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UNIVERSITY OF SOUTHAMPTON

ABSTRACT

FACULTY OF ENGINEERING, SCIENCE & MATHEMATICS
OPTOELECTRONICS RESEARCH CENTRE

Doctor of Philosophy

NEW OPTICAL FIBRE BASED TECHNOLOGIES AND THEIR
APPLICATION IN HIGHLY NONLINEAR SYSTEMS

by Angela Camerlingo

This thesis investigates new fibre technologies and their application in nonlinear optical
systems, designed mainly for telecommunications. The thesis includes a study of two
different directions in achieving a high nonlinearity in a fibre system, namely holey
fibres filled with nonlinear liquids and soft glass, small core microstructured fibres. The
challenges arising from the development of liquid-filled structures have made soft glass
microstructured fibres the technology of choice for the realisation of highly nonlinear
systems.

Amongst the various soft glasses, commercially available lead-silicate glasses are iden-
tified as the material for the development of highly nonlinear fibres. Small-core, lead-
silicate fibres with different designs are considered within this thesis. A solid core holey
fibre design as well as two all-solid designs, a multi-ring cladding and a simpler W-index
profile, are characterised. The measurements confirm the advantages of the all-solid
designs over the holey structures and reveal the possibility to achieve simultaneously
a high nonlinear coefficient and a novel dispersion profile in such fibres. Some of the
presented fibres are employed in all-optical wavelength conversion schemes based on four-
wave-mixing. Numerical simulations and experimental results are combined to study the
performance of the fibres and demonstrate their use in wavelength conversion devices.
In particular, a lead-silicate W-index profile fibre, showing a high nonlinear coefficient of
820W−1km−1 with a near zero dispersion profile at telecoms wavelengths, is employed
to demonstrate a flat conversion gain in the whole C-band. The same fibre is then
employed in FWM-based systems to demonstrate multi-channel wavelength conversion,
generation of high repetition rate pulses and all-optical demultiplexing. The experi-
ments presented in this thesis clearly reveal the potential of small-core soft-glass fibres
for nonlinear applications.

The use of soft glass microstructured fibres in the mid-IR is also investigated. Tel-
lurite holey fibres with different core sizes and hole arrangements are employed in a
supercontinuum generation scheme.
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Chapter 1

Introduction

In recent years we have witnessed a rapidly increasing demand for data capacity in fibre

optics-based communication systems. Everyday activities such as internet video and

TV, voice communication, voice over IP, on-line video conferencing, on line chatting

to on-line gaming have driven the development of high capacity transmission systems.

Currently, the fiber optic data rate record is held by Nippon Telegraph and Telephone

Corporation who have achieved 69.1Tbit/s over 240km of standard fiber [Sano et al.,

2010].

A communication network is based not only on a high speed transmission system, but

also relies on an efficient switching system. The switching itself can be implemented

in either the electrical or the optical domain. Switching in the electrical domain is

very efficient and the technology is mature. The combination of optical transmission

and electrical switching also works very well, as proven by today’s commercial reality.

However, because of the fast development of transmission systems mentioned above,

the necessary Optical-Electronic-Optical conversion limits the transmission rate of each

channel to the electronic speed. Therefore, in order to exploit the high transmission

capacity of fibres within a network, the use of ultra fast all-optical signal processing

techniques is highly desirable.

Many advanced all-optical applications for telecommunication signals, such as wave-

length conversion or time demultiplexing, are based on nonlinear effects. A very promis-

ing medium for the realisation of all optical processing devices is represented by the

optical fibre itself, in which the nonlinear behaviour derives from the dependence of the
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refractive index on the intensity of light propagating in the fibre [Agrawal, 2006]. The

use of an optical fibre for the realisation of nonlinear devices offers some important ad-

vantages: an optical fibre can support very high power density, show a long interaction

length and reach high bit rate operation, while allowing ready integration into existing

fibre systems [Yoo, 1996].

However, standard optical fibres are made of silica, an intrinsically low nonlinearity

material and therefore high values of optical power and/or long lengths of fibre are

required for nonlinear applications in silica-based fibres [Bogoni et al., 2004a; Tanemura

et al., 2004]. Enhancing the fibre nonlinear coefficient with the addition of a dopant

in the core, such as germaniun, has reduced the required length to a few kilometers

[Hirano et al., 2005; Yu et al., 2001]. Despite the reduction in the fibre length, such

lengths are impractical for real applications, due to issues of compactness and stability.

Moreover, the accumulated dispersion associated with long propagation lengths can also

compromise the performance of fibre-based nonlinear devices. Finally, in a nonlinear

fibre the optical power needed to induce a nonlinear change in its refractive index is

related to the power consumption of the device, which therefore becomes, together with

the processing speed, a crucial factor in a processing system [Tucker et al., 2007]. It is

therefore necessary to achieve a medium that shows higher values of nonlinearity, while

keeping the advantages offered by optical fibres.

In order to develop fibres exhibiting an enhanced value of effective nonlinearity as com-

pared to standard fibres, silica has been replaced with highly nonlinear glasses, which

show nonlinear refractive indices up to three orders of magnitude higher than silica.

The development of small core non-silica step-index fibres has allowed for the fabrica-

tion of fibres with a high nonlinear coefficient [Kikuchi et al., 2002; Sugimoto et al., 2004;

Troles et al., 2006]. However, the zero dispersion wavelength of such glasses usually lies

far from the C-band and therefore tailoring the dispersion properties of these fibres is

not straightforward, thus resulting in fibres with large dispersion values at telecoms

wavelengths.

An alternative approach that exploits the advantages of the use of soft glasses and

overcomes the limitations of the step-index design, is represented by microstructured

optical fibre (MOF) technology. MOFs consist of a core, which can be either solid or

hollow, surrounded by a microstructured cladding, which can be based on either holes or
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solid features running along the whole length of the fibre. Some of the most important

properties of MOFs are the endlessly single- mode guidance [Birks et al., 1997], the high

values of numerical aperture (NA) [Monro and Richardson, 2003] and the high fibre

nonlinearity [Monro et al., 2002]. MOF technology is highly attractive also because of

the flexibility it offers in terms of tailoring the waveguide dispersion properties. Handling

the dispersion is an important issue in high speed optical devices, and therefore MOFs

can be seen as a promising candidate for the realisation of compact nonlinear devices

with enhanced performance [Ferrando et al., 2001; Reeves et al., 2002].

The presence of the micron-scale features in the cladding results in an effective refractive

index of the cladding region strongly dependent on the operational wavelength. In

particular holey fibres (HFs) with a small core surrounded by large holes allow for high

values of NA which result in light to be effectively confined in the core, and therefore a

fibre with an enhanced effective nonlinear coefficient. For pure silica MOFs, a maximum

value of 70W−1km−1 has been reported [Belardi et al., 2002].

Therefore, while it is possible to engineer the cladding structure of a MOF in order to

achieve the desired dispersion profile, the highest possible value of nonlinearity is limited

by the properties of the material of which the fibre is made. In this sense, there are

essentially two ways to increase the nonlinear coefficient in a MOF: replacing silica with

a highly nonlinear glass, as mentioned earlier, or guiding light in a highly nonlinear

medium, such as a liquid impregnated in the core region of a hollow core MOF.

1.1 Main objectives and results achieved within this thesis

The aim of this project is to investigate the features and feasibility of two fibre-based

technologies for the realisation of highly nonlinear, dispersion tailored waveguides: non-

linear liquid filled fibres and soft glass fibres. The possibility to replace silica with glasses

showing a higher nonlinear coefficient has been already investigated and several remark-

able results have been obtained in the fabrication and characterisation of this class of

fibres [Brilland et al., 2006; Kiang et al., 2002; Kumar et al., 2003; Petropoulos et al.,

2003; Qin et al., 2010]. Although these non-silica fibres exhibit a high nonlinear coeffi-

cient, their dispersion profile has not been optimised. On the other hand, liquid filling

technology represents quite a new and largely unexplored topic and the primary steps
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of this technology, such as the choice of the liquids or the development of a technique

to fill a fibre, will be investigated. This thesis describes the advantages offered by both

technologies towards the realisation of compact nonlinear devices and discusses the main

issues related to the two.

The possibility to use soft glass fibres for the generation of a broad supercontinuum

spectrum in the mid-infrared (mid-IR) is also investigated. Two tellurite-based HF

structures showing a zero dispersion wavelength beyond 2µm are employed to investigate

the generation of a broad spectrum. The main results achieved within this project are

summarised below.

• The feasibility of liquid-filled nonlinear optical fibres is investigated. A capillary

infusion model is numerically investigated and experimentally verified using various

liquids. Also a selective filling technique is discussed.

• The advantages of soft glass-based all-solid structures over holey structures in

terms of fabrication accuracy are demonstrated through optical characterisation

of fibre samples.

• A short sample, 1.5m in length, of an all solid dispersion-shifted highly nonlin-

ear soft glass fibre showing one of the lowest values of propagation loss reported

so far in a non-silica fibre, (0.8dB/m) is successfully employed in a FWM-based

wavelength conversion scheme with low BER power penalty (0.5dB at error free

operation).

• The characterisation of an all-solid W-type fibre with a high nonlinear coefficient

of 820W−1km−1 which shows low dispersion D=-3±1 ps/nm/km at 1550nm and

an overall flat dispersion profile in the C-band is reported. Based on a 2m sample

of this fibre, a flat FWM gain of 0dB across the whole C-band is demonstrated.

• FWM-based systems in a solid W-type dispersion flattened lead silicate fibre, such

as multi-channel wavelength conversion of 40Gbit/s signals, high repetition rate

(>160GHz) pulse generation and all-optical 160Gbit/s to 40Gbit/s signal demul-

tiplexing are demonstrated to prove the potential of soft glass fibres for the devel-

opment of highly nonlinear systems.

• The potential of tellurite microstructured fibres for supercontinuum generation in

the mid-infrared (mid-IR) is explored. A broad spectrum covering the wavelength



Chapter 1. Introduction 5

range from 0.9µm up to 2.5µm is achieved in a 9cm sample of a large mode area

tellurite holey fibre.

1.2 Thesis outline

The thesis is organised as follows.

Chapter 2 introduces the fundamentals of MOFs starting with an overview of the fabri-

cation techniques. Particular attention is given to index guiding fibres, since most of the

fibres used in the experiments carried out within this thesis belong to this group. Proper-

ties such as endlessly single mode guidance, propagation and bending loss, birefringence

and dispersion properties are discussed for index guiding fibres. Photonic bandgap fibres

are then introduced. For this class of fibres, single mode operation and propagation loss

mechanisms are illustrated.

Chapter 3 start with a description of the main nonlinear phenomena taking place in a

fibre. This Chapter then discusses the possibility to fill a MOF with a nonlinear liquid

and presents the main results achieved in this direction. The physical mechanisms

involved in the capillary filling of a MOF are discussed; a numerical model is presented

and validated with experimental results for a range of liquids. This Chapter highlights

the various issues related to the development of the nonlinear liquid filling technique.

The challenges arising from the development of nonlinear liquid filled fibre systems led

us to focus our time on the prospect of combining highly nonlinear glasses with MOF

technology. The soft glass MOF technology is then introduced and an overview of the

main results achieved so far is presented.

Chapter 4 illustrates the results of the characterisation of the small core MOFs fabri-

cated within the ORC. Three different designs including both HFs and all-solid fibres

based on commercial lead-silicate Schott glasses are presented. The potential of each

design towards the realisation of highly nonlinear devices are illustrated. Moreover, the

advantages of the all-solid designs are presented.

Chapter 5 presents a study of the four-wave-mixing (FWM) process in the all-solid lead-

silicate fibres presented in Chapter 4. In particular FWM-based wavelength conversion
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is explored in a dispersion shifted all-solid fibre and in tailored dispersion profile W-type

fibres with different values of propagation loss and dispersion profile.

In Chapter 6, several applications based on the FWM process in a short length of the

dispersion optimised W-type fibre are proposed and demonstrated. A multi-wavelength

conversion scheme is proposed and experimentally demonstrated. The generation of

high repetition rate pulses in such a fibre is investigated and the experimental results

are supported with numerical simulations. Finally, an all-optical demultiplexing scheme

from 160Gbit/s to 40Gbit/s is experimentally demonstrated.

Chapter 7 discusses the potential of soft glass fibres for supercontinuum generation in the

mid-IR. The results achieved in two different holey fibres made of tellurite are illustrated.

The thesis closes with some general conclusions drawn in Chapter 8 where I summarise

the results and discuss the future work.

The work reported in this thesis has resulted in a number of original publications, listed

at the end of the thesis.



Chapter 2

Fundamentals of microstructured

optical fibres

Historical background

Optical fibres have found applications in many fields in science and technology as diverse

as telecommunications, laser science, sensing, medical imaging, and material processing.

These advancements have been made possible mainly because of the dramatic reduction

of the glass attenuation. In 1966 Charles Kao suggested the fundamental limit of glass

transparency to be just below 20dB/km [Kao and Hocham, 1966], but only a few years

later Shultz, Keck and Maurer proposed a process known as chemical vapour deposi-

tion (CVD) to reduce the propagation losses down to 16dB/km for a single mode fibre

[Kapron et al., 1970]. Further improvement in the technology allowed just a few years

later to achieve loss values as low as 0.2dB/km at the specific wavelength of 1550nm

[Miya et al., 1979].

Already since the early 1970s, when the technology for core-cladding fibres was not

mature yet, Kaiser and co-workers proposed an alternative structure to obtain low loss

fibres. Their idea involved guiding light in undoped silica simply by surrounding it

by air. They proposed and fabricated the structure reported in Figure 2.1: the small

fibre core was suspended in air within and protected by a robust jacket [Kaiser et al.,

1973]. These novel fibre structures were proven to guide light by total internal reflection,

supporting only the fundamental mode and were therefore regarded as a new promising

7
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Figure 2.1: Single material fibre fabricated by Kaiser in 1973 [Kaiser et al., 1973].

class of fibres. However, the contemporary improvement of the CVD technique allowed

the fabrication of very low loss core-cladding fibres and therefore the research towards

the development of silica-air fibre was abandoned.

The interest in this alternative class of fibre was renewed in the 1980s, after the invention

of photonic crystals in 1987. In his work [Yablonovitch, 1987] the author developed

three dimensional photonic crystals identifying the structures at a micron scale as a

powerful means to modify the optical characteristics of the microstructured material.

He suggested that in a dielectric medium, arranged in a periodic structure at the scale of

the wavelength of light, destructive interference phenomena can occur, thus preventing

light from propagating at certain wavelengths. Following this publication, a lot of work

was focused on the fabrication of photonic crystals to produce photonic bandgaps in

which the propagation of certain wavelengths was forbidden.

In 1995 Birks and co-workers extended the concept of photonic crystals to optical fi-

bres by proposing to exploit a two-dimensional (2D) photonic bandgap for out-of-plane

propagation that would allow the light to be confined in a defect and to be guided

along the third direction [Birks et al., 1995]. They introduced a new fibre structure:

a single-material (silica) fibre showing a periodic arrangement of holes running along

its entire length. One year later, in 1996, Knight and co-workers fabricated the first

silica-air microstructured fibre [Knight et al., 1996] using the stack and draw technique,

a fabrication process that is described in more detail in Section 2.1.
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Figure 2.2: First reported single mode microstructured fibre by Knight and co-workers
[Knight et al., 1996].

Figure 2.2 shows a scanning electron microscope (SEM) image of the fibre: the structure

presents an hexagonal arrangement of air holes surrounding a small solid silica core.

Numerical simulations performed on this structure suggested that the fabricated fibre

could not guide light by photonic bandgap as the air holes were too small to allow the

formation of photonic bandgaps. However Knight and co-workers demonstrated that it

was indeed possible to guide light in the fabricated fibre [Knight et al., 1996]. This was

due to the fact that the air holes were reducing the average refractive index of the holey

silica cladding below that of the silica core leading to light guidance by a mechanism

denoted as modified total internal reflection (MTIR).

This class of fibres attracted a great interest both in the academic and the industrial

world as it can exhibit novel optical properties that cannot be achieved in a conventional

core-cladding fibre. The main optical properties of this class of fibres will be outlined in

Section 2.2.

In 1998 Knight and co-workers [Knight et al., 1998] demonstrated guidance of light

by photonic bandgap in a fibre whose structure followed the one previously proposed

by Broeng and co-workers [Broeng et al., 1998]: a new honeycomb silica-air structure

that would allow achieving larger out-of-plane bandgaps making therefore plausible the
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guidance by photonic bandgap. However, the fundamental mode of light in this fibre

was not guided in the central hole representing the fibre core, but it was localised in

the solid region around it. This would not allow a good overlapping of the guided mode

with the Gaussian mode generated by most lasers and therefore the proposed structure

was identified as not suitable for practical uses. Another important step towards the

fabrication of what would be later known as photonic bandgap fibres was taken in 1999

by Cregan et al. [Cregan et al., 1999]. They proposed a hexagonal hole arrangement of

the cladding in order to increase the air-filling fraction and make guidance possible for

propagation constants around the vacuum wavenumber, leading to the first fibre ever

fabricated guiding in air through the photonic bandgap effect. The cross section of this

fibre is shown in the SEM of Figure 2.3.

Figure 2.3: First fabricated single mode photonic bandgap fibre [Cregan et al., 1999].

Since the fabrication of the first silica-air fibre, an intense research work has been car-

ried out on this new class of fibres and many different structures have been proposed

for different purposes. Undoped silica has been the main choice for the fabrication of

such fibres for various reasons, namely the very low absorption of silica in the near IR

wavelengths, its relatively low cost and the existence of well established techniques for

handling the well known material. However silica does not represent the optimum choice
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for a variety of applications. The relatively low intrinsic nonlinearity of silica and its

transmission window limited to a range of wavelengths below 2µm make silica a non

suitable candidate for applications that require a high nonlinearity or a transmission

range extended to the mid-IR. These limitations can be overcome by replacing silica

with more suitable glasses. A group of glasses usually referred to as soft glasses, due to

the fact that they show lower melting temperature than that of silica and usually contain

a combination of different heavy metals, have proven to be an excellent choice. Many

of the soft glasses indeed present a transmission window that extends beyond that of

silica up in the mid-IR and show an intrinsic nonlinearity up to 1000 times higher than

that of silica, allowing the fabrication of fibres with extremely high nonlinearity. Figure

2.4 illustrates SEM images of highly nonlinear holey fibres that have been fabricated

using (a) lead silicate [Leong et al., 2006], (b) tellurite [Liao et al., 2009a], (c) bismuth

[Ebendorff-Heidepriem et al., 2004a] or (d) chalcogenide glasses [Brilland et al., 2006].

Figure 2.4: Examples of soft glass HF: (a) lead-silicate [Leong et al., 2006], (b) tellurite
[Liao et al., 2009a], (c) bismuth [Ebendorff-Heidepriem et al., 2004a], and chalcogenide

[Brilland et al., 2006].
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The last few years have seen the development of all-solid HFs, where the holes are filled

with a glass that is compatible with that of the main structure. These structures were

first proposed and fabricated at the ORC in 2003 [Feng et al., 2003b], [Feng et al., 2005c].

