective area is the same as that defined in Equation 2.34, while

the effective length is defined in Equation 3.6, in terms of the fibre length and the

absorption coefficient. The fibre loss must therefore be known, to calculate γ via this

technique.
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Once the nonlinearity has been measured, it may then be used to calculate the nonlinear

refractive index index via Equation 7.12. This method was used to characterise the

nonlinearity of the GPNL5 germanate glass. These measurements are described in the

following sections.

7.3.2 Experimental details

The experimental setup that was used to perform the measurement is shown in Fig-

ure 7.7. The input signal is made up of two laser beams from distributed feedback diode

lasers operating at approximately 1.55 µm, with approximately ±5 nm of tunability

around the central wavelength. The polarisation of the beams was adjusted via inline

polarisation controllers to align the polarisation of the input beam to the principal axis of

the test fibre. The polarisers also ensured that the two beams were identically polarised

and of equal intensity.

The polarised beams were then amplified via an EDFA before being coupled into the

test fibre. For this experiment the input power used was in the range from 500 mW to

1 W. The light is coupled into and out of the fibre via lenses and a free space segment.

The lens L1 collimates the light coming out of the EDFA, which is then coupled into

the test fibre through L2. Similarly L3 collimates the light coming out of the test fibre,

which is then coupled back into the SMF-28 fibre leading into the OSA by the lens L4.

Test fibre

OSA

50:50EDFA

Laser  1

Laser  2

PC1

PC2

Pin Pout

L1 L2 L3 L4

Figure 7.7: Experimental setup for nonlinearity measurement. In the diagram above
EDFA refers to the erbium doped fibre amplifier; OSA to the optical spectrum analyser;

PC1, PC2 are polarisation controllers; and L1, L2, L3, L4 are coupling lenses.
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The power at both the input and output ends of the fibre was measured by placing a

power meter in the free space segment next to the respective fibre end – for the input

power this is the segment between L1 and L2 and for the output power it is the one

between L3 and L4, as shown in the diagram above.

The measurement result does not explicitly depend on the frequency separation of the

pump waves however, one of the key assumptions made in the derivation of Equation 7.11

is that the dispersion across the spectrum is the same. Therefore, by keeping the

separation between the pumps to a few nanometres, the difference in dispersion across

the spectrum is minimised. The stability of the spectrum is also improved by keeping

the pump waves close together.

7.3.3 Results

The experiment was performed on two test fibres: the first was a commercially available

silica nonlinear fibre (HNLF) manufactured by Corning; the second was a suspended core

fibre made from the GPNL5 glass first introduced in Section 3.5. The first measurement

was made on the HNLF fibre as the nonlinear coefficient for this fibre is provided by the

manufacturer and thus it could be used to test that the setup could indeed accurately

measure γ.

The nonlinear fibre used in this instance was a microstructured, high nonlinearity fibre

with a manufacturer quoted length of 302 m, loss of 0.16 dB/m and nonlinear coefficient

of 11 W−1km−1. The fibre spool was placed in between the coupling lenses and light was

coupled into the fibre using the lenses L2 and L3, whose numerical apertures matched

that of the fibre.

The output spectrum was measured for a range of input powers, as shown in Figure 7.8.

These spectra were then used to measure the intensity ratio between the pump peak

and corresponding side band and calculate the nonlinear phase shift by solving the

corresponding Bessel function, given by Equation 7.11.

Figure 7.9 shows the calculated phase shift for each output power. The slope of this line

was used to extract the value for γ, as per Equation 7.12. For this fibre the nonlinearity

was calculated to be γ = 10.3 ± 0.2 W−1km−1. This is quite close to the quoted value
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Figure 7.8: FWM spectrum for silica HNLF, with power specified as a dB ratio with
an arbitrary reference. The pump peaks are visible at 1554 nm and 1555 nm while
primary side bands are visible at 1553 nm and 1556 nm. For higher powers, a second
set of side bands starts to appear at 1552.5 nm and 1557.5 nm. Note that, for clarity,
the average power for each spectrum has not been labelled on this graph; these values

are found on the x axis in Figure 7.9.

by the manufacturer of 11 W−1km−1 and thus shows that the experiment is able to

accurately measure the fibre nonlinearity.

After measuring the nonlinearity for the HNLF, the test fibre was changed to be the

germanate suspended core fibre. This fibre was made from the novel GPNL5 glass

described in Section 3.5. Figure 7.10 shows SEM images of the fibre cross section.

Light was again coupled into this fibre using the same setup as before (albeit with

difference lenses at L3 and L4 due to the smaller core and thus higher numerical aperture)

and the output spectra were recorded by the OSA for various pump powers. These results

are shown in Figure 7.11

As before, the spectra were then used to calculate the phase shift as a function of average

power. These values are plotted in Figure 7.12.

For the silica HNLF, the loss of the fibre was known and the value for γ could thus

be extracted from the phase shift curve with no additional measurements. For the

germanate suspended core fibre however, this quantity was unknown so there was an

extra step in the experimental procedure – performing a cutback loss measurement on

the test fibre (see Section 7.4.1 for more information on this procedure).
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Figure 7.9: Phase shift measurement for silica HNLF. For this fibre length and loss
were quoted by the manufacturer to be 302 m and 0.16 dB/m, respectively. This results
in a nonlinearity value of γ = 10.3± 128 W−1km−1. Note that the error bars for φ are

too small to be seen on this graph.

(a) ) (b)

Figure 7.10: SEM images of GPNL5 suspended core fibre cross section. This fibre
was used to measure the nonlinear index of this glass, via a nonlinearity measurement.

The loss, in this case, was measured to be 8.0±0.8 dB/m. Using this value with the slope

of Figure 7.12 and Equation 7.12 gives a nonlinearity value of γ = 1177±128 W−1km−1

for this germanate fibre. This value is significantly higher than that of the silica fibre and

comparable to similar fibres made from other high index soft glasses such as tellurite.

Once the nonlinearity for the fibre had been measured, the tip was cleaved off and imaged

with a SEM to obtain a scaled cross section of the fibre sample (the images produced
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Figure 7.11: FWM spectrum for germanate suspended core fibre, with power specified
as a dB ratio with an arbitrary reference. The pump peaks are visible at 1552.8 nm
and 1553.5 nm while the side bands are visible at 1552.2 nm and 1554.1 nm. Note that,
for clarity, the average power for each spectrum has not been labelled on this graph;

these values are found on the x axis in Figure 7.12.

0 20 40 60 80 100 120 140 160
0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

P
avg

 (mW)

φ
 (

ra
d

)

Figure 7.12: Phase shift measurement for germanate suspended core fibre. For this
fibre, the length was measured to be 56.6 cm and the loss, α, to be 8.0 ± 0.8 dB/m.

This results in a nonlinearity value of γ = 1177± 128 W−1km−1.

were similar to Figure 7.10(b)). By then inserting this image into a finite element model

the effective area of the fundamental mode, Aeff , was calculated. By then rearranging

Equation 2.33 and using the values for γ and Aeff the nonlinear refractive index of this

glass was calculated to be n2 = 56 ± 6 × 10−20 m2W−1. This value for n2 agrees with

previous measurements of the nonlinear refractive index for lead germanates by Hall et.
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al. [148]; its significance has been discussed in Section 3.5.4.

7.3.4 Summary of nonlinearity measurements

The Boskovic method of using FWM to measure nonlinearity was used to to measure

γ for a known silica HNLF and a new lead germanate suspended core fibre. The γ

measurement for the silica fibre agrees well with the manufacturer quoted value, thereby

validating the accuracy of the experiment. The γ measurement for the germanate fibre

was used to measure the nonlinear refractive index of the glass – a measurement that

agrees well with values found in the literature for similar glasses. This measurement also

plays an important role in characterising these novel germanate glasses, showing that

they have a high nonlinearity and thus have significant potential for use in nonlinear

telecommunications devices.

7.4 Ge HWW loss measurement

This section details the loss measurement on the simplified hexagonal wagon wheel fibre

fabricated in Ge-f23 fibre draw, shown in Figure 6.31. Recall that this was the second

ever successful fabrication of a HWW fibre with the germanate glass. With such prelim-

inary fibres, determining guidance and measuring the loss is the first characterisation

stage. For this fibre the loss was measured using the cutback technique.

7.4.1 Background

The cutback technique is a widely used means of measuring the loss in optical fibres.

The output power is measured through a fibre of a long initial length which is then cut

back to successively shorter lengths with the power measured each time. When making

one of these cutbacks, both the new output power and the length of fibre cut off are

measured – resulting in a dataset that tracks power as a function of fibre length. These

measurements may then be used to evaluate the fibre loss by starting with the relation

P (z) = Pine
−αz, (7.13)
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where Pin is the power coupled into the input end of the fibre, α is the loss coefficient

and P (z) is the power at the propagation length z. Taking the natural logarithm of each

side gives

ln[P (z)] = lnPin − αz, (7.14)

which is a linear function of propagation distance z with slope equal to the fibre loss

coefficient −α.

The major advantage of using the cutback method is that, since the cutbacks are made

from the output end of the fibre, the coupling efficiency can be assumed to be constant

throughout the experiment. However care must therefore be taken to ensure that the

initial coupling is robust and that it is not disturbed when making the cutbacks. It is

also important to ensure that, when cleaving the fibre to make a cutback, the quality

of the cleave is consistent across cutbacks. The effect of cleave quality may be averaged

out by making multiple cleaves for a given cutback length. The light source must also

be stable and not fluctuate in power over the course of the measurement, as this would

result in variations in Pin which would lead to errors in the final result.