The two glasses making the all-solid MOFs can in fact be arranged in various ways, not

necessarily following the conventional hexagonal symmetry design of many HFs. This

means that the holes can be replaced with any micron-scale solid regions of a second

compatible glass [Feng et al., 2009]. Figure 2.5(a) shows an SEM image of the first solid

holey (SOHO) fibre, while Figure 2.5(b) illustrates a solid core fibre where the cladding

is formed by alternative rings of glasses of various thicknesses. The advantages of an

all-solid fibre over a HF are of great interest for this thesis and will be discussed in more

detail in the following Chapters.

Figure 2.5: Examples of all-solid fibre where (a) the holes are filled with a compatible
glass [Feng et al., 2003b], (b) the glasses are organised in a multi-ring structure [Feng

et al., 2005c].

The great variety of fabricated fibres and the variety of names used to refer to them

can sometimes lead to some confusion. It seems therefore worth to briefly clarify the

nomenclature that is going to be used in this thesis. The first name given to the new

class of fibres was photonic crystal fibres (PCFs) in reference to the periodic structures

which are typical of photonic crystals. However, the cladding does not always have to be

a periodic structure and therefore the term microstructured optical fibres (MOFs) will

be used to indicate any fibre that presents micron scale features. In order to distinguish

the two guidance mechanisms, fibres guiding by MTIR are generally referred to as index

guiding fibres and whenever they present a holey structure they are referred to by the

term holey fibres (HFs), while those guiding by the bandgap effect are referred to as

photonic bandgap fibres (PBFs). In most of the experiments carried out for this thesis,
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light propagates in the microstructured fibre relying on the MTIR process. For this

reason, this Chapter illustrates the main properties of index-guiding fibres, in terms of

the waveguiding mechanism, propagation and bending loss, birefringence and dispersion.

This Chapter will also present a short description of the single mode operation conditions

and of the causes of the propagation loss for a fibre guiding by the photonic bandgap

effect.

2.1 Fabrication techniques

Standard optical fibres are produced in many laboratories worldwide using what is nowa-

days a very well established technique. The first step towards the fabrication of a stan-

dard optical fibre involves the fabrication of a preform, which represents a macroscopic

version of the final fibre. A preform, which is usually fabricated using the CVD tech-

nique, consists in a glass rod of a few centimetres in diameter and of a length which

may be up to a few meters. The glass rod shows a region of high refractive index to

form the fibre core. In standard silica fibres this is achieved by doping the glass with

germanium (Ge). The adoption of the CVD technique for the fabrication of preforms

has allowed the deposition of high purity materials, resulting in what is the lowest value

of loss reported so far for a standard silica optical fibre: 0.2dB/km. The preform is

then heated up to the melting point in a furnace placed on top of a drawing tower and,

with the aid of the force of gravity, a very thin and several kilometres long fibre can

be drawn. The fibre is then coated with a polymer coating that provides mechanical

protection and is usually wrapped around a spool.

The fabrication of a preform as outlined above gives the possibility to achieve a very

small difference in the refractive index, usually around a percent, between the core and

the cladding, which is typical of standard optical fibres. The CVD technique is clearly

not suitable for the fabrication of MOFs, which can show a substantial difference in the

refractive indices of the core and cladding, and therefore alternative techniques have

been proposed.

Knight and co-workers have demonstrated that silica capillaries can be stacked together

in an hexagonal configuration, then fused and finally drawn into a MOF [Knight et al.,

1998]. This procedure has been developed by Russell and co-workers [Russell, 2003] and
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is known as the stack and draw technique. Although it has become the main technique

currently used to fabricate silica MOFs [Russell, 2003], non-silica fibres can also be drawn

using this approach as demonstrated by Monro and co-workers who successfully drew a

Ge-La-sulphide fibre using capillary stacking [Monro et al., 2000]. The stack and draw

technique is very versatile and allows the fabrication of complex structures starting from

elements of the appropriate shape and size. The first stage of the technique requires, in

analogy with the drawing of a conventional fibre, the fabrication of a preform. This is

done by stacking capillary silica tubes and rods together. If the fibre to be drawn is an

index guiding HF, then the central capillary is generally replaced by a solid rod, which

will form the fibre core at the end of the process. If, on the other hand, the fibre to be

drawn is a PBF, a number of capillaries are removed to produce the central air-core.

The fabrication of such a preform gives high flexibility in designing the final structure

since it is possible to control both the shape and size of the core and the cladding, as

well as their refractive index profile in the preform by properly arranging the capillaries

together. Depending on the fibre structure, it might be necessary to add an additional

step between the preform fabrication and the fibre drawing, usually known as caning.

If the fibre to be drawn presents small features, the preform is reduced in scale into a

smaller preform, usually referred to as a cane. The cane is then jacketed into another

tube and the fibre is drawn. This approach has proven to be very effective for fibre with

features smaller than 2µm [Kiang et al., 2002]. Once the required preform is ready, it

is then drawn into the final fibre using a conventional fibre-drawing tower. After the

drawing stage, the fibre is covered by a protective jacket that gives it the same robustness

as a standard fibre. This process is schematically presented in Figure 2.6.

MOFs can also be fabricated by ultrasonic assisted mechanical drilling of glass rods

[Mukasa et al., 2006]. Using this technique, a variety of preforms of arbitrary hole sizes

and shapes can be fabricated. The position of the holes can be accurately determined

by using a micrometer in order to obtain a precise alignment [Feng et al., 2005a]. This

straightforward technique is however extremely time consuming for the fabrication of

complex structures and is usually associated to a large contamination of the preform

material that is responsible for an increase in the final value of propagation loss of the

fibre.

The recent development of MOFs based on non-silica glasses has opened the possibil-

ity to explore different fabrication techniques. Non-silica glasses exhibit lower melting
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Figure 2.6: Schematic representation of the stack and draw technique, taken from
[www.nktphotonics.com].

temperature values with respect to silica: this enables the preform to be fabricated with

a technique widely known as extrusion. The process starts by heating the chosen bulk

glass up to the softening point and then forcing it trough a die containing the desired

preform element. A schematic representation of the process is shown in Figure 2.7. Once

the preform has been extruded, the final fibre can be drawn in a conventional drawing

tower.

Figure 2.7: Schematic representation of the extrusion technique (taken from [Baggett,
2006]).

The extrusion technique presents several advantages over the stack and draw technique.

First of all, the preform can be produced in this single step, thus avoiding the long
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times required to stack the several capillary tubes together, typical of the stack and

draw technique. Also, the low melting temperature of these materials allows little con-

tamination of the glasses during the fabrication of the preform. This is a critical point

for this class of material as they exhibit very high bulk losses. In order to improve the

quality of the process, an additional step is required before the glasses are extruded.

This consists in accurately polishing the glasses in order to improve the interface quality

and reduce the roughness of the surfaces. This step allows reducing, or in the best case

eliminating, the excess losses introduced by the fabrication process. A large number

of materials can be extruded using this technique, including telluride, lead-silicate and

chalcogenide glasses as well as polymers and the result is usually highly reproducible

[Ebendorff-Heidepriem et al., 2004a], [Kiang et al., 2002], [Feng et al., 2005a], [Monro et

al., 2002],[Ebendorff-Heidepriem et al., 2004b], [Petropoulos et al., 2003], [Feng et al.,

2003a], [Kumar et al., 2003], [Ebendorff-Heidepriem et al., 2005]. Finally, the extrusion

technique allows a wider range of cladding structures when compared to the stack and

draw technique as the holes are not restricted to a hexagonal arrangement.

Another technique that was already well known for the fabrication of core-cladding fibre

[Ohishi et al., 1986], [Mori et al., 1998] has been successfully applied for fabrication

of MOF preforms and is known as casting. In 2004 the first tellurite HF was drawn

with this technique [Mori et al., 2004]. Similarly to the drilling technique mentioned

previously, casting is characterised by an accurate dimensional precision and allows the

fabrication of fibres with large air-filling fractions.

The last few years have seen the combination of different techniques to improve the

fabrication of MOF by exploiting the advantages that each technique can offer. The

design flexibility of the stacking technique and the simplicity of the extrusion process has

led to the development of the structured element stacking technique (SEST) [Leong et al.,

2005a]. This technique allows the fabrication of complex structures and to achieve good

dispersion control in HFs, as this property is greatly influenced by the holes distribution

in the cladding, as it will be explained in detail later in this thesis. The SEST technique

looks at dividing a complex structure in structured elements that are easier to fabricate.

The structured elements are first fabricated by extrusion and then stacked together to

form the fibre preform. HFs made of a lead silicate glass (Schott SF57) have been

fabricated within the ORC using the SEST technique and have been employed within
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this thesis. The characterisation of these fibres and the issues related to this structure

design are reported in Chapter 4.

The idea of combining the advantages of both the stack and draw and extrusion tech-

niques has been extended from the fabrication of HFs to that of all-solid fibres, such

as the multi-ring structure presented in Figure 2.5. This structure has been fabricated

by Feng and co-workers [Feng et al., 2005b] and involves the fabrication of a preform

by extruding alternatively stacked high and low index glass disks through a circular

aperture. Figure 2.8 illustrates a schematic of the fabrication of the preform for such a

structure.

Figure 2.8: Schematic of the fabrication of a preform with coaxial ring structures by
extrusion of alternately stacked high and low index glass discs, taken from [Feng et al.,

2005c].

Since the drawing of the first SOHO fibre [Feng et al., 2003b], it has been clear that

an all-solid structure presents many advantages over a holey one. One of the most

challenging aspects of the development of the HF technology is indeed represented by

the fibre fabrication. During the drawing of the fibre, the microstructured profile can

change due to factors such as the internal pressure in the holes or the surface tension of

the glass [Feng et al., 2003a]. This results in variations in the cladding structure along

the length of the fibre that are responsible for the sometimes substantial deviation of

the optical properties of the fibre from the targeted ones. In an all-solid fibre, instead,

the structure features of the preform are maintained with high accuracy during the fibre
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drawing, allowing for a more reliable and predictable control of the microstructure of

the fibre [Feng et al., 2009].

Although the fabrication of an all-solid fibre might seem just a straightforward extension

of the concept of a glass-air fibre, the fabrication of such a fibre is still quite challenging

as it is necessary to find two (or more) thermally and chemically compatible glasses

with different refractive indices. However, soft-glass all-solid fibres have been fabricated

within the ORC and I have employed them in telecoms applications, proving the benefits

of all-solid designs over HFs, as it will be illustrated in Chapter 5.

2.2 Index guiding fibres

As mentioned previously in this Chapter, index guiding MOFs are fibres with a high in-

dex core surrounded by a microstructured cladding that guides light by a process known

as MTIR. This waveguiding mechanism, although very similar to the one occurring in

standard step-index fibres, leads to a number of unique and novel properties. Since

the introduction of the first silica HF [Birks et al., 1995], many structures have been

proposed. The most typical HF exhibits an hexagonal hole arrangement surrounding a

solid core, such as the one shown in Figure 2.9. The main parameters that describe the

properties of the fibre are the hole diameter (denoted with d) and the pitch from hole

to hole (Λ). It is also very common to refer to the ratio d/Λ, the air filling fraction, to

describe the properties of a holey fibre.

The solid fibre core usually occupies the size of three [Mortensen et al., 2003b], seven

[Limpert et al., 2006] or even more holes. The air holes in the cladding reduce its

refractive index, (nclad<nglass) and therefore the light can be guided in the solid core

(ncore=nglass) by MTIR. The effective cladding index can be evaluated by estimating the

fundamental mode of the cladding, which can be approximated to that of an infinitely

periodic structure with the same cladding parameter, also known as fundamental space

filling mode, (FSM), defined as follows:

nclad ≈ nFSM = βFSM
k

(2.1)
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Figure 2.9: Schematic example of a photonic crystal fibre: d is the hole diameter and
Λ the hole to hole pitch.

where βFSM is the propagation constant of the fundamental cladding mode and k=2π/λ

is the free space wave number. For short wavelengths the FSM is confined in the silica

region, therefore for shorter wavelengths the effective index of the cladding (nclad) tends

to the value of the glass (nglass). On the other hand, when the wavelength becomes

comparable or greater than the pitch Λ part of the field will extend significantly into

the holes [Riishede et al., 2001], thus lowering the effective index to a value that is a

weighted average of the refractive index of glass and air. Figure 2.10 shows the evolution

of the FSM intensity for increasing values of wavelength, for the air-hole structure shown

on the left with a d/Λ=0.6. The field intensity has been evaluated for increasing value

of λ, normalized over the value of the pitch Λ.

Figure 2.10: Simulated field intensity for FSM of a structure with d/Λ=0.6 and
different values of wavelength [courtesy of Dr. J. Baggett].

The wavelength dependence of the refractive index of the holey cladding is responsible

for the unique and novel properties of this class of fibres.
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2.2.1 Endlessly single mode guidance

The dependence of the effective cladding index on the wavelength has an immediate

consequence on the single mode propagation condition of a HF. In order to evaluate the

single mode behaviour of a HF, it is useful to refer to a conventional fibre. A standard

step index fibre is said to be single mode if the V number is less then 2.405. The V

number is defined as:

V = 2πaNA
λ

(2.2)

where a is the core diameter and NA, the numerical aperture, is defined as follows:

NA =
√
n2
core − n2

clad (2.3)

where ncore and nclad are the refractive indices of core and cladding respectively.

In analogy with a step index fibre, Mortensen and co-workers proposed that the V-

number for a HF can be rewritten as follows [Mortensen et al., 2003a]:

VHF = k⊥Λ = 2πΛ
λ

√
n2
core − n2

FSM (2.4)

where k⊥=ksinθ is the free space transverse wave number and θ is the divergence angle.

Mortensen and co-workers showed that the fibre’s central defect (the core) can support

a higher order mode only when the effective transverse wavelength λ⊥=2π/k⊥ can fit in

the defect region, i. e. λ⊥ < 2Λ. Given this condition, it is easy to conclude that a HF

is endlessly single mode as long as VHF=2πΛ/λ⊥<π.

In order to achieve single mode guidance in a fibre, it is possible to rely on the difference

in the confinement loss, see Section 2.2.2, between the fundamental mode and the higher

order modes. Since higher order modes extend further into the fibre cladding, the

material constituting the cladding is chosen to exhibit a refractive index higher than the

effective index of the higher order modes. The difference in the confinement loss of the

fundamental and higher order modes allows the latter to be neglected in a few meters

of fibre, making the fibre effectively single mode. This approach has been adopted in
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the multi-ring all solid design presented within this thesis. In such a structure, which

will be presented in Section 4.2.2, the periodic cladding with rings of various thicknesses

imposes losses of the order of a few tens of dB/m for any higher order modes [Feng et

al., 2009].

2.2.2 Propagation loss

The current value of loss for a silica step index fibre, 0.2dB/km, is mainly limited by

Rayleigh scattering and IR absorption. However, it has been found that both Rayleigh

scattering and IR absorption are lower in pure silica than in germanium-doped silica.

This means that in theory lower values of loss are possible in pure silica fibres rather

than in conventional germanium-doped silica standard fibres [Ohashi et al., 1992]. Silica

HFs, made by only one material, have therefore the potential to show improved values

of losses when compared to standard fibres. In reality, silica HFs still exhibit relatively

high loss and the lowest value reported so far is ∼0.3dB/km [Tajima et al., 2003]. The

main reason for the inconsistency is related to the increase in the Rayleigh scattering

in a HF due to the roughness of the surface between the core and the holes [Zhou et

al., 2005]. In addition to this, the imperfections and inhomogeneities occurring during

the fabrication process itself also contribute to an increase in the final loss [Zhou et al.,

2005].

Another factor contributing to the final loss in a HF is represented by the confinement

loss [White et al., 2001]. In a single material fibre, such as a HF, the cladding microstruc-

ture only extends for a finite region and is surrounded by an external region, the jacket,

with the same refractive index as the fibre core. The cladding cannot therefore isolate

the core form the jacket and part of the light leaks out of the core generating radiative

losses. This kind of loss is strictly related to the cladding parameters and therefore

a careful design is necessary to ensure that it is maintained at sufficiently low levels

[White et al., 2001]. A common route to reducing the confinement loss is to increase the

number of rings in a HF, although this makes the fabrication process more challenging.

Numerical studies have predicted that the confinement loss can be reduced down to an

acceptable value of 0.2dB/km for a HF with a relatively large number of rings (greater

than 5) and large air-filling fraction (d/Λ>0.9) [Finazzi et al., 2003].



Chapter 2. Fundamentals of microstructured optical fibres 22

When silica is replaced by highly nonlinear glasses, such as the soft glasses used to

fabricate the fibres reported in this thesis, then the propagation losses are significantly

increased, becoming up to four orders of magnitude higher than those reported in a silica

HF. Soft glasses, indeed, show higher values of material losses when compared to silica,

usually in the range of a few dB/m at telecom wavelengths and therefore MOFs made of

soft glasses usually present values of loss of the order of 1-5dB/m in this wavelength range

[Feng et al., 2005a]. Apart from the high bulk loss of the glasses, the main contribution

to the loss in a soft glass HF, is due to the impurities and the defects introduced during

the fabrication process. Recent developments of the fabrication technique have led to

the fabrication of fibres that exhibit propagation loss values very close to those of the

bulk glass [Mori et al., 2004].

The challenges that arise during the fabrication of a structure with microscale features

are due to the complex interactions between the temperature, surface tension and inter-

nal pressure within the holes of the structure itself. In order to solve this problem it is

possible to think of all-solid fibre designs based on two or more soft glasses arranged in a

specific way [Feng et al., 2009]. The properties and the advantages of an all-solid MOF

over a HF will be discussed later in this thesis. Here it seems important to stress that

an all-solid fibre presents additional issues in terms of loss. The unmatched viscosity

between the core and the cladding can lead to imperfection losses, making the compat-

ibility of the glasses in terms of viscosity a determining factor. Recent improvements

in the fabrication processes have limited the losses introduced by the viscosity compat-

ibility and all-solid lead-silicate fibres with propagation losses close to the bulk value

of the soft glass used as a core, 0.8dB/m [Mukasa et al., 2006], have been successfully

fabricated [Feng et al., 2005a].

Although the loss of soft glass MOFs are considerably higher than silica MOFs, it is

worth noticing that this class of fibres is mainly targeted to the development of meter-

long highly nonlinear devices and therefore propagation loss of a few dB/m can be

tolerated.



Chapter 2. Fundamentals of microstructured optical fibres 23

2.2.3 Bending loss

One of the most important issues related to the practical use of a MOF regards the

bending losses. A great number of applications require the fibre to be coiled at a cer-

tain radius and therefore bending losses can play an important role in determining the

properties of the fibre.

When light propagating in a fibre encounters a bend, the field distorts to a degree that

is related to the degree of the bend and as a result of this process some of the power can

be lost. In order to understand the bending loss of a MOF, it is possible to refer to the

bending loss experienced in a standard optical fibre. In such a fibre, the bending losses

are strictly related to the effective mode area, defined by:

Aeff = πw2 (2.5)

where w is the mode radius and for single mode fibres it can be estimated using Marcuse’s

formula [Marcuse, 1977]:
w

a
≈ 0.65 + 1.619

V 3/2 + 2.879
V 6 (2.6)

In any fibre, both conventional fibres and MOFs, bending loss increases when the effective

area increases and when the NA decreases [Marcuse, 1976]. For this reason, bending

loss is typically an important issue in MOFs with a large mode area. Such fibres can

be employed in high power systems, when a large mode area is required to increase the

damage threshold. The fibres developed for this thesis are mostly small core fibres and

therefore the bending losses do not represent an issue.

2.2.4 Birefringence properties

Any single mode fibre is in reality not truly single mode, but supports indeed, two

degenerate modes that are polarised in two orthogonal directions. In an ideal fibre, with

a perfect cylindrical symmetry along its entire length, a mode that is excited with the

polarisation on the x-axis would not be coupled to the mode excited with the polarisation

on the orthogonal y-axis. However, in reality, there exist a number of inevitable factors

that contribute to break this ideal symmetry. They can be due to both internal factors,
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such as the random variations in the core dimension that can occur along the length of

the fibre, and external factors, such as the unavoidable bending of the fibre. As a result,

the propagation constant becomes slightly different for the two polarisation axes, i. e.

the two polarisation modes travel with two different phase velocities. This property is

referred to as modal birefringence and it is defined by using the following adimensional

parameter [Kaminow, 1981]:

Bm = |βx − βy|
k

= |nx − ny| (2.7)

where nx and ny are the modal refractive indices of the two polarisation states. For a

given value of Bm, the two excited polarisation modes exchange their power in a periodic

way while they propagate along the length of the fibre. The variation in the polarisation

state is often quantified by introducing another parameter, known as the beat length:

LB = 2π
|βx − βy|

= λ

Bm
(2.8)

The unavoidable changes in the polarisation state can be solved by employing fibres

with a considerable amount of birefringence, usually known as polarisation maintaining

fibres. When the light is launched on one of the polarisation axes of this class of fibres,

this polarization state will be preserved even if the fibre is bent.

The above discussion can be applied to a standard fibre as well as to a MOF. In the latter

indeed, even in the presence of a structure with a greater than 2-fold symmetry, such as

a holey cladding, an ideally perfect cross-section profile leads to absence of birefringence

[Steel et al., 2001]. However, when any structural defect is combined with the small

feature size and the large index contrast that characterises MOFs, then even a small

asymmetry can be translated in large values of birefringence. The degree of flexibility

offered by the MOF design allows achieving higher values of birefringence in these fibres

when compared to standard fibres. Highly birefringent MOFs can be fabricated by

introducing an asymmetry to the fibre profile either in the core [Hansen et al., 2001] or

in the cladding structure [Ortigosa-Blanch et al., 2000]. Using the latter solution, MOFs

with an exceptionally short beat length of only 0.3mm have been fabricated [Furusawa

et al., 2001].
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2.2.5 Dispersion properties

The cladding features in a MOF are responsible not only for determining the number

of modes supported by the fibre, but also for its dispersive properties. Analogously to

a standard optical fibre, the effect of the dispersion can be quantitatively analysed by

expanding the propagation constant β in a Taylor series around the frequency ω0 at

which the pulse is centred:

β(ω) = n(ω)ω
c

= β0 + β1(ω − ω0) + 1
2β2(ω − ω0)2 + ... (2.9)

where βj=
(
djβ
dωj

)
ω=ω0

. The first derivative β1 is inversely proportional to the group

velocity (vg), β1=1/vg, while β2 is a measure of the variation of vg with the frequency,

usually referred to as the group velocity dispersion. The group velocity dispersion is

usually quantified by the dispersion parameter D:

D = dβ1
dλ

= −2πc
λ2 β2 = −λ

c

d2n

dλ2 (2.10)

usually expressed in units of ps/nm/km. The dispersion gives an indication of the

difference in the group velocity between two waves of slightly different wavelengths

travelling in the material.

The chromatic dispersion parameter D is actually the sum of two contributions: the

material dispersion Dm and the waveguide dispersion Dw. The material dispersion is

caused by the wavelength dependence of the refractive index of the medium in which

light is propagating. Figure 2.11 shows the material dispersion for some of the glasses

mentioned in Section 2.1: silica, lead-silicate glasses (SF6 and SF57) and bismuth oxide

glasses. Pure silica shows a zero-dispersion-wavelength (ZDW) at 1.28µm. Above this

value, the material dispersion is anomalous (D>0), while below the ZDW the material

dispersion is normal (D<0). For higher-index glasses the ZDW is shifted towards longer

wavelengths, resulting in a large amount of normal dispersion at telecom wavelengths.

The material dispersion can be compensated for with the waveguide dispersion, even

if this is not a straightforward task. The waveguide dispersion mainly depends on the

structure of the fibre and therefore MOFs represent a very attractive class of fibre as they
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Figure 2.11: Material dispersion curves for silica [Agrawal, 2006], lead-silicate Schott
SF6 and SF57 [Schott, 2003], and bismuth oxide glasses [Gopinath et al., 2005].

allow for flexible engineering of the micron-scale features of the cladding parameters. In

particular, the possibility to design a structure with a near-zero and flat dispersion profile

at telecom wavelengths is highly desirable for many applications based on nonlinear

effects, as it will be outlined in the following Chapters. In order to achieve zero or nearly-

zero ultra-flattened chromatic dispersion in MOFs, several different designs have been

proposed so far. Among them it is possible to distinguish the HF designs with uniform

optimized air-holes [Ferrando et al., 2000], [Ferrando et al., 2001], MOFs with two-

defected air-hole rings [Wu and Chao, 2005], or MOFs with air-hole diameters of variable

size [Saitoh and Koshiba, 2004]. In particular, Saitoh and Koshiba have proposed a

systematic study of the effect of the cladding parameters on the dispersion of a silica

HF [Saitoh and Koshiba, 2005]. Figure 2.12 shows how a flat dispersion profile can be

achieved over a range of wavelengths for a certain value of Λ and as a function of the

d/Λ parameter.

An example of silica HFs designed and fabricated to target a low and flat dispersion

profile is reported in Figure 2.13(a), [Reeves et al., 2002]. The fibre shows a hole diameter

d=0.57µm and a pitch Λ=2.47µm. The corresponding measured dispersion profile is

represented by the blue curve in Figure 2.13(b). Figure 2.13(b) also shows (in red) the
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Figure 2.12: Dispersion properties of a solid core HF for various values of d/Λ, taken
from [Saitoh and Koshiba, 2005].

measured dispersion profile of a HF with a similar structure to that reported in Figure

2.13(a) with a hole diameter d=0.58µm and a pitch Λ=2.59µm.

Figure 2.13: (a): Example of silica- based MOF with a flat dispersion profile; (b):
Measured dispersion profiles for ultra flattened dispersion MOFs similar to the fibre
structure shown in (a). Red curve: d=0.58µm, Λ=2.59µm, blue curve: d=0.57µm,

Λ=2.47µm, taken from [Reeves et al., 2002].

From Figure 2.13(b) it is clear that by increasing the hole diameter from 0.57µm to

0.58µm and the pitch Λ from 2.47µm to 2.59µm a dispersion |D| <1.2ps/nm/km can be

achieved over a wavelength range from 1µm to 1.6µm.

An alternative design has been proposed by Hansen and co-workers [Hansen et al., 2003].

The fibre features a doped core surrounded by three regions arranged symmetrically

around the core and surrounded in turn by twelve rings of holes. By varying the pitch

and the hole size, Hansen and co-workers have demonstrated that a zero dispersion and

a flat profiles can be obtained over a wide range of wavelengths. The fabricated fibres

show holes size in the range of 0.47-0.5µm and a pitch in the range 1.48-1.51µm.
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Despite the remarkable results obtained by Reeves and co-workers and Hansen and co-

workers, it is evident that a highly accurate and precise control of the cladding hole

shape and size is necessary when targeting a fibre with ultra-low dispersion. Moreover,

the fabrication of this type of PCF is non-trivial because the hole diameters required

for a flat dispersion profile are of sub-micron dimensions. In such a case, any small

fluctuation in the holey structure that occur unavoidably during the fibre drawing step

have a stronger effect on the fibre dispersive properties.

The effect of the variation of a holey structure on the dispersive properties of the final

fibre has been investigated in this thesis and is presented in Chapter 4. As a possible

solution to this problem, all-solid fibres have been proposed as these structures allow for

a better control of the cladding features during the fibre drawing.

2.3 Photonic bandgap fibres

The possibility to exploit light guidance in air has attracted a lot of attention in the

last few decades. From a practical point of view, air-guidance eliminates the problem

of back reflection whenever the fibre is used in a free-space system. Moreover, the low

nonlinearity and high surface damage threshold make this class of fibre advantageous

for applications that require high power levels: a hollow core fibre is indeed able to

withstand higher optical intensities values than silica and, even more, soft glass fibres.

High energy (370µJ) nanosecond pulses have been delivered in a hollow core PBF at

1.06µm, increasing the damage threshold of this fibre by 25 times when compared to

standard fibres [Shephard et al., 2004]. Moving from the nanosecond to the femtosecond

pulse regime, it has been recently demonstrated that a record value of peak intensity of

1.6·1014W/cm2 for a 40fs pulse with an average energy of 1.8µJ has been successfully

coupled into a hollow core PBF [Ishaaya et al., 2009]. In both works mentioned above,

the propagation of light in the hollow core is multi-moded.

The photonic bandgap effect in an optical fibre requires the existence of a 2D periodic

pattern of holes that runs along the fibre length perpendicularly to the fibre axis [Russell,

2003],[Broeng et al., 1999], [Broeng et al., 2000]. The existence of a periodic structure

in the fibre cross-section results in the formation of photonic bandgaps: the frequencies

lying inside the bandgap are unable to propagate within the cladding. By breaking the
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periodicity of the structure with the introduction of a structural defect, it is possible

to confine and propagate light through the defect. In the proximity of the defect light

at frequencies inside the bandgap is allowed to propagate, while far from the defect the

periodicity of the periodic structure forbids the propagation through it [Broeng et al.,

2000].

A typical PBF exhibits a hollow core surrounded by a holey cladding as shown in Figure

2.14.

Figure 2.14: A SEM image of a photonic bandgap fibre fabricated at the ORC.

Hollow-core MOFs can indeed be regarded as 2D photonic crystals with a defect in

the centre, referring to the periodic cladding and the hollow core respectively, thus

enabling guidance of light in air by the photonic bandgap effect. The following paragraph

discusses the main properties of a PBF that are more relevant to the work carried out

in this project: single mode operation and loss properties.

2.3.1 Single mode operation

Several applications of hollow core PBFs would benefit from single mode propagation

through a short length of fibre. A possible example is represented by the use of a PBF

filled with a gas or a liquid for wavelength conversion, where coupling the pump into

higher order modes can lead to a reduced conversion efficiency. The use of a PBF filled
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with a liquid is of particular importance in the work presented in Chapter 3 of this

thesis where the selective filling of a fibre sample with a liquid is investigated in order

to exploit the properties of this medium.

The two most common structures of a hollow core PBFs are formed by omitting 7 or 19

cells to form the core as shown in Figure 2.15.

Figure 2.15: Two common PBF structures: 7-cell core (a) and 19-cell core (b) fabri-
cated within the ORC.

The number of modes supported by a hollow core PBF has been proven to be directly

proportional to the core diameter. [Cregan et al., 1999]. For a 7-cell structure such

as that presented in Figure 2.15(a), numerical simulations have shown that not only

the fundamental mode can be guided, but also an additional group of 4 higher order

modes can propagate [Broeng et al., 2000]. A bigger core structure, such as the 19-

cell fibre shown in Figure 2.15(b), will support an even higher number of modes within

the bandgap, as reported in [Smith et al., 2003]. Higher order modes usually show

higher confinement and scattering loss when compared to the fundamental mode: this

difference can be exploited by using a sufficiently long sample of the fibre in order to

obtain effectively single-mode operation at the required wavelength. However, the idea

of having single mode propagation also over a short sample of photonic bandgap fibre is

very attractive for several applications such as high power delivery, when the undesired

higher order modes can lead to a non uniform intensity distribution at the output of

the fibre. Other applications, that will be discussed in more detail in Chapter 3 of

this thesis, of a single mode PBF includes the selective filling of a fibre sample with

a gas or a liquid, in order to exploit the properties of these media. Recently, the first

steps towards the fabrication of a single mode PBF have been taken by Petrovich and

co-workers [Petrovich et al., 2008]: they have demonstrated that robust single mode
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Figure 2.16: SEM image of the 3-cell core PBF taken from [Petrovich et al., 2008].

propagation is possible in a fibre the core of which has been formed by omitting only 3

cells in the original preform. A SEM image of the fabricated fibre is shown in Figure 2.16.

Numerical simulations indeed show that such a structure supports only the fundamental

mode in the range of wavelengths between 1300nm and 1560nm, while a 7-cell and a

19-cell fibre with the same cladding parameters supports 12 and 40 modes respectively

in the same wavelength range.

2.3.2 Loss in a photonic bandgap fibre

As mentioned in Section 2.2.2, any fibre with a high refractive index outer jacket shows

leaky modes and PBFs are not an exception, as they also exhibit a finite number of hole

rings. Saitoh and co-workers demonstrated how the confinement loss can be reduced

to a negligible value by a careful design: by including a sufficient, but practical from a

fabrication point of view, number of rings in the fibre and by increasing the air-filling

fraction [Saitoh and Koshiba, 2003].

Since light propagates in air for a hollow core PBF, it is reasonable to think that the

confinement loss of the fibre plays the most determinant role in the overall fibre loss,

as the air shows negligible absorption and suffers from lower scattering than any solid

material. However, the presence of an air-glass interface introduces new contributions

to the overall fibre loss in addition to the confinement loss. During the fabrication step,

some impurities can be found on the interfaces, thus increasing the loss due to absorption

or can act as a centre of formation of crystallites, microscopic crystals that constitute a
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solid, which are responsible for an additional component of scattering loss. While these

two contributions can be neglected by improving the fibre fabrication processes, there is

another phenomenon that cannot be neglected: the scattering at the air-glass interface,

which has indeed been found to be the main limitation to the achievement of a low loss

PBF [Roberts et al., 2005]. Such scattering derives from surface capillary waves (SCWs)

that are frozen into the fibre during the drawing process and are inevitable because

of their thermodynamic origin [Jackle and Kawasaki, 1995]. A systematic study on

surface roughness has been conducted by Roberts and co-workers [Roberts et al., 2005].

Since the roughness due to SCWs cannot be easily reduced by improving the fabrication

processes, they have proposed to act on the structure of the fibre instead and have

demonstrated that, with a careful design of the fibre parameters and the right choice of

wavelength, the lowest value that is possible to achieve are 0.2dB/km at 1620nm and

0.13dB/km at 1900nm.

Apart from acting on the reduction of SCWs, a further way to reduce the loss in a hollow

core PBF is to reduce the overlap between air and glass. This can be done by enlarging

the core size from 7 to 19 cell, leading to a loss reduction from 13dB/km [Smith et al.,

2003] down to 1.2dB/km [Roberts et al., 2005] and the value could be further reduced

by enlarging the core size even more. However, as illustrated in the previous paragraph,

enlarging the core means that a larger number of higher order modes will be propagated,

limiting the practical use of the fibre.

2.4 Conclusions

The aim of this Chapter was to illustrate the main properties of two classes of MOFs,

namely index guiding HFs and PBFs, and to provide an overview of the potential optical

properties that can be achieved in a MOF and that cannot be otherwise attained in a

conventional fibre. After having illustrated the fabrication techniques common to the

two types of MOFs, an overview of the main properties of the two classes of fibres was

given. The waveguiding mechanism of holey fibres based on modified total internal

reflection was discussed together with the main properties they can offer. Holey fibres

can be designed to achieve novel properties like single mode guidance at all wavelengths

or unusual dispersion properties, opening up the way for many interesting and novel

applications, as it will be discussed further in the Thesis. Most of the experiments
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carried out in this project involve the use of a microstructured fibre that guides light by

modified total internal reflection, and therefore more attention was given to this class of

fibres over PBFs. However, for the latter class of fibre, the conditions for single mode

guidance and the main causes of the losses these fibres can show were illustrated, as

these are the main features that will be taken into account during the experiments that

will be presented in the next Chapters.





Chapter 3

Enhancing nonlinear effects in

microstructured optical fibres

The possibility to exploit MOF technology for the realisation of highly nonlinear fibres

is discussed in this Chapter. First, a description of the nonlinear phenomena that occur

in an optical fibre that are most relevant to this work is presented. This Chapter then

introduces the main parameters that affect the nonlinear behaviour of an optical fibre,

such as the effective area and the nonlinear refractive index. In order to enhance the

nonlinear coefficient of a fibre, two routes are explored: the possibility to fill the holes

of the fibre with a highly nonlinear liquid and the combination of MOF technology

with highly nonlinear glasses. The most suitable liquids are presented and the main

steps taken towards the development of this technique are illustrated. A review of the

main applications that have been demonstrated using liquid filled fibres is also included.

Finally, an overview of the main compound glasses that can be used for the fabrication

of highly nonlinear fibres is given.

3.1 Nonlinear effects in optical fibres

The most important nonlinear effects that be observed in an optical fibre are third

harmonic generation, four wave mixing (FWM) and nonlinear refraction. The first two

are highly inefficient processes in an optical fibre, unless special efforts are made to

satisfy the phase matching conditions. This thesis will not consider the third harmonic

35
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generation process, whereas FWM-based applications will be investigated extensively

and therefore more attention will be given to this phenomenon in the following Chapters.

Most nonlinear effects originate from nonlinear refraction, a phenomenon that results

from the electric field intensity dependence on the refractive index of the fibre core and

that is known as Kerr effect. The most studied nonlinear effects induced by the Kerr

effect are self-phase modulation (SPM) and cross-phase modulation (XPM). This class of

nonlinear effects, together with FWM, are elastic, which means that there is no exchange

of energy between the propagating electric field and the dielectric medium. There is also

a second class of nonlinear effects that result from stimulated inelastic scattering, during

which some of the energy of the propagating field is transferred to the dielectric medium.

Stimulated Raman scattering (SRS) and Stimulated Brillouin scattering (SBS) belong

to this class and are both related to the vibrational excitation modes of the dielectric

medium. The main difference between these two is the participation of optical phonons

in SRS and acoustic phonons in SBS as will be explained in detail in this Chapter. In the

following paragraphs, a brief introduction of the most important nonlinear phenomena in

optical fibres is presented. Both elastic and inelastic scattering processes are considered.