The initial fibre length used in the measurement must be as long as possible – a longer

fibre allows more cutback measurements to be taken, which increases the number of

data points in Equation 7.14 and thus the accuracy in determining the slope. Due to

the relatively high losses of microstructured optical fibres (compared to silica fibres)

the fibre length must be short enough to have adequate power at the output (to make a

reliable measurement) but long enough to be able to make enough cutbacks to confidently

calculate the loss. Consequently balancing these criteria, for microstructured optical

fibres, usually requires initial lengths of 1 to 5 meters depending on the loss of the fibre.

7.4.2 Experimental details

The experimental setup used is shown in Figure 7.13. The light source used was a DFB

laser operating at 1.55 µm. Light from this source was collimated out and then coupled

into the test fibre. At the output end of the fibre the light was collimated out again.

An OSA was used initially to maximise the coupling into the test fibre as it has better
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sensitivity than the power meter. For the rest of the measurement the output and input

powers were measured via power meters at the positions shown on the diagram.

Care was taken with each cutback to ensure that the coupling into the fibre was not

disturbed, and that light was coupled out onto the power meter with maximum efficiency.

Figure 7.13: Experimental setup for loss measurement. The points marked Pin and
Pout show where the input and output powers were measured.

7.4.3 Results

This results of the loss measurement are shown in Figure 7.14. The linear fit through

the points gives a loss of 10.8±1.3 dB/m for the loss of the fibre. This is obviously quite

a high value, especially given that the unstructured fibres in this glass have losses of less

than 2 dB/m at 1.55 µm (see Section 3.5.5.1). However, this fibre is only the second fibre

with this structure that has ever been fabricated in this glass. The loss of the structured

fibre may be reduced quite significantly, to match the less than 2 dB/m loss of the

unstructured fibres, by improving the fibre fabrication procedure. Previous experience

within the group has indeed shown this with fluoride glass based microstructured fibres

[235].

We also see some scatter between some of the points and the linear fit, larger than the

error bars for power. This indicates that the loss of this fibre varies somewhat along its

length – again, this is due to the preliminary nature of this fibre and not a fundamental

issue with the material or structure. This variation will likely also be reduced, by more

fabrication iterations.

7.4.4 Summary of germanate HWW loss measurements

The loss of the Ge-f23 HWW was measured to be 10.8 ± 1.3 dB/m – a high value

that is due to the preliminary nature of this fibre, given that this particular geometry
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Figure 7.14: Loss curve for Ge-f23 HWW fibre, with power specified as a dB ratio
with an arbitrary reference. The black line represents a linear fit of the data; its slope

gives the loss as 10.8± 1.3 dB/m

had not been previously fabricated in this glass. Further iterations of the fabrication

procedure are expected to be able to significantly reduce this number. Unfortunately

the time frame of this research was not able to accommodate this, however this presents

an interesting opportunity for further work.

7.5 Conclusion

This chapter has presented results on some fundamental fibre characterisation exper-

iments. Results have been presented that show that the dispersion and nonlinearity

for fibres has been accurately measured, and that these values agree well with simula-

tions. This validates much of the modelling work done in earlier chapters which showed

the potential for dispersion engineering in soft glass microstructured fibres for use in

telecommunication applications.

In the next chapter, some further experimental work is presented, where HWW fibres

fabricated in SF57 were used to generate dispersive waves using a Raman generated

soliton. These experiments demonstrate how microstructured soft glass optical fibres

may be used to convert a signal at infrared wavelengths to much shorter wavelengths

via the generation of dispersive waves.





Chapter 8

Dispersive wave generation

8.1 Introduction

This chapter covers work done in collaboration with the research group led by Prof. Jay

Sharping the University of California, Merced. This collaboration presented an op-

portunity to experimentally study nonlinear effects in dispersion engineered hexagonal

wagon wheel fibres and demonstrate how these fibres may be used to generate new

wavelengths via nonlinear effects. The planned experiments hoped to show four wave

mixing and the generation of dispersive waves to demonstrate how dispersion engineered

fibres can be used to generate frequency shifted waves in the IR region. Ideal fibres were

not available for these experiments as this opportunity arose about halfway through

this research project, and thus the combination of the zero dispersion wavelength of

the fibre used in the experiments (calculated to be at 1614 nm; refer to Figure 8.4)

and available laser wavelengths did not yield significant FWM results. However the

experiments on dispersive waves did show significant frequency shifts of 250 nm to

400 nm using relatively low pump power of 100 W a short fibre length in the order of

cm.

Although the physics behind this phenomenon and the results obtained are not in

themselves novel, they are presented herein as these experiments still demonstrate how

these fibres may be used to generate new wavelengths via nonlinear effects. Additionally

the experiments were also used to validate the beam propagation model by comparing

the simulations to experimental data. This comparison is an important validation of

209
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the modelling technique, and thus an important check for the design and fabrication

process.

This chapter is organised as follows: background information on the nature of solitons

and specifically, how the dynamics of these unique pulses are related to the generation

of dispersive waves is presented in Section 8.2. Section 8.3 describes the experimental

setup used to generate solitons and then observe dispersive waves, followed by the results

of the experiment in Section 8.4. These results show that dispersive waves are generated

at wavelengths approximately 230 nm to 380 nm shorter than the Raman pump. To

understand this process better and confirm that energy was indeed being dispersed from

the soliton to shorter wavelengths the experimental data is analysed and tied back to

theory and simulations in Section 8.5. The findings from this chapter are summarised

in Section 8.6.

8.2 Background

The generation of dispersive waves is an interesting phenomenon that occurs in optical

fibres when pulses that approximately match optical solitons are coupled into the fibre.

This phenomenon (also known as nonsolitonic or Cherenkov radiation) is a consequence

of soliton dynamics that arises due to combination of nonlinear and dispersive effects

within the fibre. Dispersive waves are generated at wavelengths much shorter than the

soliton wavelength and are thus a useful method of generating new frequencies of light.

Analysis of the generation mechanism for wide band supercontinuum has also shown

that dispersive wave generation may serve as a seeding process, resulting in extremely

broad spectra, spanning many octaves from the ultraviolet all the way to the infrared

[251–253].

In general, the term ‘soliton’ refers to a wave that maintains (or periodically recovers) its

shape as it traverses through the medium. In optical media the stability of these solitons

(which are solutions to the NSE) is due to the balancing of the pulse broadening caused

by the nonlinear Kerr effect with the pulse compression caused by anomalous dispersion.

The simplest instance of this is the fundamental soliton – where, for hyperbolic secant

shaped pulses of certain widths, the broadening induced by nonlinearity is exactly

cancelled out by the narrowing effect of anomalous dispersion such that the pulse travels
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with constant temporal shape down the fibre. It is also possible to have higher order

solitons where the pulse does not maintain a constant shape but rather, at periodic

intervals (determined by the soliton order), the pulse recovers shape to match its initial

form.

Dispersive waves emerge from solitons due to the remarkable stability of these waves.

For a pulse to be a soliton, the pulse parameters must be such that the pulse narrowing

effect of anomalous dispersion is balanced by the broadening effect of nonlinearity, either

exactly (for a fundamental soliton) or periodically (for higher order solitons). What is

remarkable is that, even if a pulse only approximately matches this soliton (or if an exact

soliton solution is slightly perturbed) it will still evolve to match the closest soliton order

that approximates its shape (see Section 8.2 for a theoretical description of this process).

This behaviour has been studied analytically using perturbation theory [254, 255] and

has also been seen experimentally [256]. As the pulse shape changes to match that of

the soliton any excess energy (i.e. the energy that does not go into the soliton) is shed

and this manifests as the dispersive wave. The closeness of the pulse shape to that of

the ideal soliton determines how much energy is shed away into the dispersive wave

– the better the match, the lesser the amount of energy in the dispersive wave (and

vice versa). In addition to this, any further perturbations to the pulse (caused by, for

example, changes in loss or dispersion along the fibre length) will result in more energy

being transferred to the dispersive wave.

The wavelength at which the dispersive wave is produced depends on the dispersion

profile of the fibre. For energy to be transferred to the dispersive wave in the normal

dispersion regime, it must be phase matched with the soliton in the anomalous regime.

This is known as the resonance condition and can be used to predict where dispersive

waves may be generated (see Section 8.2.2 for more detail).

Thus, by engineering the dispersion profile of a microstructured optical fibre, one may use

dispersive wave generation as a means to transfer energy from a femtosecond pump pulse

to a desired shorter wavelength. This is useful for creating blue and ultraviolet pulses

which have many applications in spectroscopy and sensing. Additionally dispersive waves

may be used to translate the tunability of a infrared source to shorter wavelengths, in

the visible and ultraviolet regions of the spectrum.
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The transfer of soliton energy into dispersive waves also has implications for telecom-

munications systems where solitons are used to transfer information. The idea behind

using solitons to increase the performance of high speed telecommunications networks

was first proposed in 1973 [14, 257], as a way to overcome the limit imposed by dispersion

on signal bandwidth. Unless the dispersion is constant over the signal band, the signal

will distort (due to different spectral components travelling at at different speeds) – this

is especially true for high speed networks with broad signal bandwidth. However, as

solitons maintain their shape through propagation, they are essentially impervious to

dispersion related distortion and thus may be used to increase both the performance and

capacity of optical networks. Consequently, loss of pulse energy into dispersive waves is

undesirable as it lowers the peak power of the pulse, forcing it to broaden to satisfy the

soliton condition [34]

8.2.1 Solitons

As dispersive waves originate due to the pulse dynamics of a soliton propagating within

a fibre, a theoretical description of this process first requires an understanding of the

characteristics of a soliton. In particular, its form within an optical medium such as a

fibre.