3.1.1 Elastic nonlinear processes

The propagation of an electromagnetic field in a nonlinear dispersive medium, such as

an optical fibre, is governed by the general wave equation

∇2E − 1
c2
∂2E

∂t2
− µ0

∂2P

∂t2
= 0 (3.1)

where c is the speed of light, and E and P are the electric field and the induced polar-

isation respectively. Eq. 3.1 can be derived from the well-known Maxwell’s equations

[Hecht, 1998]. In order to solve Eq. 3.1, it is necessary to find a relation between P

and E. In the case of a dielectric medium the induced polarisation P can be written as

follows [Agrawal, 2006]:

P (r, t) = PL(r, t) + PNL(r, t) (3.2)
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where the linear polarisation term PL is related to the first order susceptibility χ1

through the relation:

PL(r, t) =
∫ +∞

−∞
ε0χ1(t− t′)E(r, t′)dt′ (3.3)

and the nonlinear polarisation term PNL can be written in terms of the third order

susceptibility [Agrawal, 2006]:

PNL(r, t) =
∫ ∫ ∫ +∞

−∞
ε0χ3(t− t3, t− t2, t− t1)E(r, t3)E(r, t2)E(r, t1)dt3dt2dt1 (3.4)

Eqs. 3.1 - 3.4 provide a general set of equations to study the nonlinear effects in an

optical fibre, that in order to be solved need a few approximations to be considered.

As a first approximation, it is possible to assume that the electric field maintains its

polarisation along the whole length of the fibre. Also, the pulse envelope is assumed

to be varying slowly. Moreover, for a pulse centred at the angular frequency of ω0, the

spectral width ∆ω is considered to be much smaller than the central frequency ω0 i.e.,

∆ω«ω0. This assumption allows the electric field E to be written as follows:

E(r, t) = 1
2(E(r, t)e−iωt + c.c.)x̂ (3.5)

Where x̂ is the polarisation vector and E(r,t) is a function that varies slowly with time.

In a similar way, the polarisation components PL and PNL can be expressed as follows:

PL(r, t) = 1
2(PL(r, t)e−iωt + c.c.)x̂ (3.6)

PNL(r, t) = 1
2(PNL(r, t)e−iωt + c.c.)x̂ (3.7)

Finally, in an optical fibre the response of the electrons to an applied field occurs over

a scale time of ∼60-70fs [Agrawal, 2006]. Therefore, for a field with a pulse duration

Tp>1ps, it is possible to consider the nonlinear response as being instantaneous.
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When substituting Eq. 3.5 into Eq. 3.4, PNL is found to have a term oscillating at ω0

and an additional term at 3ω0. The third-harmonic frequency term can be neglected

because in optical fibres the phase matching conditions are not met, unless particular

effort is made.

The component PNL can therefore be written as

PNL(r, t) = ε0εNLE(r, t) (3.8)

where εNL is given by [Agrawal, 2006]:

εNL = 3
4χ3 |E(r, t)|3 (3.9)

where χ3 is the third order susceptibility. Under the approximation of a slowly varying

envelope and considering the perturbative nature of PNL, it is possible to assume a

solution of the electric field in the form:

E(r, ω − ω0) = F (x, y)A(z, ω − ω0)eiβ0z (3.10)

where F(x,y) is the modal distribution, β0 is the propagation constant at ω=ω0 and

A(z,ω) is a slowly varying function of z. Substituting Eq. 3.10 into Eq. 3.5, the

expression for the electric field becomes:

E(r, t) = 1
2(F (x, y)A(z, t)e−iωt+iβ0z) + c.c. (3.11)

where A(z,t) is the inverse Fourier transform of A(z, ω − ω0) and represents the slowly

varying pulse envelope. After some algebraic manipulations of the precedent expressions,

the equation that governs the propagation of A(z,t) is:

∂A

∂z
+ β1

∂A

∂t
+ i

β2
2
∂2A

∂t2
− β3

6
∂3A

∂t3
+ αA

2 − iγA |A|
2 = 0 (3.12)
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where β1, β2, β3 are the first, second and third derivatives respectively of the propagation

constant β with respect to ω evaluated for ω = ω0. The parameter γ expresses the

nonlinear coefficient of the fibre and is defined as:

γ = 2πnE2
Aeffλ

(3.13)

where nE2 is the nonlinear refractive index coefficient, related to the third-order suscep-

tibility and the linear refractive index n(ω) through the expression [Agrawal, 2006]:

nE2 = 3
8n(ω)Re(χ3) (3.14)

The parameter Aeff is the effective mode area and is defined as [Agrawal, 2006]:

Aeff =

(∫ ∫+∞
−∞ |F (x, y)|2 dxdy

)2

∫ ∫+∞
−∞ |F (x, y)|4 dxdy

(3.15)

In order to evaluate the effective area, it is necessary to know the modal distribution

F(x,y) for the fundamental fibre mode. If F(x,y) is approximated to a Gaussian distri-

bution, the effective area can be expressed by the relation [Agrawal, 2006] Aeff =πw2

as given in Eq. 2.5.

Eq. 3.12 can be found in a different form, when the following transformation is applied:

T = t− z/vg = t− β1z (3.16)

The term β1 is related to the group-velocity vg, allowing to study the pulse evolution in

a frame of reference moving with the pulse group velocity. Eq. 3.12 can be written as:

∂A

∂z
+ i

β2
2
∂2A

∂T 2 −
β3
6
∂3A

∂T 3 + αA

2 − iγA |A|
2 = 0 (3.17)

This equation is usually referred to as the nonlinear Schrödinger equation (NLSE), as it

is the analogue of the Schrödinger equation with the addition of a nonlinear term and

the third-order dispersion term. [Agrawal, 2006]
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It is common to define a time scale normalized to the input pulse width T0:

τ = T

T0
= t− β1z

T0
(3.18)

and a normalized amplitude U(z,τ):

A(z, τ) =
√
P0e
−αz/2U(z, τ) (3.19)

where P0 is the peak power of the incident pulse. Using these parameters and ignoring

the third order dispersion term, Eq. 3.17 takes the following form:

∂U

∂z
+ i

sign(β2)
2LD

∂2U

∂τ2 −
iU |U |2 e−αz

LNL
= 0 (3.20)

where sign(β2)=±1 is the sign of the second order derivative and

LD = T 2
0
|β2|

(3.21)

LNL = 1
γP0

(3.22)

are known as the dispersion length and the nonlinear length respectively. Eq. 3.21 and

Eq. 3.22 express the length scales over which the effects of dispersion and nonlinearity

respectively start to become significant.

Eq. 3.20 needs to be modified if the effect of inelastic stimulated scattering processes has

to be taken into account. During an experiment, the input peak power of the incident

pulse may be above the SBS or SRS threshold, thus transferring energy to a new pulse

that propagates in the same or in the opposite direction as the incident one, as it will

be explained in more detail later in this Chapter. When the peak power is above the

SBS or SRS threshold, the interaction between the newly generated pulse and the input

pulse can be considered through XPM.
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3.1.1.1 Self phase modulation

SPM effects occur when an intense beam propagates in a nonlinear medium. The in-

tense beam results in a change of the nonlinear refractive index of the medium which is

responsible for an intensity dependent phase change on the propagating beam. In order

to study the temporal and spectral evolution of a pulse under the effects of SPM, it is

possible to start from the normalised NLSE. Eq. 3.20 can be solved by using a solution

in the form:

U(z, T ) = V (z, T )eiΦNL(z,T ) (3.23)

As a first approach, it is possible to consider negligible the effect of dispersion, so that

in Eq. 3.20 β2=0. Eq. 3.23 can be substituted in Eq. 3.20, and after some algebraic

manipulations, the real and imaginary part can be equated together:

∂V (z, T )
∂z

= 0 (3.24)

∂ΦNL(z, T )
∂z

= e−αz

LNL
V (z, T ) (3.25)

Eq. 3.24 shows that the amplitude of V(z,t) does not change along the length of the

fibre, while Eq. 3.25 can be integrated to give the general solution:

U(L, T ) = U(0, T )eiΦNL(L,T ) (3.26)

where U(0,T) is the amplitude of the field at z=0 and ΦNL can be expressed in the form

[Agrawal, 2006]:

ΦNL(L, T ) = |U(0, T )|2 Leff
LNL

(3.27)

where the parameter Leff is known as the effective length and is expressed by the

relation:
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Leff = 1− e−αL
α

(3.28)

The effective length takes into account the loss of the fibre and it is always shorter than

the actual fibre length, L, because of the propagation loss. In the ideal case of the loss

parameter α being reduced to zero, the effective length coincides with the actual fibre

length.

Eq. 3.27 means that SPM does not affect the pulse shape in the time domain, while it

is responsible for an intensity dependent phase shift. The maximum phase shift occurs

at the pulse centre, i.e. T=0, where U is a function that has been normalised so that

‖U(0, 0)‖=1, and is given by:

Φmax = Leff
LNL

(3.29)

The SPM induced phase shift increases with the fibre length and depends on the fibre

nonlinear parameter γ and the power of the applied electromagnetic wave. The time

dependence of the phase shift indicates that, along the pulse, the instantaneous frequency

differs from its central value, ω0. This frequency change is usually referred to as frequency

chirp and can be expressed as:

δω(T ) = −Leff
LNL

∂

∂t
|U(0, T )|2 (3.30)

The chirp induced by SPM increases with the fibre length, generating new frequency

components while the pulse propagates along the fibre.

The above analysis is valid when the dispersion can be neglected. An analogous anal-

ysis can be applied in the case of negligible nonlinear effects, i.e. when the dispersion

plays the most determining role in the pulse broadening. In order to explain the pulse

evolution in this case, an initially unchirped Gaussian pulse propagating through a fibre

is considered. As shown in [Agrawal, 2006], a Gaussian pulse maintain its shape during

the propagation, while at any point along the fibre its width is given by:

T1(z) = −T0
[
1 + (z/LD)2

]1/2
(3.31)



Chapter 3. Enhancing nonlinear effects in microstructured optical fibres 43

Eq. 3.31 shows how the dispersion broadens the pulse and that the dispersion-induced

broadening does not depend on the sign of the dispersion. Analogously to the previous

case, the phase shift is time dependent and is responsible for a frequency chirp which

can be expressed as:

δω(T ) = sign(β2)(z/LD)
1 + (z/LD)2

T

T 2
0

(3.32)

where the chirp depends on the sign of the dispersion.

When the contribution of dispersive and nonlinear effects need to be considered at the

same time, Eq. 3.20 can be written as follows:

∂U

∂z
+ i

sign(β2)
2

∂2U

∂τ2 −Ni |U |
2 e−αz = 0 (3.33)

where N is expressed as:

N = LD
LNL

= γP0T
2
0

|β2|
(3.34)

and is a non-dimensional parameter which defines the relative effect of the dispersion and

SPM during the pulse propagation. It is clear that the dispersion is more relevant if N�1,

while SPM dominates when N�1. When N∼1 both SPM and dispersion contribute

to the pulse evolution along the fibre. In order to understand the evolution of the

pulse, it is possible to refer to a Gaussian pulse in a fibre with parameters chosen so

that N=1, as reported in [Agrawal, 2006]. Under this condition, a pulse in the normal

regime, broadens faster than when only the effect of dispersion is taken into account, i.e.

the SPM effect enhances the broadening otherwise due only to dispersion. The pulse

broadening leads to a reduced spectral broadening compared to the case when the effect

of GVD is ignored. On the other hand, in the anomalous dispersion regime the pulse

broadens while propagating in the fibre and it then becomes stable at a length imposed

by the dispersion length. At the same time the spectrum becomes narrower rather than

broader as expected as a consequence of SPM. This behaviour is due to the fact that in

the anomalous dispersion regime β2>0, and therefore the SPM induced chirp and the

dispersion induced chirp (Eq. 3.30 and Eq. 3.32 respectively) have opposite signs.
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3.1.1.2 Cross phase modulation

When two or more fields are concurrently propagating in a nonlinear medium, they

interact with each other inducing a phase change in each of the beams. This effect is

known as XPM.

Similarly to the case of SPM, it is possible to start from the NLSE to analyse the effect

of XPM. It is assumed that two waves are propagating simultaneously in the nonlinear

medium, on the same polarisation axis of a fibre. Following an analysis analogous to

the one described in Section 3.1.1.1, and under the same assumptions, the following set

of two coupled NLSEs is reached [Agrawal, 2006]:

∂A1
∂z

+ 1
vg1

∂A1
∂z

+ i
β21
2
∂2A1
∂t2

α1
2 A1 − iγA1(|A1|2 + 2 |A2|2) = 0 (3.35)

∂A2
∂z

+ 1
vg2

∂A2
∂z

+ i
β22
2
∂2A2
∂t2

α2
2 A2 − iγA2(|A2|2 + 2 |A1|2) = 0 (3.36)

where

vg1 = 1
β11

vg2 = 1
β12

(3.37)

and Aj is the slowly varying field, αj is the propagation loss, γj is the nonlinear param-

eter, β1j and β2j are the first and second order derivatives of the propagation constant

β0j and the index j=1,2 indicates the jth field. Looking at the last term of Eq. 3.35 and

3.36 and comparing it with the same term in Eq. 3.17 it can be seen that for two simul-

taneously propagating beams with the same polarisation, the phase change induced by

XPM is twice as effective as the phase change induced by SPM for the same intensity.

Eq. 3.35 and 3.36 are often written as:

∂A1
∂z

+ i
β21
2
∂2A1
∂T 2

α1
2 A1 − iγA1(|A1|2 + 2 |A2|2) = 0 (3.38)

∂A2
∂z

+ i
β22
2
∂2A2
∂T 2

α2
2 A2 − iγA2(|A2|2 + 2 |A1|2) = 0 (3.39)
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where the two parameters T and d represent a reference time frame with the pulse

travelling at the speed vg1 and an indication of the group velocity mismatch respectively

and are defined as:

T = t− z
vg1

d = vg1 − vg2
vg1vg2

(3.40)

The parameter d plays a determinant role in the XPM process, as pulses with different

group velocities tend to walk off from each other, thus leading to a reduced XPM inter-

action. In order to quantify this concept, it is possible to introduce the walk-off length,

defined as:

Lw = T0
d

(3.41)

which represents a measure of the fibre length over which two overlapping pulses separate

from each other as a consequence of the difference in their respective group velocities.

The longer the walk-off length, the more effective the XPM interaction.

3.1.1.3 Four wave mixing

Another process deriving from the third-order nonlinear susceptibility is FWM. It occurs

when two photons from one or more waves are annihilated, creating new photons at

different frequencies, so that the energy is conserved in the process:

ω3 + ω4 = ω1 + ω2 (3.42)

where ωj is the frequency of the jth field.

FWM is a nonlinear process that occurs when the phase-matching condition between

the interacting waves is satisfied:

∆β = β(ω3) + β(ω4)− β(ω2)− β(ω1) (3.43)

where β(ωj) is the propagation constant of the jth field.
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In the most common configuration for FWM-based applications, a strong pump at a

frequency ωp is launched in the medium together with a weak signal at ωs, generating

a new idler wave at a frequency ωf , as well amplifying the weak signal at ωs. Many of

the applications presented in this thesis have relied on FWM, therefore a more detailed

analysis of this effect will be presented in Chapter 5.

3.1.2 Inelastic nonlinear processes

3.1.2.1 Stimulated Raman scattering

Raman scattering in a molecular medium is responsible for the transfer of a small por-

tion of the power (∼10−6) from the incident field to a new field. When the molecules

absorb energy the resulting photon show a lower energy and are shifted to the red side

of the incident spectrum (Stokes scattering). When the molecules lose energy, the re-

sulting photon are shifted to the blue side of the spectrum (Anti-Stokes scattering). In

a quantum mechanical description, this kind of scattering takes place as one photon

of certain energy is excited to a virtual state and creates a photon of reduced energy

when transiting to a vibrational state. One of the most interesting features of Raman

scattering consists in the fact that it is a process that extends over a broad range of

frequencies. For fused silica, the Raman gain extends over ∼40THz, with a peak lo-

cated at around 13THz [Agrawal, 2006]. The reason for this peculiar behaviour is found

in the non-crystalline nature of glasses, where the molecular vibrational states are not

well defined as in crystalline structures, but spread into overlapping bands, generating a

continuum [Shuker and Gammon, 1970]. The frequency range over which the scattered

photons are shifted is referred to as the Raman gain bandwidth.

3.1.2.2 Stimulated Brillouin scattering

SBS involves the interaction of a photon with the material in which the wave is prop-

agating, resulting in the generation of a new photon that is downshifted in frequency

from the incident wave.

This phenomenon has its origins in the process of electrostriction [Boyd, 2003]. The

incident pump field generates an acoustic wave that modulates the refractive index
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of the medium, and the induced index grating is responsible for the scattering of the

incident pump. The scattered pump gives rise to the generation of a new photon that

is downshifted in frequency, because of the shift associated to the grating moving at

a certain acoustic velocity. The frequency shift of the scattered photon, compared to

the incident photon, is known as the Brillouin shift. SBS can be described quantum

mechanically by the annihilation of a photon from the pump and the generation of a

Stokes photon and an acoustic phonon at the same time.

It is possible to define the Brillouin power threshold as the input pump power for which

the generated Stokes power is equal to the pump power at the fibre output. In conditions

of steady-state regime, i.e. when only a single frequency CW pump is considered to be

incident on the nonlinear medium, the power threshold can be expressed as [Agrawal,

2006]:

Pthr = 21 Aeff
gBLeff

(3.44)

where Pthr is the threshold pump power and gB is the Brillouin gain coefficient, related

to the Brillouin scattering cross-section.

3.2 Obtaining a high nonlinear coefficient in microstruc-

tured optical fibres

3.2.1 Nonlinear coefficient

The nonlinear refractive index nE2 is the coefficient of proportionality between an applied

electric field and the induced variation of the refractive index. The refractive index can

be written as:

n(ω,E) = n(ω) + nE2 |E|
2 (3.45)

where n(ω) is the linear part given by:
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n(ω) = 1 +
m∑
j=1

Bjω
2
j

ω2
j − ω2 (3.46)

where ωj is the resonance frequency and Bj is the strength of the jth resonance. In

Eq. 3.45 E is the electric field, and nE2 is the nonlinear refractive index as defined in

Eq. 3.14. In the standard metric system, the electric field E has units of V/m and n

is a dimensionless parameter. According to Eq. 3.14, nE2 can therefore be expressed in

units of m2/V 2. However it is quite common to express the nonlinear refractive index

in m2/W. In this case, the refractive index is defined as:

n(ω, I) = n(ω) + n2I (3.47)

where I is the intensity of the optical field E related to it by the following relationship:

I = 1
2ε0cn |E|

2 (3.48)

where ε0 is the vacuum permittivity, c is the speed of light in vacuum and n is the linear

part of the refractive index.

It is possible to convert the value from one domain to the other using the following

relationship [Agrawal, 2006]:

n2 = 2
ε0cn

nE2 (3.49)

The nonlinear refractive index n2 represents the dependence of the refractive index on

the optical intensity and in an optical fibre it depends only on the material chosen as

the fibre core. In order to quantify the nonlinearity in a fibre, it is possible to refer to

the effective nonlinear coefficient, previously defined as:

γ = 2πn2
λAeff

(3.50)

The effective nonlinear coefficient is expressed in units of W−1m−1 or V−1m−1, or more

commonly W−1km−1 or V−1km−1, where n2 is expressed in terms of the intensity I or



Chapter 3. Enhancing nonlinear effects in microstructured optical fibres 49

the electric field E respectively. The value of n2 for silica is ∼2·10−20m2/W and the

effective nonlinear coefficient of a conventional fibre is ∼1W−1km−1. This low value is

mainly limited by the intrinsically low value of n2 for silica.