The first observation of a soliton actually dates back to 19th century Britain when, in

1834, a Scottish scientist by the name of Scott Russell made a serendipitous discovery

while studying the motion of water in a canal. He was observing a boat being drawn

along the canal by a pair of horses when it suddenly stopped. This motion caused the

wave that was previously being dragged along behind the boat to build up into a ‘state

of violent agitation’ and then continue to propagate down the waterway. Russell noted

that the solitary wave maintained its shape and moved rapidly along the water as a large

solitary wave for a few kilometres. In a report published many years later he would come

to describe this phenomenon as a ‘wave of translation’ [258].

Since that time these waves have come to be known simply as solitons and have been dis-

covered and studied extensively in many branches of physics and mathematics [259, 260],

including optics [261, 262]. Optical solitons broadly fall into two categories: temporal

solitons and spatial solitons. For temporal solitons the pulse maintains either a constant

or periodic shape as it propagates over time; while for spatial solitons it is the transverse
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profile of the beam that is either constant or periodic (due to a balance of the optical

Kerr effect and diffraction) [263]. Temporal solitons can also either classed as bright or

dark based on their intensity profile: bright solitons are just regular pulses (i.e. bumps

in intensity) whereas dark solitons refer to pulses of optical ‘darkness’ (i.e. dips in

intensity) that may exist within a wave [264, 265]. In the context of this work, bright

temporal solitons are what is of interest and henceforth the term soliton refers to these.

The analytical form of the soliton is derived from the nonlinear Schrödinger equation

(given earlier in Equation 5.1) using the inverse scattering method [266]. There are, in

general, an infinite number of soliton solutions to the NSE. However, to summarise the

features of these solitons, it is sufficient to consider a pulse with initial form (i.e. at

propagation distance z = 0) given by [34]

U(0, T ) = N sech(T ), (8.1)

where the parameter T refers to the (retarded) time frame of the pulse, given by the

relation

T = t− z

vg(ω0)
, (8.2)

where ω0 is the central pulse frequency and vg(ω0) is the group velocity of the pulse –

physically, this time parameter T is a measure of time from the pulse centre.

N is an integer that specifies the order of the soliton (which relates to the number of

poles in the direct scattering problem used to solve the NSE for the soliton). It is given

by

N2 = γ
P0T

2
0

|β(2)(ω0)|
, (8.3)

where P0 the initial peak power, T0 is the initial pulse width, γ is the nonlinear coefficient

and β(2)(ω) is the second order derivative of the propagation constant β(ω).

For the fundamental soliton N = 1 and it increases in integer values for higher order

solitons (N = 2 for the second order soliton, N = 3 for the third order soliton and so
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on). This soliton order specifies the relationship between pulse width and amplitude via

Equation 8.3 – to launch a soliton of order N , the pulse parameters on the right hand side

of this equation must evaluate to the value of the soliton order required; alternatively,

for a given set of pulse parameters the soliton order is given by the solution to this

equation.

As noted earlier, a remarkable property of solitons is that even if the pulse shape only

approximately matches that of a soliton (i.e. N does not exactly evaluate to an integer)

it will still evolve to match the soliton order that corresponds to the integer closest to

the value of N . Indeed numerical pulse propagation based on the NSE can be used to

show that a pulse of the form given in Equation 8.1 with 0.5 < N < 1.5 will eventually

form a fundamental soliton [34]. This also applies generally to all soliton orders, i.e. for

any integer value of N, a pulse with (N − 0.5) < N < (N + 0.5) will evolve to a soliton

of order N . This behaviour may be explained using perturbation theory [254, 255] and

has also been seen experimentally [256].

Physically, the formation of solitons in optical fibres occurs due to a combination of

anomalous dispersion and Kerr nonlinearity acting on the pulse. For a fundamental

soliton the pulse broadening due to the nonlinearity is countered by the pulse contraction

caused by the anomalous dispersion in such a way that the pulse propagates with

a constant shape. For higher order solitons the interplay between nonlinearity and

dispersion is oscillatory – the pulse broadens, then contracts before broadening again in

a repeating pattern that has a fixed period, determined by the soliton order.

8.2.2 Dispersive wave generation

If a pulse with a hyperbolic secant shape matching Equation 8.1 and pulse parameters

such that N > 1 is launched into an optical fibre, it will propagate as a higher order

soliton – which is an unstable, degenerate solution of the NSE [267]. Once the higher

order soliton forms, it is perturbed by a combination of dispersion and the nonlinear

response, which leads to an effect known as self steepening (or the self frequency shift)

of the soliton [268, 269]. Since the higher order soliton solution is not stable in the

presence of perturbations [270, 271], a process known as soliton fission then occurs.

During soliton fission the soliton of order N first decays into an order N−1 soliton and a

fundamental soliton. This process then continues for the remaining higher order solitons
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until the initial soliton of order N has split a set N fundamental solitons. Essentially,

self steepening breaks the degeneracy within the higher order soliton, releasing it from

the bound state to its constituent fundamental solitons [34, 267].

Dispersive waves are generated during this soliton fission process and also arise from

further perturbations to the fundamental solitons – they essentially manifest due to the

energy that leaks from the perturbed solitons. The wavelength at which these dispersive

waves are generated may be predicted analytically by solving the nonlinear Schrödinger

equation. This process is summarised here using the results and formalism presented in

References [272, 273].

In the presence of perturbations, the NSE may be written as

i
∂U

∂z
+

1

2

∂2U

∂T 2
+ |U |2U = εP̂ (U), (8.4)

where the perturbative operator P̂ has been included in the right hand side, along with

the parameter ε which determines the magnitude of the perturbation – for solitons to

exist, this parameter must be below a certain threshold [274]. Note that in Equation 8.4

T again refers to the reference frame of the pulse as in Equation 8.2.

The general solution to Equation 8.4 is of the form

U(z, T ) = A(z) sech[A(z)(T − q(z))] exp[iφ(z)− iδT ], (8.5)

where parameters have been introduced that correspond to physical pulse parameters

such as pulse amplitude A, frequency δ, peak position q and phase φ. These parameters

may be solved by using a variety of perturbation techniques 1 that result in a set of four

ordinary differential equations – one for each parameter. The details of these derivations

include quite complex mathematics and is beyond the scope of this work, however details

may be found in References [272, 273, 275].

If the perturbation is assumed to be due to the effect of the third order dispersion, the

perturbative term in Equation 8.4 becomes

1Methods for solving the perturbed NSE include the adiabatic perturbation method, the perturbed
inverse scattering method, the Lie-transform method and the variational method [273]
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P̂ = i
∂3

∂T 3
. (8.6)

This relation, coupled with the ordinary differential equations for the pulse parameters

may then be used to obtain an expression for the soliton wave number; while the wave

number of the dispersive wave is found by substituting the form of a linear dispersive

wave, exp[i(kDW z + ωt], into Equation 8.4 and neglecting the nonlinear term (again

details may be found in References [272, 273, 275]). The phase terms for the soliton and

linear dispersive waves may be equated to obtain the phase matching condition which

gives [272, 276]

β(ωS)− β(ωDW ) =
ωS
vg,s
− (1− fR)γPS −

ωDW
vg,s

= 0, (8.7)

where ωDW is the central angular frequency of the dispersive wave, ωS is that of the

soliton, β is the propagation constant, vg,s is the group velocity at the soliton frequency,

γ is the nonlinear coefficient, PS is the soliton peak power and fR is the Raman fraction

(which accounts for the fractional contribution of the Raman response). This relation

may be used to predict the wavelength at which dispersive waves are generated.

In the absence of perturbations the right hand side of Equation 8.4 is simply zero and

the general solution may be written as

U(z, T ) = A sech(AT ) exp(ikSz), (8.8)

where the z dependence of the pulse amplitude has been dropped as the pulse amplitude

remains constant. The wave number of this soliton is kS = A2/2 [272]; while a dispersive

wave of the form exp[i(kDW z+ωt] has a wave number kDW = −1
2ω

2 [272] – as kDW < 0

and kS > 0 the soliton can never be phase matched to the dispersive wave and is therefore

stable. The effect of perturbations is to add an O(ε) term to the linear wave number that

allows the dispersive wave to be phase matched to the soliton – thus enabling energy

from the soliton to be transferred to radiation at ωDW

While Equation 8.7 is an useful analytical predictor of where dispersive waves may be

generated, it only includes the effect of dispersive perturbations, up to third order. It is
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really only valid when soliton fission is the governing decay process for the initial higher

order soliton. As the soliton power increases, higher order β(n) terms and nonlinearity

have an increasing effect, which changes the wavelength of the dispersive wave.

Higher order dispersion, for instance, has the effect of red-shifting the dispersive waves

to longer wavelengths [252]. On the other hand, it has also been shown that nonlinear

effects such as cross phase modulation result in a blue shift. Where dispersive waves

are part of the supercontinuum seeding precess, this has the effect of extending out the

spectrum into shorter wavelengths [252, 277].