Eq. 3.50 shows that there are essentially two ways of obtaining a high effective nonlinear

coefficient in a fibre. One way is to manipulate the fibre structure so as to decrease the

Aeff ; alternatively a different material can be employed with the scope of increasing the

n2. These two possibilities are considered separately in the following sections.

3.2.2 Effective area

The effective area represents a measure of the area occupied by the fundamental mode

when it propagates along the fibre. Eq. 2.5 shows that Aeff is directly proportional to

the mode radius which is in turn, dependent on the core size and the V-number of the

fibre, [Mortensen, 2002]. An arbitrary reduction on the core size is not feasible, as there

is a limit beyond which it is not possible to reduce the core size without compromising

the confinement of the incident light in the core [Finazzi et al., 2003] and therefore the

remaining possibility lies in acting on the NA.

As expressed in 2.2.1 the NA of a fibre is related to the difference in refractive indices of

core and cladding. A large value of NA allows the light to be more tightly confined in

the core resulting in a reduction in the value of Aeff . In the case of a Ge-doped optical

fibre, the maximum NA achievable is dictated by the amount of germanium doping that

can be achieved in the silica core. However, a high concentration of germanium results in

high Rayleigh scattering, which results in higher values of fibre attenuation [Ghatak and

Thyagarajan, 1998]. This means that a trade-off exists between the highest achievable

γ and the lowest α in a fibre. The highest value of nonlinear coefficient that has been

achieved in a standard Ge-doped fibre is ∼26 W−1km−1 for a fibre with an Aeff of 8µm2

and a core diameter of 2.4µm, [Okuno et al., 1999].

In a MOF the difference between the refractive indices of core and cladding can be much

higher than in a standard Ge-doped optical fibre. For a silica HF for example, the air

holes reduce the refractive index of the cladding to the value of air (n=1), which is ∼30%

lower than the refractive index of silica (n=1.45). The consequent large values of NA

that can be achieved in a MOF offer a tight confinement of the light in the core, thus
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reducing its effective area [Mortensen, 2002]. Moreover, in a silica-air HF, the core size

can be reduced down to a few microns, leading to the minimum value of Aeff of 1.5µm2,

[Finazzi et al., 2003]. Based on this result, a small core silica HF showing a record

nonlinearity of ∼70W−1km−1 has been fabricated by Belardi and co-workers, [Belardi

et al., 2002].

3.2.2.1 Increasing the nonlinear coefficient in an optical fibre

The value of γ reported in [Belardi et al., 2002], despite being 70 times higher than that

of a standard Ge-doped optical fibre can be dramatically improved by guiding light in a

material with a higher n2 than that of silica. There are essentially two ways of achieving

this in a fibre: either by filling a hole in a glass fibre with a nonlinear medium and then

forcing light to travel in it or by fabricating a fibre using a more nonlinear material than

silica. Both of these approaches have been considered in this project. The following

sections present a feasibility study on filling optical MOFs with nonlinear liquids, and

also provide an overview of compound glass optical fibres, which is the technology of

choice for the remainder of this thesis.

3.3 Liquid filled microstructured fibres

The first attempt to fill a fibre with a liquid was conducted in the 1970s, [Gambling

and Payne, 1972] when it was demonstrated that a liquid filled fibre could support

propagation of light. The core of the fibre used for the experiment was filled with a

liquid (hexachlorobuta 1-3-diene) whose refractive index (n=1.5563) was higher than

the one of the solid silica cladding (n=1.444) and the light was therefore guided in the

liquid core by TIR.

In the same period, Chandrasekhar started investigating the properties of liquid crys-

tals, [Chandrasekhar, 1977]. He found out that the refractive index of such liquids is

strongly influenced by the molecular alignment which in turn is strongly dependent on

the temperature at which the liquid is kept. The dependence of the refractive index

on the temperature suggested that liquid crystals would be an ideal candidate for the

realisation of tunable devices. The recent years have seen a development in the fabri-

cation of PBFs where the light propagation relies on the photonic bandgap effect. The
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position and the width of the photonic bandgap are strongly dependent on the refractive

index of the fibre. Therefore, the possibility to fill a PBF with liquid crystals has been

investigated for the realisation of tunable photonic bandgap fibres, [Larsen and Bjarklev,

2003, 2004].

The air holes in a MOF open up new opportunities to exploit the interaction of light

with a medium through the evanescent field in the air holes. Monro and co-workers,

[Monro et al., 1999] have demonstrated that a significant part (up to 30%) of the modal

power can overlap with the air holes for a solid core fibre with a cladding showing a

d/λ ∼0.7. The evanescent field in the holes benefits from a long interaction length, as

the holes run along the entire fibre length, and has been successfully exploited for the

realisation of gas and liquid sensors, [Fini, 2004; Hoo et al., 2001; Jensen et al., 2004;

Martelli et al., 2005].

The prospect of filling the holes of a MOF with a highly nonlinear liquid has attracted a

great attention in the last few years and it has been viewed as an effective way to enhance

the nonlinear effect in a fibre, otherwise limited by the intrinsically low nonlinear value

of the refractive index of silica.

One of the first attempts to use nonlinear liquids to enhance the nonlinear properties

of a MOF was performed in 2005. Yiou and co-workers investigated the possibility to

achieve SRS in a MOF with a hollow core filled with ethanol, [Yiou et al., 2005]. Ethanol

has a nonlinear refractive index ∼6 times higher than silica but a lower linear refractive

index (n=1.36), which makes it impossible to guide light by TIR in a silica capillary

tube and therefore a hollow core PBF was chosen for the demonstration. Using this

fibre it has been possible to demonstrate SRS; however, the propagation in the core was

multimoded. Lebrun and co-workers proposed a solution to solve this issue: a completely

filled ethanol PBF, [Lebrun et al., 2007]. This choice resulted in single mode SRS process

that was 25% more efficient than the one obtained in [Yiou et al., 2005].

CS2 has been used to theoretically demonstrate supercontinuum generation [Zhang et

al., 2006]. Filling the core of a PBF with such a liquid, an output spectrum spanning

from 500nm to 2000nm has been theoretically demonstrated. Figure 3.1(a) shows the

structure proposed in [Zhang et al., 2006], where the hollow core (a=4µm) has been

filled with CS2, while the cladding (d/Λ=0.66) is left unfilled. Figure 3.1(b) shows the

corresponding dispersion profile of the proposed fibre.
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Figure 3.1: Schematic fibre structure (a) and corresponding dispersion profile (b) of
the CS2 filled core fibre, (adapted from [Zhang et al., 2006]).

The proposed fibre shows a nonlinear coefficient of ∼2000W−1km−1 and a ZDW at

1.55µm which is crucial to achieve supercontinuum generation in a scheme where the

pump is at the same wavelength. (More details on supercontinuum generation can be

found in Chapter 7).

The highly nonlinear coefficient that can be achieved in a CS2 filled fibre can be exploited

for the realisation of many devices for all-optical processing at telecom wavelengths. In

order to improve the performance of many processing devices (particularly those based

on four-wave mixing) a low and flat dispersion profile is required in addition to the

highly nonlinear coefficient.

The work presented in [Zhang et al., 2006] shows no attempt to flatten the dispersion

profile of the fibre. A systematic analysis of the fibre parameters proposed by Zhang

and co-workers has been carried out by Poletti and co-workers, [Poletti et al., 2008].

They have found the optimum fibre parameters (d=0.9µm and Λ=1.36µm) for a CS2

filled core MOF to show a highly nonlinear coefficient (6500W−1km−1) and a flat and

low dispersion profile at telecom wavelengths, [Poletti et al., 2008]. Figure 3.2 shows

the dispersion profile that can be achieved in the fibre proposed by [Poletti et al., 2008].

An extremely flat dispersion profile, with D=0±1ps/nm/km, can be achieved in the

wavelength range between 1500nm and 1600nm.

Nonlinear liquid filled MOFs seem to be a still largely unexplored and attractive field and

this is the reason why some time has been devoted to the investigation of the advantages

that a nonlinear liquid filled fibre can present.
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Figure 3.2: Dispersion profile of the CS2 filled core HF proposed in [Poletti et al.,
2008] to achieve a flat and low dispersion profile in the wavelength range between

1500-1600nm.

In order to investigate the possibility to fill the holes of a MOF with a nonlinear liquid,

suitable liquids needed to be identified. Table 3.1 lists some nonlinear liquids and shows

their corresponding values of linear and nonlinear refractive indices. The values marked

with a ∗ are after [Sutherland, 1996], while those marked with a + are after [Dumais et

al., 2007] and those marked with a − are after [Zhang et al., 2006]. The values for silica

are reported for reference.

Table 3.1: Parameters of the most common nonlinear liquids.

Liquid Toluene Carbon Disulfide Nitrobenzene Silica
n 1.496* 1.68* 1.551* 1.549(λ = 589nm)
n 1.477* - - 1.444(λ = 1550nm)
nE2 3.97+ 122 278 0.42(10−22m2/V)
n2 20+ 564 1350 2.2(10−20m2/W)

Absorption 0.3dB/cm no absorption strong absorption 0.2dB/km
@1550nm+ in visible and IR− if λ>1600nm− @1550nm
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The linear refractive index is reported at the D-line (λ=589.29nm), as this represents

the standard wavelength at which the refractive index is measured and is therefore

usually found in literature. Wherever available, the value of refractive index at 1550nm

is also listed. When not available, the values of n2 have been calculated using Eq. 3.49.

Nitrobenzene looks like a very promising liquid, due to its high nonlinear refractive index

value and its absorption properties, immediately followed by CS2. Figure 3.3 shows the

transmission curves of 1cm samples of CS2 and nitrobenzene and shows clearly the

advantages of CS2 in terms of absorption at telecoms wavelengths [Zhang et al., 2006].

Moreover, the short sample lengths used for these measurements imply that the losses

of nitrobenzene will become more relevant for longer pieces of fibre. This is the reason

why CS2 has been considered as a more suitable liquid for nonlinear applications.

Figure 3.3: Transmission curve for carbon disulfide and nitrobenzene, taken from
[Zhang et al., 2006].

Filling a MOF represents quite a challenging task, as there are many practical issues

to be taken into account. A MOF can be filled entirely or selectively, just in the core

or the cladding holes, depending on the particular application it is required for. When

the entire fibre needs to be filled, it is possible to simply immerse the fibre in the liquid

and rely on the capillary effect. On the contrary, when selective filling is needed, then

a dedicated technique needs to be applied. The next sections will illustrate the main

steps taken towards the development of a filling technique.
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3.3.1 Capillary filling

When a liquid is in contact with a capillary tube, several forces need to be taken into

account in order to model the behaviour of the liquid: the capillary force, the friction

force, the applied pressure and the gravity force [Nielsen et al., 2005]]. The capillary

force is defined as the ability of a substance to draw another substance into it. Capillary

action for two different liquids is shown in Figure 3.4

Figure 3.4: Schematic of capillary action for two different liquids: (a) water and (b)
mercury.

When a capillary tube is immersed into a liquid, the liquid comes in contact with the

inside wall of the tube, forming an angle known as the contact angle. The red arrows

in Figure 3.4 indicate a contact angle of 90°. This represents a measure of the balance

of the forces that exist in the interaction between the liquid and the surrounding solid:

the cohesive and the adhesive forces.

The cohesive forces are defined as the attractive forces exerted on a liquid molecule by

the neighbouring molecules, while the adhesive forces are defined as the attractive forces

exerted on a liquid molecule by the molecules in the surface of the surrounding solid.

The cohesive forces between liquid molecules are responsible for the phenomenon known

as surface tension. At the surface of the liquid, the molecular cohesive forces are not

balanced and therefore the surface tends to contract in order to minimize its area. The

surface tension is responsible for the shape of the liquid droplets. When the adhesive
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forces are stronger than the cohesive ones, the liquid is able to spread out on the solid

surface. In this case the contact angle is lower than 90°and the liquid in contact with the

solid wall will ascend the capillary tube as shown in Figure 3.4(a), where the capillary

action for water is illustrated. On the contrary, if the cohesive forces in a liquid prevail

on the adhesive ones the contact angle is greater than 90°and the liquid will avoid the

contact with the capillary tube, as shown for mercury in Figure 3.4(b).

The capillary force Fc for a circular tube can be expressed by:

Fc = 2πaσcosθ (3.51)

where a is the radius of the tube, σ is the surface tension and θ the contact angle.

The friction force Ff is related to the viscosity of the liquid, a measure of the resistance

of the liquid to be deformed by external stress. The value of the viscosity, together

with the dimension of the capillary tube, determines if the flow is laminar or turbulent,

simply referring to the Reynolds’s number:

Re = 2ρaU
µ

(3.52)

in which ρ is the density, U is the velocity of the liquid column and µ the viscosity of the

liquid. If Re<2300 then the flow is laminar, which means that the liquid flows smoothly.

On the other hand, if Re>2300, the flow is called turbulent which means that the liquid

experiences irregular fluctuations.

The density and viscosity of the liquids used in the experiments for the present work

and the dimensions of the capillary tubes always lead to a condition of laminar flow.

It is therefore possible in our discussion to apply Poiseuille’s law for a circular tube as

follows:

Ff = −8πµLU (3.53)

where L is the length of the liquid column.
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In order to speed up the capillary filling process, an overhead pressure can be applied

and the resulting force is expressed by:

Fp = ∆Pπa2 (3.54)

where ∆P is the difference between the pressure applied on the two ends of the capillary

tube.

Finally the vertical column of liquid is subject to the gravitational force which can be

expressed as follows:

Fg = −πρga2L (3.55)

where g is the gravitational constant.

The final equation that describes the filling of a circular capillary tube, and takes into

account all the forces described above is known as Navier-Stokes equation, [Batchelor,

2000]:

∂

∂t
= 2πaσcosθ + ∆Pπa2 − 8πµLU − πρga2L (3.56)

Expressing the velocity U in terms of column length and time U=∂L/∂t, the equation

that describes the capillary process is simplified as follows:

∂2

∂t2
(L2) +B

∂

∂t
L2 + 2gL (3.57)

where the constants A and B are respectively:

A = 4cosθ + 2∆Pa
ρa

B = 8µ
ρa

(3.58)

I have carried out experiments to verify that it is possible to accurately predict the filling

time of liquid in a PBF. The fibre used for this series of experiments is presented in the

images of Figure 3.5:
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Figure 3.5: Microscope image of the PBF used to investigate the capillary action
within this thesis.

Figure 3.5 shows a microscope image of the fibre, which was provided by Dr. Marco

Petrovich. The 19-cell core fibre has a core radius of 9.15µm, while the average radius

of the cladding holes is 2.40µm. Approximating the core and cladding holes to capillary

tubes, it is possible to apply Eq. 3.57 to estimate the filling time of a liquid into the

fibre. Water has been chosen as the liquid to test the model for various reasons: it is

safe, easy to handle and it is readily available.

The parameters of water at room temperature (25°C) are reported in Table 3.2:

Table 3.2: Parameters of water at room temperature [Lide, 2005].

Surface Tension Contact angle Viscosity Density
[10−2N/m] [deg] [10−3Pa·s] Kg/m3

7.8 ∼0 1 999

If the fibre is kept horizontally, it is possible to neglect the gravitational term in Eq.

3.57 and the equation can be solved analytically using the following expression:

L(t) =
√
A

B2 e
−Bt + At

B
− A

B2 (3.59)

where the constants A and B are the same as in Eq. 3.58.
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The water infusion time has then been evaluated using the proposed mathematical

model, as illustrated in Figure 3.6:

Figure 3.6: Simulated water filling time for the PBF core and cladding when the fibre
is placed horizontally (solid lines) and vertically (dashed lines) when compared to the

ground.

Figure 3.6 shows the simulated water infusion time (when no pressure is applied) when

the capillary tube is placed horizontally and when it is placed vertically with respect

to the ground. When no gravity is applied, that is the tube is placed horizontally, the

resulting modelling time for the core hole is represented by the blue line and that for

the cladding holes by the red line. As expected, the figure shows that the filling time of

the core hole is significantly shorter than that of the cladding holes.

If the gravity force has also to be considered, i.e., the fibre is filled while kept in a vertical

position with respect to the ground, then Eq. 3.57 must be solved numerically. The

solution for the core and the cladding holes is also shown again in Figure 3.6, respectively

by the light blue and the pink dashed lines. It is clear from the above figure that the

gravity force has a stronger effect on the larger capillary tube, while it can be neglected

for smaller capillaries. From the figure it is also possible to observe that the gravity effect

is negligible with very good approximation for very short pieces of fibres (< 15cm).



Chapter 3. Enhancing nonlinear effects in microstructured optical fibres 60

3.3.1.1 Verification of the model

In order to experimentally validate the model proposed above, it is possible to use a

very simple system, consisting of a small beaker filled with the testing liquid, in this

case water, and a microscope. One end of the fibre is dipped in the water, while the

other end is inspected under the microscope keeping the rest of the fibre as straight as

possible. The piece of fibre that is bent to be dipped into the water, as well as the

one that is bent to be inspected under the microscope, is very short, <2cm, so that,

according to the results shown in Figure 3.6, gravity effect does not need be taken into

account. Using the microscope and pieces of fibre of various lengths it has been possible

to take images such as those of Figure 3.7 that shows the filling status at various stages.

Figure 3.7: Microscope images of the PBF used to investigate capillary action with
water at different stages: a) empty fibre; b) filled core; c) completely filled fibre.

Figure 3.7(a) shows the empty sample at the beginning of the experiment; Figure 3.7(b)

shows the tip of the fibre after core only has been filled and Figure 3.7(c) shows the fibre

when all the holes have been filled.
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Figure 3.8: Measured (star points) and simulated (solid lines) infusion time of water
in the PBF used within this work.

Using this simple setup, several data have been collected. Figure 3.8 shows the predicted

filling time for the fibre core and cladding and the experimental data collected with the

setup described above. It is possible to see that the experimental data agree with the

model quite well in all the measurements but in the one which was carried out with

the shortest piece of fibre (marked with a ” • ”). This measurement represents the very

first attempt made which was carried out while keeping the light of the microscope on

throughout the measurement. The heat coming from the light bulb heated the fibre up,

thus resulting in the evaporation of the water and in a slower infusion process. Therefore,

for the remaining experiments, the microscope lamp has been switched off and has been

turned on for only ∼1 minute just before the time predicted by the model, to reduce as

much as possible the influence of heat coming from the lamp on the infusion time. The

remaining points on the graph have been taken following this procedure and are marked

with an asterisk.
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3.3.1.2 Selective filling

For some applications it is important to be able to fill a microstructured fibre selectively,

i.e., just its core or its cladding holes, depending on the particular application that the

filled fibre is intended for. As shown in Figure 3.6 and Figure 3.7 a larger capillary tube,

in this case the core of a photonic bandgap fibre will be filled in a shorter time compared

to a smaller tube, the cladding holes.

It is possible to exploit this result to implement a selective filling technique [Huang et al.,

2004], based on the use of a UV curable liquid and on a multistep process as described

in the chart of Figure 3.9.

Figure 3.9: Schematic diagram of the selective filling technique.

The first step consists in filling the fibre with a UV curable liquid whose flow can be

considered laminar, so that it is possible to apply the model studied in the previous

Section. According to the numerical model, the core will be filled in a shorter time when
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compared to the cladding, so that there will be a difference in the infusion length (a).

The second step involves the UV curing of the liquid and the cleaving of the fibre at

a convenient position (b) that leaves only the core filled (c). The cladding holes are

now accessible, since the core is blocked by the UV cured liquid. If a filled cladding is

needed, it is possible, at this stage, to fill the fibre with the desired liquid and, by simply

cleaving the fibre after the core-filled section, a cladding-filled MOF is obtained. If, on

the other hand, a selectively filled core is needed, then a few more steps are required.

The fibre, having its core blocked, will be then re-dipped in the UV curable liquid (d)

and another step of curing and cleaving is needed (e) to finally leave to core accessible

to be filled with any liquid (f). The main advantage of this method relies on the fact

that it is suitable both for only core and only cladding filling.

There are also other ways to selectively fill a fibre, such as the technique based on the

use of a fusion splicer. It has been demonstrated indeed, that by setting the correct

parameters of fusion current and fusion duration of the process, the outside holes of a

MOF may collapse, while the central hole, the core, can remain open and ready to be

filled with any liquid [Xiao et al., 2005]. This method however, does not give any chance

to fill just the cladding holes, unless it is used to replace the first two steps in Figure

3.9. Recently, a new technique for the selective filling of fibre holes has been presented:

the fibre is covered by a UV-curable adhesive and the selected holes are sealed by a 3D

UV laser writing system [Vieweg et al., 2010]. The non-sealed holes are then filled by

capillary action.

The first steps towards the implementation of the selective filling method described

in Figure 3.9 have been made. A UV curable liquid, Efiron PC-373 from Luvantix

[www.luvantix.com], which is commonly used for the purposes of fibre coating, has been

chosen as the liquid to perform the experiment. Efiron PC-373 presents the following

parameters, summed up in Table 3.3.

Table 3.3: Parameters of Efiron PC-373 at room temperature [Lide, 2005].

Surface Tension Contact angle Viscosity Density
[10−2N/m] [deg] [10−3Pa·s] Kg/m3

2.0 ? 5500 1150

The Reynolds’s number (Eq. 3.52) for Efiron PC-373 in a micron-scale tube is below

the limit of 2300, which means that the flow can be considered laminar and thus the
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modelling previously reported can be applied. There is no information on the contact

angle of the liquid. As shown in Figure 3.10, where various contact angles have been

considered for the calculation of the infusion time of Efiron PC-373 in the core and

cladding holes of the PBF of Figure 3.5, this value strongly influences the infusion time.

However, from the model it is also clear that the high viscosity of the liquid makes the

process really slow. After 60min, indeed, less than 1cm of fibre will be filled: under this

condition, it is very difficult to apply with good accuracy the selective filling process

previously described.

Figure 3.10: Dependence of the infusion time on the contact angle for Efiron PC-373.

It is necessary to speed the process up and this can be done by applying an overhead

pressure to the liquid. When pressure is applied, the corresponding force is more relevant

than the sole capillary force. Considering the expression of the forces due to the capillary

action and the pressure applied and the value of surface tension of Efiron PC-373, it is

relatively straightforward to prove numerically that the force due to the applied pressure

is at least one order of magnitude higher than the one due to the capillary force.

Figure 3.11 shows that, by applying a pressure of 2 bars, the dependence of the filling

time on the contact angle is strongly reduced and therefore the numerical curves for the

various values of contact angles are no longer distinguishable. It is also observed that

after 60 minutes a difference of nearly 4 cm in length is achieved between the liquid

column in the core and the cladding holes.
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Figure 3.11: Dependence of the filling time of Efiron PC-373 on the contact angle
when a pressure of 2 bars is applied.

A way to apply a known pressure to the liquid involves the use of a syringe pump, as

shown in the set up of Figure 3.12.

Figure 3.12: Setup used to fill a fibre applying a known value of pressure.

On the syringe pump used for this experiment it is possible to set the flow rate of the

liquid passing through the orifice of a standard syringe. The flow rate is given by:

Φ = AU (3.60)

where A is the area of the section and U the velocity of the liquid column. The pressure

associated to the set value of flow rate is given by Poiseuille’s law:
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Φ = πa4 |∆P |
8µL (3.61)

Using this formula, it is straightforward to work out the pressure that is related to a

certain flow rate for a given tube with radius a and length L. Once the flow rate has

been set for the aperture of the syringe that is holding the fibre, this remains constant

even if the cross-section changes, that is the change in section between the diameter

of the syringe and the diameter of the fibre. This is due to the property of a fluid to

move in such a way that the mass is conserved. This concept is easily expressed by the

continuity law:

A1U1 = A2U2 (3.62)

where A1 and A2 are two different sections of a capillary tube and "U1 and U2 are the

respective values of the speed of the liquid in the two sections.

This set up, despite its simplicity and flexibility, involves many practical problems: the

choice of the syringe with the right diameter, the choice of a needle whose internal

diameter is big enough to hold the fibre, or the right glue to bond together the glass of

the fibre and the metal of the needle.

3.3.2 Toluene filled MOFs

CS2 is an extremely toxic liquid [www.sciencelab.com] and therefore dedicated cells

need to be used in order to avoid any contact with it. For this reason, toluene, (a less

hazardous liquid) was used instead in the preliminary experiments, which were mainly

intended to look at the practical problems that might arise when filling a fibre with

a liquid and guiding light through it. The optical parameters for toluene are shown in

Table 3.1, [Sutherland, 1996]. The infusion time model discussed in the previous Section

can be easily applied to toluene. The parameters of the liquid needed for the model are

shown in Table 3.4.

Toluene is a solvent and therefore is very volatile. In general, the evaporation rate of

a liquid is found to be directly proportional to the diameter of the container where the
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Table 3.4: Parameters of toluene at room temperature [Sutherland, 1996].

Surface Tension Contact angle Viscosity Density
[10−2N/m] [deg] [10−3Pa·s] Kg/m3

2.85 22.5 0.59 870

liquid is stored [Silberberg, 2006]. Therefore, a beaker with a small radius is needed to

store the liquid for this set of experiments. The use of a small container has forced us

to keep the fibre sample bent over a length of more than 15cm, when using samples of

fibre longer than 30cm, and this physical arrangement has necessitated the gravity force

to be taken into account when modelling the corresponding infusion time.

Figure 3.13: Measured (dots) and simulated (solid and dashed lines) infusion time
of toluene in the PBF. The dashed and the solid lines represent the case in which the

gravity forces is included or neglected respectively.

Figure 3.13 shows the simulated infusion time of toluene in the hollow core fibre of Figure

3.5 when the gravity effect is included and when it is not. Figure 3.13 illustrates that

the experimental results are in good accordance with the model of the infusion time of

toluene in a photonic bandgap fibre when the gravity effect is taken into account. The

solid lines represent the case of the fibre kept horizontal with respect to the ground,

while the dashed lines describe the modelled filling time for a fibre kept vertically. The

figure shows that the data collected follow the model that consider the fibre placed
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vertically for longer samples of fibre, while there is no difference for the shorter samples.

In general, it is possible to say that the experimental results follow quite well the model,

allowing the prediction of the time required to fill the fibre in the experiments with good

approximation.

The MOF available for experiments, shown in Figure 3.5, is a photonic bandgap fibre

that guides light at 1550nm by the photonic bandgap effect. This has been theoretically

demonstrated by simulations performed by Dr. Poletti within the ORC. Figure 3.14

shows the propagation in a 1m length of the simulated structure and suggests that a

single mode is supported.

Figure 3.14: Simulated guidance in the hollow-core PBF by photonic bandgap effect,
courtesy of Dr. Poletti.

When the fibre is completely filled with toluene, its core will present a refractive index

higher than the one of the silica, while the refractive index of the cladding will be slightly

lower than this value. In this case the fibre will guide light by TIR but the propagation

is not single mode. Figure 3.15 shows the results of the simulation of the toluene filled

sample, from which it is clear that the fibre is heavily multimoded.
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Figure 3.15: Simulated guidance by total internal reflection in a toluene filled sample,
courtesy of Dr. Poletti.

A simple experiment, involving the use of an IR camera, has proven that the propagation

in the fibre is single mode when the fibre is empty, while higher order modes are excited

when the fibre is filled with toluene.

In the empty sample, indeed, Figure 3.16(a), the light is propagating by photonic

bandgap effect and is well confined in the core. When the sample is filled with toluene,

light is guided by TIR and more than one mode can be excited at the same time, as

shown in Figure 3.16(b). Also, additional cladding modes can be clearly distinguished

in the filled sample.
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Figure 3.16: Propagation by (a)photonic bandgap effect in the empty sample, and(b)
by TIR in the filled sample where light is guided both in the core and in the cladding.

As already mentioned before, toluene is a solvent, so it easily evaporates when in contact

with air. The force exerted by surface tension and the very small size of the capillary

tubes of the MOF, will prevent the toluene to evaporate from the fibre. However, it

has to be taken into account that the liquid may reach high temperatures when it is

heated up by the laser beam and thus evaporate, leading to a non-uniform distribution

of toluene in the fibre which might affect the modal properties of the waveguide of Figure

3.16(b).

In order to understand how this could affect our measurements, the power dependence

of a toluene filled short sample was investigated. A set up consisting in a CW laser, at

the wavelength of 1550nm, amplified by an EDFA was used to perform this experiment.

A ∼10cm long sample was then filled with toluene by capillary action: the fibre was kept

horizontal and one tip was dipped into toluene. The experimentally validated capillary

filling model predicts that a sample of this length would be completely filled with toluene

after 5 minutes.

Figure 3.17 shows how the output power of an empty sample followed linearly the input

power (red solid line). In the case of the filled sample, this linearity was kept just for

low values of power. By increasing the input power, it is possible to see that the output

values were not stable, but fluctuated as shown by the vertical bars, resulting in an

unstable trend. The output values corresponding to the three highest input powers were

recorded over a shorter period of time to prevent the evaporation of the liquid from the

fibre. At the highest value of input power (10dBm), the filled fibre was illuminated for

∼5min. At the end of this period of time, the power at the output of the filled sample
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Figure 3.17: Comparison between the power dependence of an empty and a toluene
filled sample of PBF.

increased to approximately the same output power value as that obtained in the case of

the empty sample, indicating that the liquid had evaporated.

This Section has highlighted the main issues related to the development of nonlinear

liquid-filled fibre techniques. The nonlinear liquid to be employed has to be chosen

carefully, as most of them are highly toxic and any contact with the liquid must be

avoided. Another issue that arises is represented by the filling technique. When selective

filling is required, then the development of an appropriate technique is necessary. A

method has been proposed and the main problems related to it have been discussed.

MOFs can be also entirely filled by capillary action and a mathematical model has been

reported and experimentally verified. However, once the fibre is filled with the liquid,

the dependence of the liquid evaporation rate on its temperature has to be taken into

account. The high temperature reached by the liquid when exposed to a light beam

is responsible for unstable measurements, as experimentally verified by using a toluene

filled PBF.

The difficulties encountered in developing a liquid filled fibre technology have made us

move our interest towards the development of nonlinear fibres made of higher nonlinear-

ity glasses. Some basic aspects of soft glass technology are introduced in the next Section
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and the results achieved with some fibres based on this technology will be illustrated in

the rest of this thesis.

3.4 Soft glass MOFs

For a dielectric material the linear refractive index, n, and the nonlinear refractive

index, n2, can attributed to the polarizability of the constituent ions [Adair et al., 1989;

Thomazeau et al., 1985]. Therefore, glasses consisting of ions with heavy atomic weight

or large ionic radii will generally exhibit high values of n and n2. Figure 3.18 illustrates

the relation between n and n2 for various optical glasses, including fluoride glasses,

silica, lead silicate glasses, tellurite glasses, other heavy metal oxide (HMO) glasses, and

chalcogenide glasses.

Figure 3.18: Comparison between the linear and the nonlinear refractive index of
various available glasses, taken from [Feng et al., 2005a].

It can be seen that the nonlinear refractive index n2 increases with the linear refractive

index n, according to the empirical Miller’s rule [Miller, 1964]: the nonlinear optical

response of a material is related to its linear response. In particular, high-index HMO

glasses and chalcogenide glasses (based on S, and Se) exhibit a nonlinear refractive index

n2, which is 1-3 orders of magnitude higher than silica glass. For example, the nonlinear
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coefficient n2 for the lead-silicate glass SF57 is ∼ 4 · 10−19m2/W at 1060nm [Monro and

Richardson, 2003], for tellurite glass is ∼ 5.9 ·10−19m2/W at 1550 nm [Mori et al., 2004],

and for bismuth-oxide glass is ∼ 3.2 · 10−19m2/W at 1550 nm [Ebendorff-Heidepriem et

al., 2005]. This indicates that by choosing a high-index glass as the host material for a

nonlinear fibre, the nonlinear coefficient can be enhanced by 1-3 orders of magnitude.

Chalcogenide glasses seem to be very promising as they exhibit the highest value of

nonlinear coefficient amongst the other glasses. Chalcogenide fibres showing a nonlinear

coefficient of 1200W−1km−1 have been reported, [Ta’eed et al., 2006a]. Higher values of

nonlinear coefficient, up to 6800W−1km−1 have been achieved in tapered chalcogenide

fibres, [Mägi et al., 2007] and even higher values, up to 10000W−1km−1 have been re-

ported in chalcogenide-based waveguides, [Lamont et al., 2008]. Tellurite glasses show

a high nonlinear refractive index, they are more stable than chalcogenide glasses [Wang

et al., 1994] and also show a good thermal and mechanical stability. Tellurite based

fibres with a nonlinear coefficient as high as 680W−1km−1 have been reported [Mori et

al., 2004]. Bismuth is another attractive material for the fabrication of highly nonlin-

ear fibres. It shows a high nonlinear refractive index, and does not contain any toxic

elements such as Pb, As, or Se [Sugimoto et al., 1999]. Moreover, it shows good me-

chanical and thermal stability that facilitate the fibre fabrication. Bismuth oxide-based

HFs have been fabricated showing a nonlinear coefficient γ as high as 1100W−1km−1

[Ebendorff-Heidepriem et al., 2004a]. Compared to the glasses presented above, lead

silicate represents an attractive family of glasses, as, in addition to the high nonlinear

refractive index, they show higher thermal stability and less steep viscosity curves than

other non-silica glass alternatives [Fujino et al., 1998]. Lead silicate based HFs have

been fabricated with a γ up to 1860W−1km−1 [Leong et al., 2005b].

As illustrated in Section 2.2.5 most of these glasses exhibit a high normal material

dispersion at 1550nm, which gives the main contribution to the overall dispersion of

the fibre. However, for many nonlinear applications in the telecoms field, a ZDW or a

low dispersion value at 1550 is highly desirable. Analogously to a silica-based MOF, the

presence of micron-scale features in the cladding of a soft-glass MOF gives the possibility

to engineer the dispersion profile of the final fibre.

The prospect of achieving a low and flat dispersion profile at the wavelength of interest

has been investigated in many different structures made of highly nonlinear glasses.
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Liao and co-workers have designed and fabricated three solid core tellurite-based HFs

surrounded by six holes, with a different hole diameter in the cladding of the samples,

[Liao et al., 2009a]. The HFs were designed to exhibit a flat dispersion profile with two

ZDWs, the first around 1µm and the second around 1.6µm. Further improvements in

the structure have allowed for the fabrication of a new tellurite-based HF showing a

ZDW at 1390nm [Liao et al., 2009b]. Very recently, a tellurite HF with a core diameter

of ∼2.7µm surrounded by four air holes of diameter in the range of 3 to 5µm was

designed and fabricated to exhibit a ZDW at 1434nm [Qin et al., 2010]. Despite the

ZDW lying close to the C-band the dispersion value at 1550nm of the fibre exceeds the

200ps/nm/km.

Despite the large anomalous dispersion value at 1550nm of bismuth-oxide based glasses,

as shown in Figure 2.11, acting on the cladding features of a HF has led to some inter-

esting results. Dispersion shifted HF fibres with anomalous dispersion of 40ps/nm/km

at 1550nm have been predicted in an 2.4µm air-suspended core fibre surrouded by three

large holes (>5µm), [Ebendorff-Heidepriem et al., 2004a]. A bismuth-oxide fibre with

a low normal dispersion value of -15ps/nm/km at 1550nm has also been reported [Na-

gashima et al., 2006].

Dispersion shifted fibres have been also fabricated using lead-silicate glasses. Fibres with

ZDW in the range of 1300nm up to 1600nm have been designed and fabricated using

the commercially available lead-silicate Schott SF6 glass, [Kumar et al., 2002]. The

relatively low dispersion value of bulk SF6 (-30ps/nm/km), [Schott, 2003], resulted in a

low normal dispersion HF at 1550nm (<5ps/nm/km) for a fibre with a core diameter of

5µm. Lead-silicate based HFs with a ZDW at ∼1400nm and an anomalous dispersion

profile at 1550nm have also been fabricated [Petropoulos et al., 2003] as well as lead-

silicate HFs with a ZDW in the range between 1530nm and 1600nm have also been

fabricated, [Asimakis et al., 2007]. These fibre structures also show a relatively low

dispersion slope (∼0.2ps/nm2/km) resulting in low overall dispersion profile at telecoms

wavelengths (|D| <20ps/nm/km).

The results reported above indicate that the combination of the microstructured fibre

technology with the use of highly nonlinear glasses is a promising route to the develop-

ment of short length highly nonlinear fibre devices with low dispersion in the telecoms

wavelength range. Conventionally, efforts in this direction have targeted the design and
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fabrication of HFs. However, issues relating to the fabrication of such precisely controlled

structures, as illustrated in Section 2.1 have led, in the last few years, to the develop-

ment of all-solid MOFs, that combine the flexibility of a microstructured cladding with

the advantages of fabricating a solid structure. By the time that work on this project

had started, two different geometries had been proposed: cladding holes filled with a

compatible glass or cladding structure arranged in multiple concentric layers of different

glasses, and in both cases highly nonlinear fibres had been successfully drawn, [Feng et

al., 2003a], [Feng et al., 2005c].

In this project, we have chosen lead silicate glasses as the material for the fibre fabri-

cation and explored different designs including both holey and all-solid structures for

the fabrication of a highly nonlinear fibre with low and flat dispersion at telecoms wave-

lengths. The results achieved within this project are reported in the following Chapters.