A surer means of predicting the location of the dispersive waves is to solve the NSE

numerically as this takes into account higher order dispersion and nonlinear effects. In

Section 8.4 this numerical investigation is performed and the results are compared to

those obtained experimentally.

8.3 Experimental details

The experimental setup consisted of two parts – a 500 m length SMF silica fibre and

the nonlinear microstructured fibre. The silica fibre was used to generate a soliton pulse

using stimulated Raman scattering, which was then injected into the MOF and used to

generate dispersive waves. A diagram of the experimental setup is shown in Figure 8.1

The soliton is generated in the silica fibre via the stimulated Raman scattering (SRS)

phenomenon [176] – where the interaction of the strong pump wave with the vibrational

modes of medium scatters photons into a frequency down shifted Stokes wave. The

Stokes wave then continues to propagate down the fibre and may be used for many

applications, notably spectroscopy [169–171] and in the making of Raman lasers [172,

173] and amplifiers [174, 175].

The wavelength at which the Stokes wave is formed depends on the Raman gain spectrum

of the medium [278, 279] which is given by the Raman gain coefficient, plotted as

a function of frequency shift (relative to the pump). This spectrum determines the

frequencies for which the gain of the Stokes wave is highest. We may describe the

evolution of the Stokes wave and pump wave by
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Figure 8.1: Experimental setup for dispersive wave generation. An OPO was used
to pump a 500 m length of silica SMF to generate a Raman soliton which was then
injected into a soft glass MOF test fibre to generate dispersive waves. The OPO beam
is coupled into the SMF at the point A, the Raman soliton is coupled into the test fibre
at the point B and the final spectra with the dispersive waves are measured by coupling

the light into an OSA at point C.

dIs
dz

= gRIsIp − αsIs, (8.9)

dIp
dz

= −λs
λp
gRIpIs − αpIp, (8.10)

where Ip, Is and αp, αs refer to the intensity and loss at the pump and Stokes wavelengths

(the subscripts p and s denote the pump and Stokes waves, respectively), gR is the

Raman gain coefficient and z is the propagation axis. The terms containing α in the

equations above account for the fibre losses and pump depletion, which reduces the

energy available to be transferred to the Stokes wave. In addition to this, any remaining

energy not transferred to the Stokes is lost as phonons into the fibre – this manifests as

heat within the fibre and may even cause damage [176].

The resulting Raman gain spectrum looks like that in Figure 8.2, which shows the

well known Raman gain for fused silica glass (this data was obtained from Reference

[8]). Spontaneous Raman scattering occurs across the bandwidth of the spectrum

(approximately 40 Thz in this case). However, since the gain is highest for those photons

near the peak of gR, the intensity rises exponentially at this point, once the Raman

threshold has been reached [34, 176].

For an input pump pulse in the anomalous dispersion regime of the fibre the generated

Raman pulse can, under the right conditions, continue to propagate along the fibre

as a fundamental soliton. For this to occur the propagation distance at which the

Raman pulse forms must also be approximately the point at which the pump pulse has
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Figure 8.2: Raman gain spectrum for fused silica, normalised to the maximum gain [8].
Note that the pump and Stokes are polarised along the same axis for this measurement

and thus this represents the maximum Raman gain possible for this material.

been compressed (by the anomalous dispersion) to its minimum temporal width – in

such a scenario almost all the energy from the Raman pulse may be transferred to the

fundamental soliton [34]. In quantitative terms, this condition is said to be met when

the dispersive length of the fibre LD is approximately equal to the walk off length LW ;

these parameters being defined as

LD =
T 2

0

|β(2)
p |

, (8.11)

LW =
T0

|d|
, (8.12)

where T0 is the initial width of the pump pulse, β
(2)
p is the second order derivative of the

pump propagation constant (evaluated at the pump frequency) and d accounts for the

difference in the group velocity of the pump vg,p and the group velocity of the Raman

pulse vg,r by the relation

d = vg,p − vg,r. (8.13)
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For the condition LD ≈ LW to be met, the input pump pulses must be of a certain

width, determined by the dispersion of the fibre – for silica, this is approximately a few

100 fs [34]. Thus, by pumping the fibre with pulses of the appropriate width, the SRS

effect may be used as a method to generate high powered solitons.
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Figure 8.3: The spectrum obtained from the SMF spool, i.e. measured at the point
B in Figure 8.1, with power specified as a dB ratio with an arbitrary reference. The
generated Raman soliton is seen at approximately 1650 nm. This soliton (along with

the residual pump) was used as input to the MOF to generate dispersive waves.

In this experiment, the silica fibre was pumped by the output from a laser driven optical

parametric oscillator (OPO), which produces a 300 fs pulse train at 80 Hz with an

average power of 100 mW and a central wavelength that may be tuned from 1100 nm

to 1700 nm. The width of these pulses is ideal for the generation of Raman solitons so

the pump wavelength was set to 1550 nm (which is in the anomalous GVD region for

SMF fibre) and used to generate a Raman soliton at around 1650 nm.

The wavelength of the Raman soliton was tuned by moving the pump wavelength,

however this also affected the pump power within the fibre as it changed the effectiveness

of the coupling of the pump into the fibre. Consequently each time the pump wavelength

was tuned both the pump power and wavelength changed – both parameters affect the

wavelength of the soliton as increasing pump power results in more intrapulse Raman

scattering [280, 281] – a form of self induced SRS. In this case, the pump pulse broadens

(in frequency) initially and the long wavelength side of the spectrum acts as a seed for

Raman amplification, drawing energy from the blue tail of the spectrum. As the pulse
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continues to propagate down the fibre energy is continually funnelled from the short

wavelength side to the long wavelength side via the Raman shift, thus moving it to

longer wavelengths. This is referred to as the soliton self frequency shift [268, 282, 283].

The combination of intrapulse Raman scattering and the soliton self frequency shift

have proven to be a extremely useful method by which to generate tunable lasers with

narrow temporal width pulse trains [284–287]. The work of Hartig and Schmidt in

Reference [285] is particularly notable as they demonstrate a Raman laser pumped by

a high power dye laser and tunable without gaps over an extremely broad wavelength

range of 0.7 µm to 7 µm.

In this experiment, the Raman soliton was tuned within the silica fibre over a range of

approximately 1650 nm to 1750 nm (some of this soliton tuning is shown in in Figure 8.5).

This soliton pulse was then used as input into a hexagonal wagon wheel type MOF and

used to generate dispersive waves.

The HWW fibre used in this experiment was originally fabricated by a colleague, Wen

Qi Zhang, for coherent supercontinuum generation in the infrared [197, 207]. This fibre

was made with commercially available SF57 glass and is shown in Figure 8.4 along with

its dispersion profile.

Figure 8.4: The dispersion profile of the SF57 HWW fibre used in the experiment.
The zero dispersion wavelength is at 1614 nm. The inset shows a cross section of the

fibre core region.

The dispersion curve in Figure 8.4 shows that this fibre has a zero dispersion wavelength

of 1614 nm, which means the Raman solitons generated in the silica MOF would all be in
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the anomalous dispersion regime of the fibre and would thus propagate as higher order

solitons in the MOF.
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8.4 Results

As described earlier, the experiment consisted of two stages. In the first stage a Raman

soliton was generated in a 500 m length of SMF fibre by pumping the fibre with a 300 fs

pulse from an OPO; while in the second stage the Raman soliton was coupled into a

SF57 MOF to generate dispersive waves.

Results from the first stage of the experimental setup (i.e. at the point marked B in

Figure 8.1,) are shown in Figure 8.5. This figure shows that the central wavelength of

the soliton could be tuned by varying the pump wavelength from the OPO 2. Indeed

the wavelength of the soliton is extremely sensitive to the position of the pump peak

– changes in the pump peak over a range of less than 3 nm, are sufficient to tune

the Raman soliton over a 50 nm range. Further tuning of the Raman soliton, into

longer IR wavelengths would have been possible, however this experiment was limited

to wavelengths less than 1768 nm due to the detection limit of the spectrum analyser.
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Figure 8.5: The effect of varying both pump power and wavelength (simultaneously)
on the position of the Raman soliton, with power specified as a dB ratio with an
arbitrary reference. The inset shows a zoomed-in version of the pump peak, highlighting
how relatively small changes to the pump wavelength λP and power were used to tune
the soliton peak over a 50 nm range. The cut-off in the spectrum at 1768 nm is due to

the detection limit of the OSA.

Once successful generation of the Raman soliton was observed, the light was coupled

into the MOF. The wavelength of the Raman soliton was then varied and the spectrum

2as changing the OPO wavelength also affects the coupling into the SMF simultaneous variation of
the pump wavelength and power was unavoidable
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from the output of the MOF was measured each time via the OSA (this spectrum is

measured at the point labelled C in Figure 8.1). The results are shown in Figure 8.6.

It shows the Raman soliton in the wavelength range from 1680 nm to 1780 nm and

the generated dispersive waves in the 1350 nm to 1450 nm region. The residue of the

pump is also observed at around 1560 nm. Ideally the pump residue would have been

filtered from the spectrum before the light was coupled into the MOF stage but, due to

equipment constraints at the time of making these measurements, an appropriate filter

was not available.
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Figure 8.6: Results from the experiment showing dispersive waves generated in the
soft glass MOF in the wavelength region from 1350 nm to 1450 nm when pumped with
solitons in the 1680 nm to 1780 nm range. The spectral power is specified as a dB ratio
with an arbitrary reference. The central peak of the soliton λS is given in the legend.
The residue of the OPO pump that was used to generate the soliton is also seen at

around 1560 nm, as equipment to filter this residue was unavailable at the time.

These spectra in Figure 8.6 show clear signs of soliton dynamics – we see that, as the

soliton moves to longer wavelengths, the generated dispersive waves move to shorter

wavelengths, as expected.

To better understand the nonlinear effects occurring within the MOF the propagation

of the Raman soliton was simulated using the generalised NSE. This pulse propagation

algorithm is the same one used to obtain the results shown in Chapter 5 (see Section 5.2

for details on the pulse propagation model).
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8.5 Comparison to theory and simulations

When analysing these results for dispersive waves, a first point of comparison is the

resonance condition given in Equation 8.7. This equation may be used to analytically

predict the position of dispersive waves, given a set of pump waves and fibre dispersion.

However, as mentioned earlier, simplifications (such as no 4th order or higher dispersion)

were made in deriving this relation. A full pulse propagation model of the NSE, on the

other hand, may be expected to provide better agreement with experimental results

since it includes many of the effects not considered in the analytical description (such

as higher order dispersion).

To effectively model the soliton dynamics within the MOF using the pulse propagation

model the input conditions to the fibre must first be determined, i.e. the central

wavelength, pulse width and peak power of the soliton at the fibre input.

Due to the fact that the SMF was butt-coupled into the soft glass MOF measuring these

soliton parameters directly was not possible – doing so would require recoupling the SMF

to the MOF each time. This recoupling would result in a different coupling coefficient

(between the SMF and the MOF) each time and thus render the results incomparable.

The soliton parameters were instead approximated by first calibrating the output spectra

from the MOF, using this to quantify the power of the soliton at the output end of the

fibre, and then working back using the (previously measured) fibre loss and length to

calculate the input power.

The OSA was calibrated using an IR power meter and the output spectrum from the

SMF stage (i.e. at point B in Figure 8.1). This spectrum, shown in Figure 8.7, was

measured at the start of the experiment, before the SMF was first butt-coupled into

the MOF. Any of the output spectra from the MOF could also have been used for

calibration, but since they have much lower average power they result in less accurate

readings on both the power meter and, to a lesser extent, on the OSA.

The process of calculating the soliton parameters was as follows.

1. The energy of the spectrum is calculated using the measured average power and

the known value of the OPO pulse repetition rate.
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Figure 8.7: The power spectrum measured after the SMF. The red dotted lines
indicate the spectral edges of the soliton.

2. The energy of the soliton is calculated by integrating the area of the spectrum

corresponding to the soliton and comparing it to the total integral.

3. The temporal width of the soliton is calculated by fitting a fundamental soliton

form to the soliton spectrum and performing a Fourier transform of the fitted sech2

pulse to the time domain.

4. The peak power of the soliton is then evaluated by integrating the fitted soliton

from the previous step such that it matches the soliton energy calculated in step 2.

For example, applying the procedure above to the calibration curve in Figure 8.7 yields

the following results: The power reading for this spectrum is 36 mW which, coupled

with the 75 MHz repetition rate of the OPO source, gives an average power of 480 pJ

per pulse, across the spectrum. The region of the spectrum corresponding to the soliton

(demarcated by the vertical dashed lines in Figure 8.7) is 75% of the total integral,

which implies that the average power of each soliton pulse is 360 pJ. Fitting a sech2

pulse to the soliton spectrum (as demonstrated in Figure 8.8) and transforming to the

time domain then gives a full width at half maximum value for the soliton of 131 fs.

Finally integrating this to give a pulse with 360 pJ of energy gives a peak power of

approximately 1330 W.
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Figure 8.8: Normalised soliton spectrum along with the theoretical pulse fit used
to calculate the pulse width. The fitted pulse may be transformed back to the time

domain to obtain the pulse width, calculated to be 131 fs for this pulse.

The procedure described above was applied to each of the spectra from Figure 8.6 to

calculate the peak power and width of the soliton at the output end of the MOF. The

peak power at the input end of the fibre was then calculated by using Equation 4.2

and the known values for the fibre length and loss – 27 cm and 4.5 dB/m, respectively.

These results are summarised in Table 8.1, which also gives the values for the central

wavelength for the soliton and dispersive wave peaks, extracted from the spectra.

Soliton Dispersive wave

Peak (nm) Energy (pJ) Pavg,out (µW) Ppeak,out (W) Ppeak,in (W) Peak (nm)

1675 12.54 0.940 84.37 111.6 1441

1697 13.36 1.002 89.86 118.9 1420

1712 12.98 0.974 87.31 115.5 1402

1732 13.58 1.018 91.32 120.8 1392

1751 13.25 0.994 89.10 117.9 1381

1755 13.54 1.017 91.08 120.5 1375

1751 10.37 0.777 69.72 92.22 1379

1757 12.84 0.963 86.33 114.2 1372

Table 8.1: This table shows the measured peak wavelength for the soliton (first
column) and dispersive wave (last column) for the experimental dataset shown in
Figure 8.6. The table also shows the calculated power values for the soliton. These
values for the input peak power, Ppeak,in, were used in a pulse propagation model to

match numerical data to the experiment.
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The calculated values for soliton wavelength and peak power shown in Table 8.1 were

used to build an input pulse profile that could then be fed into the pulse propagation

algorithm. This modelling exercise was used to confirm that the short wavelength peaks

in the experimentally observed spectra were indeed dispersive waves generated by the

soliton. Along with the input pulse profile, the other major inputs to this model were

the fibre dispersion, nonlinearity, length and loss.
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(c) λS = 1712 nm
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(d) λS = 1732 nm

1300 1350 1400 1450 1500 1550 1600 1650 1700 1750
−60

−40

−20

0

Wavelength (nm)

P
 (

d
B

)

 

 

Simulation

Experiment

(e) λS = 1751 nm
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(f) λS = 1755 nm
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(g) λS = 1751 nm
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Figure 8.9: Comparison of experimental spectra to simulations. For each soliton
wavelength λS the corresponding spectrum from Figure 8.6 is overlaid with a spectrum
obtained by running a pulse propagation model for a soliton at the same wavelength,

with the input pulse parameters from Table 8.1.

The resulting data is shown in Figure 8.9. Each subfigure contains an experimentally

measured spectrum from Figure 8.4 overlaid with a simulated spectrum, where the

central wavelength of the soliton used in the simulation was set to match that of the

experiment and the peak power was set based on the calculated values in Table 8.1. For

example, Figure 8.9(a) contains the red curve from Figure 8.6, overlaid with a spectrum

obtained by simulating the propagation of a soliton at λS = 1675 nm with a peak power

of 111.6 W.

Note that the spectra from the simulations do not have a peak in the 1550 nm to 1560 nm
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region corresponding to the residual pump (from the SMF stage of the experiment), as

the input to the simulation contained only the soliton.

We see from this figure that there is good agreement between the wavelength of the

dispersive wave peaks of the numerical curves and the experimental curves, especially

for longer soliton wavelengths. However the power of the dispersive waves seem to be

higher in the simulation curves, compared to the experimentally observed curve. This is

possibly due to the approximations used in calculating the peak power of the soliton. As

a suitable broad band source was unavailable at the time of making these measurements,

the loss of the fibre in the simulations is set to a constant value of 4.5 dB/m across the

spectrum, based on a spot measurement of the loss at approximately 1560 nm. This is

of course not exactly representative of the loss experienced by the dispersive waves in

the experiment. Due to the relatively short length of fibre used in this experiment a

cutback experiment to measure the actual fibre loss was not possible – this data may

further improve the agreement between experiment and simulation, by providing more

accurate values to the model inputs.

In addition to matching individual soliton wavelengths from Figure 8.6, simulations were

also run for a range of evenly spaced soliton wavelengths, with a peak power of 114 W

– which is the average of the soliton input peak powers in Table 8.1. This enabled us

to construct a curve of predicted dispersive wave peak wavelengths, as a function of the

soliton wavelength, based on the numerical model.

In Figure 8.10 the experimental data is plotted with both predictive curves – the

analytical one obtained from Equation 8.7 and the numerical one obtained via numerical

modelling of the NSE within the fibre. In obtaining the analytical curve fR = 0.2 was

assumed for the Raman fraction of the SF57 [288] glass. We see that there is much better

agreement between the numerical curve and the experimental data. As mentioned before,

this is expected as this model takes into account factors like higher order dispersion that

the simplified analytical model cannot.

8.6 Conclusion

This chapter presented a detailed study of the generation of dispersive waves in dis-

persion engineered microstructured optical fibres. The results show that the use of a
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Figure 8.10: Comparison of the dispersive wave peaks observed experimentally, to
those predicted by Equation 8.7 (black line) and those from a numerical model of the

NSE (blue line).

soliton shaped pulse with a peak power of just over 100 W is sufficient to generate

dispersive waves at much shorter wavelengths. In these experiments soliton pulses in

the wavelength range from approximately 1680 nm to 1780 nm were used to generate

dispersive waves between 1350 nm to 1450 nm. As the soliton peak moved towards longer

wavelengths the dispersive wave peak was observed to move towards shorter wavelengths,

leading to approximate wavelength shifts of 230 nm to 380 nm. This was done using a

SF57 soft glass fibre of only 27 cm in length which was engineered to have anomalous

dispersion in the near infrared region.