3.5 Conclusions

This Chapter illustrated the various nonlinear phenomena occurring in an optical fibre

and described the main parameters of an optical fibre that contribute to enhance the

nonlinear effects. It introduced the nonlinear coefficient and the fibre parameters that

contribute to enhance its value. Two ways of increasing the nonlinear refractive index of

an optical fibre were presented: filling a HF with a nonlinear liquid and replacing silica

with a glass that shows a higher nonlinear refractive index.

Liquid filled MOFs have been used for various applications such as sensing or the real-

isation of tunable devices, while the field of nonlinear liquid filled HFs is still relatively

unexplored. This Chapter reported the first steps taken towards the development of

a fibre filling technique for nonlinear applications. Following a brief overview of the

available nonlinear liquids, the challenges presented by the fibre fillings were discussed.

An infusion model was described and verified using water and toluene as the test liquids

and a selective filling technique was illustrated.

Replacing silica with highly nonlinear glasses and combining HF and soft glass technolo-

gies allows the development of highly nonlinear, single mode, dispersion tailored fibres.

Such fibres are ideal for a number of telecom applications based on nonlinear effects,
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such as wavelength conversion, pulse compression, demultiplexing and supercontinuum

generation. These applications are discussed in the following Chapters.



Chapter 4

Characterisation of small core

highly nonlinear fibres

This Chapter illustrates the results of the characterisation of highly nonlinear soft glass

fibres including both holey and all-solid structure designs. Three different fibre types

have been considered. A HF structure was made of commercially available Schott SF57.

An all-solid multi-ring design was based on Schott SF6 (core and some cladding rings)

and LLF1 (cladding rings), while a simpler W-type index profile fibre was based on

SF57 (core), SF6 (first cladding) and LLF1 (second cladding). The nonlinear refractive

index of the lead-silicate SF57 glass is n2∼4·10−19m2/W at 1550nm, while SF6 exhibits

a n2∼2.2·10−19m2/W at 1550nm [Schott, 2003]. The three fibre designs presented here

all target a high nonlinear coefficient together with a tailored dispersion profile in the C-

band in order to be efficiently employed in highly nonlinear systems. The measurement

techniques and the corresponding setup used to characterise the fibres are described. The

experimental results for each fibre design are presented, together with the advantage of

each design and its potential for the realisation of highly nonlinear systems.

4.1 Measurement Techniques

In order to assess the optical properties of the fibres used in the experiments presented

within this thesis, suitable measurement techniques have been setup.

77
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In all the experiments carried out in this thesis, free-space coupling was chosen for

launching light into the fibre, since this provided a much better control of the launching

conditions over the butt-coupling technique. Note that splicing very small core soft glass

fibres is not straightforward and it was not considered during the experiments described

in this thesis. The fibres were mounted over a three-axis nanopositioning stage which

was driven by piezoelectric controllers with a resolution of 20nm.

The light coming from the source was coupled into the input cleaved facet of the fibre

by using a combination of aspheric lenses, carefully chosen in order to maximise the

coupling efficiency. The range of values for the coupling efficiency reported in this thesis

is between 20% and 35%. Fragility concerns forced us to use hand cleaving with a ceramic

tile in all our measurements. The quality of the cleave was assessed by inspecting the

fibre with a magnifying lens, to ensure that a clean cleave was obtained. A good cleave

is necessary as it minimises the scattering loss at the input surface, while a clean cleave

reduces the number of undesired particles on the facet that absorbs light, leading to a

reduced coupling efficiency.

The fabricated fibres were not protected by an external jacket: this means that the

light launched in the input facet would be able to propagate in the core as well as in

the outer glass region at the interface glass/air. In order to eliminate any portion of

light propagating in the fibre cladding, a solution of a high-index graphite adhesive was

applied on the surface of the fibre. This acted as a highly absorbing material and was

able to remove the light propagating in the outer cladding.

This Section presents the measurement techniques I applied for the characterisation of

small core compound glass fibres and the corresponding setups I used.

4.1.1 Single mode guidance and propagation loss

The mode profile of the fibres was investigated in order to ensure single mode guidance.

A CW laser source, amplified with an EDFA, was free-space coupled in the fibres. At the

output of the fibre a microscope objective was used to focus the light in an infrared (IR)

camera connected to a monitor. The displayed image of the fibre was used to optimise

the launching conditions and to inspect the propagation modes.
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The propagation losses of the fabricated fibres were measured in the C-band by using a

method known as the cutback technique. Incoherent light from an EDFA operating as

an ASE source was focused into the fibre and the values of power at the output of the

fibre was recorded. The fibre was then shortened by ∼30cm steps and the corresponding

output power value was recorded again. If P1 is the power at the output of a certain

length of fibre L1 and P2 is the output power when the fibre length is reduced down to

L2, then the propagation losses of the fibre can be described by the relation [Ghatak

and Thyagarajan, 1998]:

α = 10
L
log10

P1
P2

(dB/m) (4.1)

where L is the difference in length between the two samples L1 and L2 and is measured

in meters. Typical losses in the fibres that I experimented with were of the order of

1dB/m and therefore I was using samples of about 3m in length. By applying Eq. 4.1

to every pair of values, the propagation losses are expressed by the mean value and the

standard deviation of the set of measurements.

During this measurement, as in every other measurement performed within this thesis,

it was particularly important to ensure that the coupling efficiency was kept constant, so

that the power at the input of the fibre was stable. Moreover, it was necessary to ensure

that no light was propagating in the cladding by applying the graphite-based adhesive

as discussed above. A non-stable coupling efficiency together with out-of-core light

propagation can easily result in inaccurate measurements. The quality of the cleaves

of the output end of the fibre also contributed to the accuracy of the measurement.

In order to minimise the effect of the cleave on the measurement, several cleaves were

applied to each cutback and only the value of power corresponding to the best cleave

was considered.

4.1.2 Birefringence properties

The birefringence of optical fibres is usually quantified through beat length measure-

ments. For a conventional fibre the beat length can be directly measured using helium-

neon (He-Ne) lasers. When visible light is launched into the fibre at 45°relative to one

of the fibre’s principal axes, polarization beating takes place [Ghatak and Thyagarajan,
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1998]. The polarization beating together with the Rayleigh scattering from the fibre

core form alternating bright and dark regions, polarization induced fringes, at the side

of the fibre. The separation distance of the dark regions provides a direct measure of

the beat length.

In a MOF the Rayleigh scattered light from the core is further scattered by the cladding,

making the aforementioned technique difficult to apply. An alternative indirect beat

length measurement based on the fringes induced in the spectral domain has been pro-

posed [Ortigosa-Blanch et al., 2000].

Figure 4.1: Experimental setup used for the measurement of the beat-length in a soft
glass HFs. PBS: Polarization beam splitter.

The experimental set up implemented for the measurement of the beat length of the

soft glass MOFs in the C-band is shown in Figure 4.1. The ASE light coming from

an Erbium Doped Fibre Amplifier (EDFA), covering the wavelength span from 1530nm

to 1570nm, was used as a broadband source. By using a polarization beam splitter

and a λ/2 waveplate, the ASE light was linearly polarized at 45°relative to one of the

fibre’s principal polarization axes. A polarizer, acting as a polarization analyser, was

placed at the output of the fibre, with its transmission axis at 45°relative to the principal

polarization axis. The polarisation beating results in fringes appearing in the output

spectrum. If L is the length of the fibre sample to be characterised, then the phase

difference between the modes at the output of the fibre can be expressed as [Ortigosa-

Blanch et al., 2000]:

φ(λ) = [βx(λ)− βy(λ)] = 2πL
LB

(4.2)

where βx(λ), βy(λ) are the wavelength dependent propagation constants of the two

modes and LB is the beat-length. Differentiating Eq. 4.2 with respect to the wavelength

leads to:
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∆φ
∆λ = −2πL

L2
B

dLB
dλ

(4.3)

And therefore:

L2
B = ∆λL

∣∣∣∣dLBdλ
∣∣∣∣ (4.4)

The beat length can be approximated to be inversely proportional to the wavelength

[Ortigosa-Blanch et al., 2000]:

LB ∝ λ−1 (4.5)

Using Eqs. 4.4 and 4.5, the beat length can be expressed by the relation:

LB = ∆λ
λ
L (4.6)

where λ is central wavelength of the scan. Eq. 4.6 directly relates LB to the periodicity

of the fringes ∆λ obtained in the spectral domain. The beat length is related to the

birefringence by Eq. 2.8.

4.1.3 Nonlinear coefficient

The measurement of the nonlinear coefficient of the small core MOFs can be performed

by using the SPM based technique. This technique measures the induced nonlinear phase

shift of a dual frequency beat signal propagating through the fibre, where the beat signal

is formed by two CW signals [Boskovic et al., 1996]. The wavelength separation of the

two CW signals has to be sufficiently small and the length of the fibre sufficiently short

so that the effect of the dispersion can be neglected. Under these assumptions, the

nonlinear phase shift of the beat signal can be expressed as [Boskovic et al., 1996]:

ΦSPM = 2γLeffP (4.7)
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where γ is the nonlinear coefficient (as defined in Eq. 3.13), Leff is the effective length

of the fibre (as defined in Eq. 3.28), P is the average power of the beat signal. The

nonlinear coefficient can be determined by measuring the SPM phase shift for different

values of power in the spectral domain. The electric field that represents the beat signal

is a periodic function in time and therefore it shows a discrete spectrum consisting of

harmonics of the beat frequency. An example of a typical SPM spectrum is shown in

Figure 4.2 where the two input CWs and the first order harmonics of the signals can be

distinguished.

Figure 4.2: Typical spectrum of a beat signal that has suffered SPM, obtained from an
OSA. I0 and I1 indicate the intensity of the zero and first order harmonics respectively.

The ratio of the peak powers has been found to be dependent only on SPM and can be

expressed as follows [Boskovic et al., 1996]:

I0
I1

= J2
0 (φSPM/2) + J2

1 (φSPM/2)
J2

1 (φSPM/2) + J2
2 (φSPM/2) (4.8)

where I0 and I1 are the intensities of the zero and first order harmonics respectively

and Jn indicates the Bessel function of the nth order [Boskovic et al., 1996]. Therefore,
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for a certain value of input power, the phase shift can be easily determined from a

measurement of the harmonics power ratio.

As mentioned above, the SPM technique is based on the assumption that the dispersive

effects in the fibre under test can be neglected. The fibre samples used in our measure-

ments were chosen to be ∼3m in length, as for values of propagation losses of the order

of a few dB/m, the maximum effective length is of the order of a few meters. Moreover,

the high nonlinear coefficient of the fibres allow for a significant nonlinear phase shift

even in a short length. The short fibre length, together with the choice of a small wave-

length separation (0.2nm) between the two CWs, therefore ensures that the dispersive

effect can be easily neglected in the nonlinear coefficient measurements.

Eq. 4.7-4.8 are valid when the signal is aligned to the principal polarisation axis of the

fibre. Since all of the fibre presented in this thesis are birefringent, it was necessary to

ensure that the beat signal was aligned to the primary polarisation axis in each of the

measurements. In order to identify the polarisation axis of the fibre to be characterised,

the setup shown in Figure 4.3 was used.

Figure 4.3: Experimental setup used to identify the principal polarisation axis of a
fibre.

The ASE light coming from an EDFA was free-space launched into the fibre after passing

through a rotating polarizer. Another polariser was placed at the output of the fibre

and the output light was collected with a photodiode. The input polariser was rotated

in order to find the position that allowed for the maximum extinction ratio between

the maximum and minimum power values measured by the photodiode. The output

polariser was rotated in order to maximise the power level measured by the photodiode.

Once the polariser was aligned to one of the principal axes of the fibre, the setup shown

in Figure 4.3 was slightly modified in order to measure the nonlinear coefficient of the

fibres, as shown in Figure 4.4.
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Figure 4.4: Experimental setup used to measure the nonlinear coefficient in a fibre.

The EDFA was replaced by a high power EDFA which was fed by two CW lasers, spaced

apart by just ∼0.2nm, which acted as the beat signal. The presence of polarisation

controllers (PC) ensured that the two CW signals had the same polarisation state. A

λ/2 waveplate was introduced before the polariser to act as a variable attenuator: by

rotating the λ/2 waveplate it was possible to control the power at the input of the fibre,

without affecting its state of polarisation. The amplified signal, passing through the

attenuator, was then free-space coupled into a short sample of the fibre.

The output polariser was removed and the output end of the fibre was butt-coupled to an

SMF28 patch cord and connected to an OSA. By varying the input power and monitoring

the output spectrum, a set of measurements of the ratio between the input signal and

the first order harmonics was recorded. The nonlinear phase shift was then evaluated

by using Eq. 4.8. It has to be noted that the high power EDFA was responsible for a

certain nonlinear phase shift at the input of the fibre: this value was always subtracted

in the measurements of the nonlinear coefficient. The evaluated nonlinear phase shift

was plotted against the input power and the slope of the curve determined the nonlinear

coefficient.

4.1.4 Dispersion

The dispersion of highly nonlinear fibres cannot be measured with conventional methods

such as the pulse delay technique [Cohen and Lin, 1977] or the phase-shift method

[Sugimura and Daikoku, 1979]. Both techniques, indeed, require high dispersion x length

product and therefore long lengths of fibres need to be employed. Alternative techniques

based on short fibre sample need to be investigated. The FWM-based method provides

a simple technique to measure the dispersion of the fibre at one particular wavelength.

This method has previously been used to measure the dispersion of various types of
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fibres: silica HNLF [Hirano and Sasaki, 2009], dispersion shifted fibres [Chen, 2003] and

Bi-based fibres [Hasegawa et al., 2008]. The experimental setup is very similar to the

one shown in Figure 4.4 and the difference consists in the wavelength separation between

the two CWs. While the spacing between the two CWs was kept small in the nonlinear

coefficient measurement so that the dispersion of the fibre could be neglected, in the

setup for the dispersion measurement, we experiment with beams of varying wavelength

spacing. When large values of spacing are set between the two CWs, the variation in

the ratio between the input signals and the first order harmonics can be quantified as

[Hasegawa et al., 2008]:

R = ηP1γ
2P2

[
1− e(−αL)

α

]2

(4.9)

Where α, γ and L represent the loss, the nonlinear coefficient and the length of the fibre

respectively, P1 and P2 are the values of power of the two CWs and η is the efficiency

of the FWM process, defined as:

η = α2

α2 + ∆β2

{
1 + 4e−αLsin2(∆βL/2)

[1− e−αL]2

}
(4.10)

where ∆β, the phase mismatch can be written as [Nikodem et al., 2008]:

∆β = 2πλ2

c
D∆f2 (4.11)

where D is the dispersion of the fibre at λ, the operational wavelength, and ∆f is the

spacing of the two CWs in the frequency domain. Eq. 4.10 shows that the efficiency

and therefore the ratio R are functions that experience minima when ∆βL/2=kπ, with

k being an integer. Therefore, for a fixed length of fibre L, minima can be found for the

channel spacing, satisfying the relation [Nikodem et al., 2008]:

∆fk =
√

kc

λ2DL
(4.12)

And consequently the dispersion can be written as:
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D = c

λ2∆f2L
(4.13)

where λ is the operating wavelength.

This method has been used to characterise most of the fibres presented in this thesis.

However, it suffers from some drawbacks: it allows the evaluation of the dispersion only

at one particular wavelength and does not allow measuring the dispersion slope (DS)

of the fibre. Numerical simulations have shown that the dispersion slope is usually less

sensitive to small variations in the fibre parameters than the actual dispersion values.

Therefore, we relied on the numerically predicted values for the estimation of this pa-

rameter. Moreover, the FWM-based method is not suitable to measure low dispersion

values, such as D< |5|ps/nm/km in short fibre samples. For such low dispersion values,

indeed, at a fixed fibre length of 2m, Eq. 4.13 dictates a separation between the two

CWs >40nm which exceeds both the tunability of the laser sources and the operating

bandwidth of many of the optical components available at the time of the experiments,

limited only to the C-band.

When the FWM method was found to be unsuitable, an alternative method was used.

A relatively simple yet accurate method to measure the dispersion in a short fibre over

a wide range of wavelengths is based on the interferometric technique. The measure-

ment of the dispersion of one of the fibres presented here has been performed using the

interferometric setup implemented with the help of Mr. G. Ponzo, shown in Figure 4.5.

Figure 4.5: Experimental setup used for the measurement of the dispersion based
on interferometric fringes observed in the frequency domain. PBS: Polarization beam

splitter.
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Light from a broadband supercontinuum source is divided in two paths by using a

beamsplitter. The reference air-path has a variable length that can be adjusted by

moving the prisms, which are mounted on one-dimensional platforms. Light travelling

in the test path is aligned to the polarisation axis of the fibre to be characterised by

means of a λ/2 waveplate. At the end of the two paths, the light is recombined through

a second beamsplitter and the collected light is coupled in an OSA.

By adjusting the position of prism #1, the time delay difference between the test and

the reference beam could be adjusted so that the optical path length matches for certain

wavelengths. Due to the chromatic dispersion, different wavelength components of the

input broadband light beam experience different group delays, τ g, as they propagate

through the fibre, leading to the formation of interference fringes in the spectrum of

the combined beam at the output of the system [Jasapara et al., 2003]. The spectral

intensity of the interference fringes followed a sinusoidal modulation, according to the

following equation:

I(ω) = Iref (ω) + Itest(ω) + 2
√
Iref (ω)Itest(ω)cos(Φ(ω)) (4.14)

where Φ(ω) is the frequency-dependent phase difference between the reference and test

beams, while Iref (ω), Itest(ω) and I(ω) are the intensity of the reference path, the test

path and the intensity at the output of the system respectively. The maxima in the

output spectrum correspond to those wavelengths for which the phase difference be-

tween the reference and test beams allowed constructive interference to take place. Two

consecutive peaks have therefore a phase difference of 2π and the group delay can be

described as a function of the frequency according to the equation:

τg(ω) = 2π
ωi+1 − ωi

(4.15)

where ωi and ωi+1 are the wavelengths corresponding to two consecutive maxima in the

output spectrum and ω= (ωi+ωi+1)/2 [Jasapara et al., 2003]. The dispersion of the

fibre can be obtained from Eq. 4.15 by the relation [Jasapara et al., 2003]:

D = 1
L

∂τg
∂λ

(4.16)
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where L is the length of the fibre. Once the interferometer is balanced, the position of

prism #2 is accurately adjusted so that the time delay T0 induced by the reference path

matches the group-delay of a wavelength falling inside the wavelength region covered by

the broadband source. The formed fringes show a centre of symmetry for the wavelength

at which the group delay τ g is exactly equal to T0. By changing the time delay T0 for

the wavelength span of the broadband source, the chromatic dispersion of the fibre could

be retrieved by applying Eq. 4.16 [Shang, 1981].

4.2 Characterisation of the fabricated fibres

This Section illustrates the results of the characterisation of the highly nonlinear lead-

silicate fibres used within this thesis. Three different fibre designs are analysed: a HF

with a complex microstructured cladding, an all-solid multi-ring structure and a simpler

all-solid W-type structure. For each of the fibre designs, an overview of the design

and fabrication of the fibre is given before the measured properties are reported. The

experimental results are supported by numerical simulations performed by Dr. Poletti,

based on the SEM images of the fibres. All the fibres presented in this thesis have been

fabricated by Dr. Feng.