The relatively low pump power of just over 100 W, along with the wide shift of 250 nm

to 400 nm and short fibre length of 27 cm further demonstrate the potential these glasses

have for nonlinear device applications. It is worthwhile to note that the fibre used in

these experiments was not specifically designed for this purpose.
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Conclusion

The research documented in this thesis explored the use of the enhanced optical nonlin-

earity and dispersion engineering possible in soft glass microstructured fibres as a basis

for developing devices for broadband telecommunications applications at 1.55 µm. Two

applications were considered in this research, namely multicasting and phase sensitive

amplification – both of which are signal processing applications that are important to

the realisation of all optical networks. This work studied how combining the inherently

high material nonlinearity of soft glasses with a tailored dispersion profile, achieved by

using a genetic algorithm to optimise the microstructured fibre geometry, can enable

a fibre design with a high gain prevalent over a very broad band. Modelling of these

fibre designs suggested that these fibres could be used to perform the multicasting and

phase sensitive amplification signal processing applications at the extremely high bit

rate of 640 Gb/s – speeds that are expected to become common in next generation

communication networks.

The main aims of this work were to improve the understanding of how dispersion

engineering in soft glasses, using a genetic algorithm optimisation method, can be used

to develop a tailored fibre design for each application; and progress the development of

the designed soft glass fibre for potential use in a nonlinear telecommunications device.

Significant progress has been made towards the ultimate aims of this project, notably.

• The development of a novel tellurite fibre design with a high nonlinearity of

1789 W−1km−1 at 1550 nm and a low dispersion profile – where the dispersion

233
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only varies from -2.87 ps−1nm−1km−1 to 0.29 ps−1nm−1km−1 over the wavelength

rage from 1450 to 1650 nm.

• The development of a novel bismuth fibre design with high nonlinearity of

1099 W−1km−1 at 1550 nm and low dispersion of 0.14 ps−1nm−1km−1 at 1550 nm.

Computational modelling of this fibre design was used to demonstrate the capab-

ility of this fibre to achieve broadband PSA of high bandwidth signals at 1550 nm.

• The measurement of fibre dispersion that correlates well with modelled values,

demonstrating the accuracy of the modelling technique.

• The fabrication and characterisation of a novel set of germanate glasses for non-

linear applications. The measurement of the nonlinear index of this glass, in

particular, is significant as little data exists in the literature on the measurement

of the nonlinearity of such glasses.

• The fabrication of a hexagonal wagon wheel fibre in germanate glass – the first

time such a fibre design has been fabricated in this novel material.

• Dispersive wave generation, with an approximately 230 nm to 380 nm wavelength

shift, in a microstructured fibre similar to the designs developed here. This shows

the potential for signal regeneration in these fibres.

Considerable progress was made in the development of nonlinear fibre designs with broad

parametric gain bandwidth. These fibre designs were obtained using a hybrid, hexagonal

wagon wheel fibre design which was optimised via a genetic algorithm. This optimisation

procedure allowed for extremely fine tuning of the dispersion which, coupled with the

high nonlinear index of the substrate glass used in the design, led to fibre designs with

extremely broad characteristics.

Significant progress was also made in the development and characterisation of a novel

nonlinear glass – namely lead germanate glasses that, when compared with other infrared

transmitting high index glasses (such as tellurites), stand out for having the desirable

properties of low phonon energy and high refractive index and nonlinearity without

compromising on fibre stability. The measurement of the nonlinearity of is particularly

important as relatively little information on the nonlinear properties of this glass family

exits in the literature.
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While the successful fabrication of the fibre designs produced in the early stages of

this research was not achieved, valuable insight was gained into the fabrication process

for such designs. Some progress was made with the fabrication of a simplified HWW

structure in the novel germanate glass. But the fabrication of the optimised structure

in either the tellurite fibre for multicasting or the bismuth fibre for PSA ultimately,

unsuccessful. For the original bismuth based fibre design for PSA unanticipated issues

with the supplier of the bismuth oxide glass meant that the fabrication strategy for this

design had to be altered to use tellurite instead.

The main reason for being unable to fabricate the HWW fibre design in tellurite was an

inability to produce a preform with a suitable structure to be drawn down into fibre. The

initial preforms were not fused properly and had structural deformations that resulted in

the inner holes not being in the correct position. The issue of glass fusion was rectified

through an altered die design and a change to the extrusion conditions, however the

issue of the inner hole deformation remained.

Even when the fabrication process moved on to use the germanate glasses the issue of

the inner holes drifting from their intended positions during the extrusion remained.

This suggests a flaw in the die design that was causing the glass flow during extrusion

to push these holes towards the edge of the suspended core region. This is currently

being investigated and provides scope for some future work (discussed in the following

section).

In addition to the achievements made in fibre design and development of materials, im-

portant experimental work was also done in this research. This included characterisation

of key optical properties such as the measurement of nonlinearity in a germanate fibre (a

first for this particular germanate composition and one of the few direct measurements

overall of the nonlinear refractive index in germanate glasses) and the measurement of

dispersion in a tellurite fibre. In addition to this, nonlinear effects in HWW fibres were

characterised by generating dispersive waves for the first time in a SF57 HWW that

had been fabricated previously. The data from this experiment was shown to have good

agreement with modelling data, thereby indicating confidence in the modelling process.
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9.1 Future work

Considerable progress was made during this work towards the development of nonlinear

fibres for broadband telecommunications applications. However there remains potential

for future work, based on the results presented herein.

Further fabrication trials are needed to resolve the deformation of the inner hole ar-

rangement observed in the HWW fabrication trials (Sections 6.4 and 6.5). This process

could be aided by computational modelling of the glass flow dynamics through the die

structure. One possible solution would be to increase the distance between the inner

holes and the edge of the suspended core region to allow for more glass to flow around

the pins in the die that correspond to the inner holes. The current design has more glass

flow on the inside of these pins, which could be the reason for the holes drifting out.

This would of course change the design of the fibre and would thus mandate a change

in the design and optimisation procedure to, for example, stipulate a minimum distance

between the inner holes and the edge of the suspended core region.

The fibre drawing attempts of the germanate fibre (Section 6.6) revealed a high surface

tension in this glass. Further work needs to be done to accurately quantify how this

high surface tension affects the fibre draw parameters. The fabrication process for these

glasses may also need to be altered in order to have larger holes in the preform and cane

– this may mitigate hole collapse during the fibre draw and allow for the fibres to be

drawn under self pressurisation.

The dispersion measurement experiments on the bismuth and tellurite suspended core

fibres (Section 7.2) demonstrated a setup that could be used to accurately measure the

dispersion for such microstructured fibres. However the accuracy of some experimental

points were low, mainly due to the high signal to noise ratio of the interferogram obtained

at these wavelengths. This experimental setup could be improved by replacing the 50:50

input beam splitter with, for instance, a 90:10 beam splitter that would send 90% of

the beam to the fibre arm, which has a significantly higher loss than the air arm. This

would allow for more light to be present at the output of the interferometer, improving

the visibility and signal to noise ratio of the interferogram and thus also improving

the accuracy of the fitting procedure that is used to calculate the dispersion. This

measurement could also be extended to more complex MOFs.
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genide glasses with large non-linear refractive indices. Journal of Non-Crystalline Solids,

239(1-3):139–142, October 1998. ISSN 00223093. doi: 10.1016/S0022-3093(98)00730-3.

URL http://www.sciencedirect.com/science/article/pii/S0022309398007303.

[150] Xin Jiang, Joris Lousteau, and Animesh Jha. The Structural, Thermal, and Optical

Analyses of Multicomponent Germanium Oxide Glasses for Engineering Mid-Infrared Fiber

Chemical Sensing. Journal of the American Ceramic Society, 93(10):3259–3266, October

2010. ISSN 00027820. doi: 10.1111/j.1551-2916.2010.03913.x. URL http://doi.wiley.

com/10.1111/j.1551-2916.2010.03913.x.

http://ol.osa.org/abstract.cfm?URI=ol-32-6-638
http://ol.osa.org/abstract.cfm?URI=ol-32-6-638
http://www.opticsexpress.org/abstract.cfm?URI=oe-17-3-1919
http://www.opticsexpress.org/abstract.cfm?URI=oe-17-3-1919
http://ieeexplore.ieee.org/xpls/abs_all.jsp?arnumber=1073278' escapeXml='false'/>
http://ieeexplore.ieee.org/xpls/abs_all.jsp?arnumber=1073278' escapeXml='false'/>
http://www.opticsexpress.org/abstract.cfm?URI=oe-14-12-5038
http://ieeexplore.ieee.org/xpls/abs_all.jsp?arnumber=4858544' escapeXml='false'/> http://ieeexplore.ieee.org/xpl/articleDetails.jsp?arnumber=4858544
http://ieeexplore.ieee.org/xpls/abs_all.jsp?arnumber=4858544' escapeXml='false'/> http://ieeexplore.ieee.org/xpl/articleDetails.jsp?arnumber=4858544
http://ieeexplore.ieee.org/xpls/abs_all.jsp?arnumber=4858544' escapeXml='false'/> http://ieeexplore.ieee.org/xpl/articleDetails.jsp?arnumber=4858544
http://www.sciencedirect.com/science/article/pii/S0022309398007303
http://doi.wiley.com/10.1111/j.1551-2916.2010.03913.x
http://doi.wiley.com/10.1111/j.1551-2916.2010.03913.x


Bibliography 255

[151] Xin Jiang, Joris Lousteau, Billy Richards, and Animesh Jha. Investigation on germanium

oxide-based glasses for infrared optical fibre development. Optical Materials, 31(11):1701–

1706, September 2009. ISSN 09253467. doi: 10.1016/j.optmat.2009.04.011. URL http:

//dx.doi.org/10.1016/j.optmat.2009.04.011.

[152] A. Winterstein, S. Manning, H. Ebendorff-Heidepriem, and L. Wondraczek. Luminescence

from bismuth-germanate glasses and its manipulation through oxidants. Optical Materials

Express, 2(10):1320–1328, August 2012. ISSN 2159-3930. doi: 10.1364/OME.2.001320.

URL http://www.opticsinfobase.org/ome/abstract.cfm?URI=ome-2-10-1320.

[153] Xin Jiang, Joris Lousteau, Shaoxiong Shen, and Animesh Jha. Fluorogermanate

glass with reduced content of OH-groups for infrared fiber optics. Journal of Non-

Crystalline Solids, 355(37-42):2015–2019, October 2009. ISSN 00223093. doi: 10.1016/

j.jnoncrysol.2009.04.069. URL http://www.sciencedirect.com/science/article/pii/

S0022309309004190.

[154] Aoxiang Lin, Aleksandr Ryasnyanskiy, and Jean Toulouse. Fabrication and characteriza-

tion of a water-free mid-infrared fluorotellurite glass. Optics Letters, 36(5):740–742, March

2011. ISSN 1539-4794. URL http://www.ncbi.nlm.nih.gov/pubmed/21368967.

[155] M. F. Churbanov, A. N. Moiseev, A. V. Chilyasov, V. V. Dorofeev, I. A. Kraev, M. M.

Lipatova, T. V. Kotereva, E. M. Dianov, V. G. Plotnichenko, and E. B. Kryukova.

Production of high-purity TeO2-ZnO and TeO2-WO3 glasses with the reduced content

of OH-groups. Journal of Optoelectronics and Advanced Materials, 9(10):3229–3234, 2007.

ISSN 1454-4164. URL http://cat.inist.fr/?aModele=afficheN&cpsidt=19165402.

[156] Heike Ebendorff-Heidepriem, Kevin Kuan, Michael R. Oermann, Kenton Knight, and

Tanya M. Monro. Extruded tellurite glass and fibers with low OH content for mid-infrared

applications. Optical Materials Express, 2(4):432–442, March 2012. ISSN 2159-3930. doi:

10.1364/OME.2.000432. URL http://www.opticsinfobase.org/viewmedia.cfm?uri=

ome-2-4-432&seq=0&html=true.

[157] Meisong Liao, Chitrarekha Chaudhari, Guanshi Qin, Xin Yan, Takenobu Suzuki, and

Yasutake Ohishi. Tellurite microstructure fibers with small hexagonal core for super-

continuum generation. Optics Express, 17(14):12174–12182, July 2009. ISSN 1094-4087.

doi: 10.1364/OE.17.012174. URL http://www.opticsexpress.org/abstract.cfm?URI=

oe-17-14-12174.

[158] Jiafang Bei, Tanya Mary Monro, Alexander Hemming, and Heike Ebendorff-Heidepriem.

Reduction of scattering loss in fluoroindate glass fibers. Optical Materials Express, 3(9):

1285–1301, 2013.

http://dx.doi.org/10.1016/j.optmat.2009.04.011
http://dx.doi.org/10.1016/j.optmat.2009.04.011
http://www.opticsinfobase.org/ome/abstract.cfm?URI=ome-2-10-1320
http://www.sciencedirect.com/science/article/pii/S0022309309004190
http://www.sciencedirect.com/science/article/pii/S0022309309004190
http://www.ncbi.nlm.nih.gov/pubmed/21368967
http://cat.inist.fr/?aModele=afficheN&cpsidt=19165402
http://www.opticsinfobase.org/viewmedia.cfm?uri=ome-2-4-432&seq=0&html=true
http://www.opticsinfobase.org/viewmedia.cfm?uri=ome-2-4-432&seq=0&html=true
http://www.opticsexpress.org/abstract.cfm?URI=oe-17-14-12174
http://www.opticsexpress.org/abstract.cfm?URI=oe-17-14-12174


Bibliography 256

[159] Warner Vogel. Glass chemistry. Springer-Verlag, 1994.

[160] John A Woollam, Blaine Johs, Craig M Herzinger, James Hilfiker, Ron Synowicki, and

Corey L Bungay. Overview of variable angle spectroscopic ellipsometry (VASE), part I:

basic theory and typical applications. SPIE, CR72, pages 3–28, 1999.

[161] Carl A. Fenstermaker and Frank L. McCrackin. Errors arising from surface roughness

in ellipsometric measurement of the refractive index of a surface. Surface Science, 16

(null):85–96, August 1969. ISSN 00396028. doi: 10.1016/0039-6028(69)90007-7. URL

http://dx.doi.org/10.1016/0039-6028(69)90007-7.

[162] Blaine Johs and C. M. Herzinger. Quantifying the accuracy of ellipsometer systems. physica

status solidi (c), 5(5):1031–1035, May 2008. ISSN 16101634. doi: 10.1002/pssc.200777755.

URL http://doi.wiley.com/10.1002/pssc.200777755.

[163] G.E. Jellison. Data analysis for spectroscopic ellipsometry. Thin Solid Films, 234(1-

2):416–422, October 1993. ISSN 00406090. doi: 10.1016/0040-6090(93)90298-4. URL

http://dx.doi.org/10.1016/0040-6090(93)90298-4.

[164] Harland Tompkins and Eugene A Irene. Handbook of Ellipsometry(Google eBook). William

Andrew, 2005. ISBN 0815517475. URL http://books.google.com/books?hl=en&lr=

&id=6PQf1fSzHHEC&pgis=1.

[165] V Dimitrov and T Komatsu. An interpretation of optical properties of oxides and oxide

glasses in terms of the electronic ion polarizability and average single bond strength.

Journal of the University of Chemical Technology and Metallurgy, 45(3):219–250, 2010.

[166] A. Boskovic, S. V. Chernikov, J. R. Taylor, L. Gruner-Nielsen, and O. A. Levring. Direct

continuous-wave measurement of n 2 in various types of telecommunication fiber at 155

m. Optics Letters, 21(24):1966–1968, December 1996. ISSN 0146-9592. doi: 10.1364/OL.

21.001966. URL http://ol.osa.org/abstract.cfm?URI=ol-21-24-1966.

[167] Sean Manning, Heike Ebendorff-Heidepriem, and Tanya M. Monro. Ternary tellurite

glasses for the fabrication of nonlinear optical fibres. Optical Materials Express, 2(2):

140–152, January 2012. ISSN 2159-3930. doi: 10.1364/OME.2.000140. URL http:

//www.opticsinfobase.org/ome/abstract.cfm?URI=ome-2-2-140.

[168] P. Petropoulos, Heike Ebendorff-Heidepriem, V. Finazzi, R.C. Moore, K. Frampton, D.J.

Richardson, and T.M. Monro. Highly nonlinear and anomalously dispersive lead silicate

glass holey fibers. Optics Express, 11(26):3568–3573, December 2003. ISSN 1094-4087.

doi: 10.1364/OE.11.003568. URL http://www.opticsexpress.org/abstract.cfm?URI=

oe-11-26-3568.

http://dx.doi.org/10.1016/0039-6028(69)90007-7
http://doi.wiley.com/10.1002/pssc.200777755
http://dx.doi.org/10.1016/0040-6090(93)90298-4
http://books.google.com/books?hl=en&lr=&id=6PQf1fSzHHEC&pgis=1
http://books.google.com/books?hl=en&lr=&id=6PQf1fSzHHEC&pgis=1
http://ol.osa.org/abstract.cfm?URI=ol-21-24-1966
http://www.opticsinfobase.org/ome/abstract.cfm?URI=ome-2-2-140
http://www.opticsinfobase.org/ome/abstract.cfm?URI=ome-2-2-140
http://www.opticsexpress.org/abstract.cfm?URI=oe-11-26-3568
http://www.opticsexpress.org/abstract.cfm?URI=oe-11-26-3568


Bibliography 257

[169] Din Ping Tsai, Andreas Othonos, Martin Moskovits, and Deepak Uttamchandani. Raman

spectroscopy using a fiber optic probe with subwavelength aperture. Applied Physics

Letters, 64(14):1768, April 1994. ISSN 00036951. doi: 10.1063/1.111802. URL http:

//ieeexplore.ieee.org/articleDetails.jsp?arnumber=4882729.

[170] F. Tuinstra and J.L. Koenig. Characterization of Graphite Fiber Surfaces with Raman

Spectroscopy. Journal of Composite Materials, 4(4):492–499, October 1970. doi: 10.1177/

002199837000400405. URL http://jcm.sagepub.com/content/4/4/492.short.

[171] Jason T. Motz, Martin Hunter, Luis H. Galindo, Joseph A. Gardecki, John R. Kramer,

Ramachandra R. Dasari, and Michael S. Feld. Optical Fiber Probe for Biomedical Raman

Spectroscopy. Applied Optics, 43(3):542, 2004. ISSN 0003-6935. doi: 10.1364/AO.43.

000542. URL http://ao.osa.org/abstract.cfm?URI=ao-43-3-542.

[172] Yan Feng, Luke R Taylor, and Domenico Bonaccini Calia. 150 W highly-efficient

Raman fiber laser. Optics express, 17(26):23678–83, December 2009. ISSN 1094-4087.

doi: 10.1364/OE.17.023678. URL http://www.opticsexpress.org/abstract.cfm?URI=

oe-17-26-23678.

[173] Haisheng Rong, Richard Jones, Ansheng Liu, Oded Cohen, Dani Hak, Alexander Fang,

and Mario Paniccia. A continuous-wave Raman silicon laser. Nature, 433(7027):725–8,

February 2005. ISSN 1476-4687. doi: 10.1038/nature03346. URL http://dx.doi.org/

10.1038/nature03346.

[174] Yan Feng, Luke R Taylor, and Domenico Bonaccini Calia. 25 W Raman-fiber-amplifier-

based 589 nm laser for laser guide star. Optics express, 17(21):19021–6, October 2009.

ISSN 1094-4087. doi: 10.1364/OE.17.019021. URL http://www.opticsexpress.org/

abstract.cfm?URI=oe-17-21-19021.

[175] H. Kidorf, K. Rottwitt, M. Nissov, M. Ma, and E. Rabarijaona. Pump interactions in a

100-nm bandwidth Raman amplifier. IEEE Photonics Technology Letters, 11(5):530–532,

May 1999. ISSN 1041-1135. doi: 10.1109/68.759388. URL http://ieeexplore.ieee.

org/articleDetails.jsp?arnumber=759388.

[176] R G Smith. Optical power handling capacity of low loss optical fibers as determined

by stimulated Raman and brillouin scattering. Applied optics, 11(11):2489–94, November

1972. ISSN 0003-6935. doi: 10.1364/AO.11.002489. URL http://ao.osa.org/abstract.

cfm?URI=ao-11-11-2489.

[177] J. Wang, J. R. Lincoln, W. S. Brocklesby, R. S. Deol, C. J. Mackechnie, A. Pearson,

A. C. Tropper, D. C. Hanna, and D. N. Payne. Fabrication and optical properties of

lead-germanate glasses and a new class of optical fibers doped with Tm3+. Journal of

http://ieeexplore.ieee.org/articleDetails.jsp?arnumber=4882729
http://ieeexplore.ieee.org/articleDetails.jsp?arnumber=4882729
http://jcm.sagepub.com/content/4/4/492.short
http://ao.osa.org/abstract.cfm?URI=ao-43-3-542
http://www.opticsexpress.org/abstract.cfm?URI=oe-17-26-23678
http://www.opticsexpress.org/abstract.cfm?URI=oe-17-26-23678
http://dx.doi.org/10.1038/nature03346
http://dx.doi.org/10.1038/nature03346
http://www.opticsexpress.org/abstract.cfm?URI=oe-17-21-19021
http://www.opticsexpress.org/abstract.cfm?URI=oe-17-21-19021
http://ieeexplore.ieee.org/articleDetails.jsp?arnumber=759388
http://ieeexplore.ieee.org/articleDetails.jsp?arnumber=759388
http://ao.osa.org/abstract.cfm?URI=ao-11-11-2489
http://ao.osa.org/abstract.cfm?URI=ao-11-11-2489


Bibliography 258

Applied Physics, 73(12):8066–8075, June 1993. ISSN 00218979. doi: 10.1063/1.353922.

URL http://link.aip.org/link/?JAPIAU/73/8066/1.

[178] V.N. Sigaev, I. Gregora, P. Pernice, B. Champagnon, E.N. Smelyanskaya, A. Aronne, and

P.D. Sarkisov. Structure of lead germanate glasses by Raman spectroscopy. Journal of

Non-Crystalline Solids, 279(2-3):136–144, February 2001. ISSN 00223093. doi: 10.1016/

S0022-3093(00)00410-5. URL http://dx.doi.org/10.1016/S0022-3093(00)00410-5.

[179] M Dussauze, A Giannoudakos, L Velli, C P E Varsamis, M Kompitsas, and E I Kamitsos.

Structure and optical properties of amorphous lead-germanate films developed by pulsed-

laser deposition. The Journal of Chemical Physics, 127(3):034704, July 2007. ISSN 0021-

9606. doi: 10.1063/1.2752503. URL http://link.aip.org/link/?JCPSA6/127/034704/

1.

[180] W.A. Gambling, H. Matsumura, and C.M. Ragdale. Mode dispersion, material dispersion

and profile dispersion in graded-index single-mode fibres. IEE Journal on Microwaves,

Optics and Acoustics, 3(6):239, November 1979. ISSN 03086976. doi: 10.1049/ij-moa.1979.

0051. URL http://ieeexplore.ieee.org/articleDetails.jsp?arnumber=4807654.

[181] T. P. White, R. C. McPhedran, C. M. de Sterke, L. C. Botten, and M. J. Steel. Confinement

losses in microstructured optical fibers. Optics Letters, 26(21):1660, November 2001. ISSN

0146-9592. doi: 10.1364/OL.26.001660. URL http://ol.osa.org/abstract.cfm?URI=

ol-26-21-1660.

[182] B. M. A. Rahman, F. A. Fernandez, and J. B. Davies. Review of finite element methods

for microwave and optical waveguides. IEEE Proceedings, 79:1442–1448, October 1991.

ISSN 1107-1115. URL http://adsabs.harvard.edu/abs/1991IEEEP..79.1442R.

[183] B. Rahman and J. Davies. Finite-element solution of integrated optical waveguides.

Journal of Lightwave Technology, 2(5):682–688, October 1984. ISSN 0733-8724. doi:

10.1109/JLT.1984.1073669. URL http://ieeexplore.ieee.org/articleDetails.jsp?

arnumber=1073669.

[184] F. Brechet, J. Marcou, D. Pagnoux, and P. Roy. Complete Analysis of the Characteristics

of Propagation into Photonic Crystal Fibers, by the Finite Element Method. Optical

Fiber Technology, 6(2):181–191, 2000. URL http://www.sciencedirect.com/science/

article/pii/S1068520099903206.

[185] Jian-Ming Jin and Jiamming Jin. The finite element method in electromagnetics. Wiley

New York, 2002.

http://link.aip.org/link/?JAPIAU/73/8066/1
http://dx.doi.org/10.1016/S0022-3093(00)00410-5
http://link.aip.org/link/?JCPSA6/127/034704/1
http://link.aip.org/link/?JCPSA6/127/034704/1
http://ieeexplore.ieee.org/articleDetails.jsp?arnumber=4807654
http://ol.osa.org/abstract.cfm?URI=ol-26-21-1660
http://ol.osa.org/abstract.cfm?URI=ol-26-21-1660
http://adsabs.harvard.edu/abs/1991IEEEP..79.1442R
http://ieeexplore.ieee.org/articleDetails.jsp?arnumber=1073669
http://ieeexplore.ieee.org/articleDetails.jsp?arnumber=1073669
http://www.sciencedirect.com/science/article/pii/S1068520099903206
http://www.sciencedirect.com/science/article/pii/S1068520099903206


Bibliography 259

[186] Hendrik Rogier and Dani&euml;l De Zutter. Berenger and Leaky Modes in Optical Fibers

Terminated With a Perfectly Matched Layer. J. Lightwave Technol., 20(7):1141–, 2002.

URL http://jlt.osa.org/abstract.cfm?URI=jlt-20-7-1141.

[187] K. Saitoh and M. Koshiba. Full-vectorial imaginary-distance beam propagation method

based on a finite element scheme: application to photonic crystal fibers. IEEE

Journal of Quantum Electronics, 38(7):927–933, July 2002. ISSN 0018-9197. doi:

10.1109/JQE.2002.1017609. URL http://ieeexplore.ieee.org/articleDetails.jsp?

arnumber=1017609.

[188] J. C. Knight, T. A. Birks, P. St. J. Russell, and D. M. Atkin. All-silica single-mode optical

fiber with photonic crystal cladding. Optics Letters, 21(19):1547, October 1996. ISSN

0146-9592. doi: 10.1364/OL.21.001547. URL http://ol.osa.org/abstract.cfm?URI=

ol-21-19-1547.

[189] T. A. Birks, J. C. Knight, and P. St.J. Russell. Endlessly single-mode photonic crystal

fiber. Optics Letters, 22(13):961, July 1997. ISSN 0146-9592. doi: 10.1364/OL.22.000961.

URL http://ol.osa.org/abstract.cfm?URI=ol-22-13-961.

[190] J.C. Knight, T.A. Birks, R.F. Cregan, P.St.J. Russell, and J.-P. de Sandro. Large mode

area photonic crystal fibre. Electronics Letters, 34(13):1347, June 1998. ISSN 00135194.

doi: 10.1049/el:19980965. URL http://ieeexplore.ieee.org/articleDetails.jsp?

arnumber=707260.

[191] Charlene M Smith, Natesan Venkataraman, Michael T Gallagher, Dirk Müller, James A

West, Nicholas F Borrelli, Douglas C Allan, and Karl W Koch. Low-loss hollow-core

silica/air photonic bandgap fibre. Nature, 424(6949):657–9, August 2003. ISSN 1476-4687.

doi: 10.1038/nature01849. URL http://dx.doi.org/10.1038/nature01849.

[192] W.Q. Zhang, V.S. Afshar, H. Ebendorff-Heidepriem, and T.M. Monro. Record nonlinearity

in optical fibre. Electronics Letters, 44(25):1453, 2008. ISSN 00135194. doi: 10.1049/

el:20083094. URL http://digital.library.adelaide.edu.au/dspace/handle/2440/

51263.
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