4.2.1 SF57 HF

The first attempt to the design and fabrication of a dispersion-tailored highly nonlinear

fibre consisted in the design of a single material HF with a solid core surrounded by

rings of holes arranged in a triangular lattice. The material chosen for this fibre was

Schott SF57 (n=1.80@1550nm)[Schott, 2003].

In order to identify the cladding parameters of the HF leading to the desired dispersion

properties, it is useful to refer to the optical property map, shown in Figure 4.6. The op-

tical property map visually overlaps the plot of numerically simulated optical properties

such as dispersion (D), identified by the red lines, and dispersion slope (DS), identified

by the blue lines, of a SF57-based HF around the cross-point of zero dispersion and zero

dispersion slope at 1550nm. The numerical simulations are based on a solid core HF

with 5 rings of identical holes in the cladding. Five rings of holes are required in order

to keep the confinement loss to a low value (<0.1dB/m).
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Figure 4.6: Optical property map (dispersion D and dispersion slope DS) of a SF57
holey fibre around the cross-point of zero dispersion and zero dispersion slope (courtesy

of Dr. Poletti).

The fabrication of such a structure is not straightforward since the extrusion of a pre-

form with 5 rings of holes is considered to be quite a challenging task, especially when

the precise size and shape of the structure is crucial. However, numerical simulations

have shown that the dispersion is largely determined by the structure immediately sur-

rounding the fibre core, i.e. any features in the structure beyond the first two rings

of holes have negligible influence on the waveguide dispersion. Also, a structure with

slightly graded hole sizes would still provide similar dispersive characteristics to one

with equally sized holes. In addition, in order to improve the confinement loss, the

hole-diameter to pitch d/Λ of the holey structure outside the first 3 rings of holes should

be largely increased. In the very first few attempts to fabricate this fibre, no particular

attention was given to the eaxact size of the holes in the second cladding. However,

the loss measurements I performed on the fibre indicated a variation in the propagation

loss of the order of a few tens of dB/m even for consecutive small (shorter than 30cm)

samples. By looking at the SEM images of the samples, we identified a non consistent

structure throughout a short length (less than 2m) of fibre with the more significant

changes occourring in the hole size of the second cladding. This problem was further

investigated by Dr. Poletti, who performed numerical simulations that indicated that

in order to have the confinement loss <0.1dB/m, the d/Λ ratio in the second cladding
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should be greater than 0.85. Therefore the fibre design we opted for showed the struc-

ture presented in Figure 4.7. Since the dispersion of a HF is dominated by the first one

and two rings of holes, the targeted HF is with the following structure parameters: (1)

for the central 3-ring of holey element, the hole spacing Λ is 1.36µm and hole diameter

d is 0.62µm, i.e, d/Λ=0.454; and (2) for the 1-ring of large holes, the d/Λ should be

greater than 0.85.

The fibre was fabricated using the SEST technique (Section 2.1). A preform with three

rings of holes was obtained by extrusion and is shown in the microscope image in Figure

4.7(a).

Figure 4.7: (a) Optical microscope image of an extruded SF57 preform with 3 rings
of holes surrounding a solid core; (b) SEM images of the final double cladding HF; the
central structure is surrounded by a further ring of expanded air holes (courtesy of Dr.

Feng).

The extruded stacked preform was then elongated into a cane and stacked at the centre

of six other thin SF57 capillaries inside an SF57 jacket tube. The assembled preform

was then drawn into a fibre. Figure 4.7(b) shows SEM images of the fabricated HF,

where the two different holey claddings can clearly be identified. The first cladding,

immediately surrounding the core, has an average hole spacing Λ of 1.60µm; the hole

diameter d1 of the first ring of holes is 0.56µm, and d/Λ varies from 0.35 to 0.5 in the

three rings composing this inner cladding. The outer cladding, consisting of six large

holes, exhibits a large hole-to-spacing ratio d2/Λ2=0.85. According to the numerical

simulations based on the structural parameters of this fibre, which do not fall in the

range shown in Figure 4.6, the dispersion and dispersion slope can be anticipated to be

between -10 and +20ps/nm/km and +0.04 and +0.09ps/nm2/km, respectively.
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It is important to highlight at this point that the hole expansion during the fibre drawing

strongly depends on the fibre drawing conditions, making it difficult to obtain a consis-

tent structure. For this reason, two fabrication attempts had been necessary in order to

draw the fibre shown in Figure 4.7(b). In the first attempt the preform structure was

not accurately maintained during the drawing as illustrated in Figure 4.8. It is evident

that the general structure of the fibre is compromised, as confirmed by the irregularities

in the outer cladding. Although not clearly visible in the SEM image, the holes in the

first two rings of the inner cladding do not appear regular in size and shape, therefore

affecting the optical properties of the fibre. This fibre will be denoted as SF57 HF#1,

while the fibre shown in Figure 4.7 will be indicated as SF57 HF#2.

Figure 4.8: SEM image of the first attempt to fabricate the SF57 HF (courtesy of
Dr. Feng).

The optical map of Figure 4.6 shows that the dispersive properties of the fibre depend

critically on the cladding features. At a fixed value of dispersion slope, such as the

DS=0ps/nm2/km, a small variation in the d/Λ from 0.45 to 0.47 results in an increase

in the dispersion D from 0 to 10ps/nm/km. A precise prediction of the cladding param-

eters in turn relies on a highly accurate control of the drawing conditions, which is not

straightforward to obtain in a holey structure as discussed in Section 2.1.

We therefore concluded that, for this HF structure, it is currently very difficult to obtain

the target parameters required in order to achieve near-zero chromatic dispersion and

dispersion slope at 1550nm. Moreover, the contemporary development of all-solid struc-

tures in which it was possible to accurately control the dimensions of the microstructured

cladding, has made them more promising alternatives for the fabrication of fibres with
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low and flat dispersion profile and therefore no further attempts to fabricate a SF57-

based HF were made.

4.2.1.1 Single mode guidance and propagation loss

Effectively single mode guidance has been confirmed for both fibres by using only a

couple of meters long samples. Using the cutback method, the propagation losses of the

fibres have been evaluated. The power at the output of the fibre after each cut is plotted

against the length of the fibre, as shown in Figure 4.9.

Figure 4.9: Diagrams of the output power against the length of sample for SF57 HF
#1 (a) and SF57 HF #2 (b).
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The value of propagation loss can be extracted by the slope of the fitting curves and

the results from the propagation loss measurements on the two samples of SF57 HF are

summarised in Table 4.1.

Table 4.1: Propagation losses in the SF57 HFs at 1550nm.

Fibre Core diameter Propagation loss
(µm) (dB/m)

#1 1.9 4.6±0.2
#2 2.0 3.1±0.2

The relatively high value of propagation losses measured in the two fibres are likely to

be due to the surface imperfections at the air-glass interface that are responsible for an

increase in the scattering loss. In general, in a holey structure the surface roughness

between air and glass can be identified as the main factor responsible for an increase in

the loss value [Wen et al., 2009]. However, the better control of the structure achieved

in SF57 HF#2 might be the reason of the lower measured value of propagation losses,

which are still at least 2dB/m higher than that of the SF57 bulk [Schott, 2003]. This is

supported by numerical simulations, performed by Dr. Poletti, which have shown that

the confinement loss, which depends on the outer cladding structure, in SF57 HF#1 is

higher (0.1dB/m) than in SF57 HF#2 (0.002dB/m).

4.2.1.2 Nonlinear coefficient

The nonlinear coefficient of the fibres was measured using the method described in 4.1.3

in samples of ∼2m in length. The nonlinear phase shift was evaluated from the ratio

between the zero and first order harmonics, according to Eq. 4.8, and care was taken to

ensure that the phase shift due to the EDFA was subtracted from the resulting value.

The evaluated nonlinear phase shift was then plotted against the input power, i.e. the

value of power launched in the two fibres. The corresponding diagrams for the SF57

HFs are shown in Figure 4.10. Note that the dynamic range of the OSA used for the

measurements limited the minimum input power value for which the ratio between the

zero and first order harmonics could be evaluated.

From the diagrams of Figure 4.10 it is possible to retrieve the value of the nonlinear

coefficient for both fibres. The results are summarised in Table 4.2, where the value of

nonlinear coefficient predicted by numerical simulations are also reported.
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Figure 4.10: Diagrams of the nonlinear phase shift plotted against the input power
for SF57 HF#1 (a) and SF57 HF#2 (b).

Table 4.2 shows that there is generally a good agreement between the measured values

and nonlinear coefficient predicted by the simulations. The uncertainty in the measure-

ments of γ is affected by the uncertainty in the measured propagation loss of the fibres,

which directly affected the evaluation of the launched input power and of the effective

fibre length.

Table 4.2: Nonlinear coefficient of the SF57 HFs at 1550nm.

Fibre Measured γ Predicted γ
(W−1km−1) (W−1km−1)

#1 320±24 360
#2 275±21 315
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4.2.1.3 Dispersion

The dispersion at 1550nm has been measured using the FWM method. One of the CW

wavelengths is fixed at 1550nm, while the other is tuned within the available range. The

FWM ratio is plotted against the spacing between the two CWs in Figure 4.11. I have

implemented a Matlab code that evaluates the equations reported in Section 4.1.4 where

the parameters are based on the experimental conditions. The resulting curves are then

overlapped to the measured data and if there is good agreement between the two set of

data, the dispersion value is extracted from the modeled curves. For SF57 HF#1 and

SF57 HF#2, the dispersion at 1550nm can be estimated from the modeled curves to be

-60ps/nm/km and -16ps/nm/km respectively.

Figure 4.11: FWM ratio plotted against the CW spacing in the FWM-based disper-
sion measurement for SF57 HF#1 (a) and SF57 HF#2 (b).
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The results are summarised in Table 4.3 where the dispersion values predicted by the

simulations are also reported.

Table 4.3: Dispersion of the SF57 HFs at 1550nm.

Fibre Measured D Predicted D Predicted DS
(ps/nm/km) (ps/nm/km) (ps/nm2/km)

#1 -60±5 -63 0.1
#2 -16±2 -18.3 0.08

It is clear that the micron-scale irregularities shown by the first two rings of holes of the

cladding of SF57 HF#1 greatly affect the final dispersion value. This confirms that a

particularly accurate control over the cladding features is necessary in order to achieve

the exact dispersion characteristics specified from the design of Figure 4.6. However, the

complex interactions of drawing factors such as temperature, surface tension and internal

pressure are difficult to control and therefore a considerable deviation from the targeted

design is very likely to occur. This, in turn, is translated in a significant deviation from

the targeted optical properties of the final fibre.

4.2.2 All-solid multi-ring fibre

The characterisation of the two samples of the SF57-based HF has confirmed the low

tolerance of the optical properties of the final fibres to any micron-scale variations in

the holey structure. A possible solution to overcome this drawback is to use an all-

solid fibre, rather than a HF, where holes are replaced with solid regions of a second

glass. The presence of solid regions can significantly reduce the structural deformations

occurring during the fibre drawing and help maintain the original relative scale factor

of high/low index features of the preform during the fibre drawing [Feng et al., 2003a,

2005c, 2009]. Moreover, the surface of the glass disks used to fabricate the preform

can be accurately polished thus significantly reducing any loss due to scattering in the

glass interface. However, the fabrication of an all-solid structure made of two or more

glasses requires the glasses to be chemically and thermally compatible. Two commercial

glasses were identified to meet this requirement, namely Schott SF6 (n=1.76@1550nm)

and LLF1 (n=1.53@1550nm) [Schott, 2003].

The fiber design we investigated is based on a number of alternating high- and low-index

coaxial rings where the layer thickness ultimately determines the optical properties of
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the fiber. The structured preform was fabricated by extruding alternately stacked high-

and low-index glass discs through a circular aperture (Section 2.1). By changing the

drawing parameters, fibers with core diameters of 3.3µm (band#1), 3.7µm (band #2),

and 4.5µm (band #3) have been fabricated from a single fibre draw over a total length

of 100m.

Figure 4.12: SEM images of the all-solid multi-ring fibre with a core diameter of
3.7µm.

Figure 4.12 shows the SEM images of the fibre, where the alternating rings are clearly

visible. The fiber has an outer diameter of 150µm and a high-index SF6 core of 3.7µm in

diameter (band #2). The core is surrounded by alternating LLF1 and SF6 glass rings.

The three low-index rings have thicknesses of 1.1, 0.6, and 0.6µm, respectively. The two

high-index rings have thicknesses of 0.4 and 0.3µm, respectively.

4.2.2.1 Single mode guidance and propagation loss

A 3m sample for each band was used to investigate the guidance properties of the fibres

using an IR camera. Band #3, the fibre with the biggest core diameter, was found to be

dual mode, while single mode guidance was observed for band#1 and band#2. Band#3

was therefore disregarded and a full characterisation was performed for band#1 and

band#2. The propagation loss was measured for band#1 and band#2 and the power-

length diagrams are shown in Figure 4.13. The loss values were estimated from the

fitting curves and the results are summarised in Table 4.4.
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Figure 4.13: Diagrams of the output power against the length of sample for (a)
band#1 and (b) band#2 of the all-solid multi-ring fibre.

Table 4.4: Propagation losses in the two bands of the all-solid multi-ring fibre at
1550nm.

Fibre Core diameter Propagation loss
(µm) (dB/m)

#1 3.3 0.9±0.2
#2 3.7 0.8±0.2

The values of propagation loss in the two fibre bands are highly comparable. It is evident

that the propagation loss for the all-solid fibre is much lower than that of the SF57 HF

presented in Section 4.2.1 as an improvement of at least 2dB has been obtained. In

particular, the value of propagation loss measured for band#2 is very close to the bulk

attenuation value reported in the datasheet of commercial Schott SF6 glass, 0.8dB/m,

[Schott, 2003]. This is a remarkable result as it represents one of the lowest ever reported

values of propagation loss in a non-silica glass fibre. The low propagation loss are



Chapter 4. Characterisation of small core highly nonlinear fibres 99

attributed to the high optical quality of the polished disks used in the fabrication of the

fibre preform.

4.2.2.2 Nonlinear coefficient

The nonlinear coefficient was measured in a 3m long sample of band#1 and band#2.

The phase shift is plotted against the input power for both fibres in Figure 4.14.

Figure 4.14: Diagrams of the nonlinear phase shift plotted against the input power
for (a) band#1 and (b) band#2.

The results are summarised in Table 4.5, where the predicted values of nonlinear coeffi-

cient for the two fibres are also reported. Table 4.5 shows that there is a good agreement

between the measured values and those predicted by the numerical simulations.
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Table 4.5: Nonlinear coefficient of the two bands of all-solid multi-ring fibre at
1550nm.

Fibre Measured γ Predicted γ
(W−1km−1) (W−1km−1)

#1 122±22 150
#2 117±24 130

4.2.2.3 Dispersion

The dispersion of the two fibre bands was then measured. Both samples were 3.5m in

length. As in the measurement of the SF57 HF, one of the CW wavelengths was fixed at

1550nm, while the other was tuned across the available wavelength range. Figure 4.15

shows measurements of the FWM ratio taken for the two fibres. For some values of CW

spacing, the FWM component was falling below the noise level of the OSA used in the

measurement setup. These values are marked with the red triangles in the two diagrams

of Figure 4.15. From the modeled curves, the dispersion at 1550nm was estimated to be

25ps/nm/km for band#1 and 12.5ps/nm/km for band#2.

The results are summarised in Table 4.6 where the dispersion values predicted by the

simulations are also reported.

Table 4.6: Dispersion of the two bands of all-solid multi-ring fibre at 1550nm.

Fibre Measured D Predicted D Predicted DS
(ps/nm/km) (ps/nm/km) (ps/nm2/km)

#1 25±5 21 0.16
#2 12.5±1 15 0.15

Since both fibres showed a comparable nonlinear coefficient, band#2 was considered

to be a more promising sample because of its much lower dispersion value at 1550nm.

Figure 4.16 shows the simulated dispersion curve of band#2 compared against the dis-

persion profile of an SMF28 over a wide range of wavelengths. It is evident how the

dispersion value of band#2 at 1550nm (indicated by the red cross) is very close to that

of SMF28 at the same wavelength, even though the nonlinear coefficient of the all-solid

multi-ring fibre is 120 times higher than that of SMF28.

A few meters of this band#2 can therefore exhibit a total nonlinearity equal to that of

several hundreds of meters of SMF28 whilst exhibiting much less net dispersion. This

is an important property for many nonlinear applications such as FWM as it will be

described in more details in Section 5.1.
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Figure 4.15: FWM ratio plotted against the CW spacing in the FWM-based dis-
persion measurement for (a) band#1 and (b) band#2 of the all-solid multi-ring fibre.

Figure 4.16: Simulated dispersion profile of all-solid multi-ring fibre, Band#2, (red
solid line) and of an SMF28 (black dashed line). The red cross indicates the measured

value at 1550nm, courtesy of Dr. Feng.
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4.2.3 Lead silicate W-type fibre

Numerical simulations have shown that in order to control the dispersion of the all-solid

multi-ring fibre, it would be necessary to obtain an accurate control of the ratio between

the core size and the innermost ring. Although the all-solid fibre described in Section

4.2.2 has allowed for an excellent consistency between the structural characteristics of

the preform and that of the final fibre, the independent control of multiple rings during

the extrusion process has proven to be very challenging. For this reason, a much simpler

design approach was considered: the W-type design.

Optical waveguide theory predicts that for any chosen core material it is always possible

to engineer a step-index fiber with a core diameter d0 and refractive index difference

∆n, so that at a certain wavelength λflat the waveguide dispersion exactly compensates

for the material dispersion in both absolute value and slope, thus creating an overall

flattened and near-zero dispersion profile around λflat. In order to fabricate such a

fibre, a pair of glasses with the desired refractive indices that are also chemically and

thermally compatible needs to be identified.

A systematic search was conducted within the lead silicate glasses. This family of glasses

was chosen for two reasons: (1) they show a highly nonlinear refractive index and (2)

they show the required compatibility as proven by the successful fabrication of the all-

solid fibre presented in Section 4.2.2. Two Schott glasses were identified as suitable for

the core and cladding sections: Schott SF57 in a a0 ∼1.65µm core and Schott LLF1

in the cladding would provide exactly the right amount of waveguide dispersion for an

overall flat profile at 1550nm. Figure 4.17 shows the simulated dispersion profiles for

three different values of core diameter together with the dispersion profile of the bulk

SF57.

The large normal dispersion value at telecom wavelengths exhibited by the bulk SF57

glass can be compensated for with the waveguide dispersion, thus resulting in a fibre with

a low dispersion D (|D|<10ps/nm/km) across the whole wavelength range of 1450nm-

1650nm when the core diameter is between 1.60µm and 1.68µm. At these wavelengths

however, the optimum resultant step-index fibre would support a few guided modes. In

order to ensure single mode operation, an additional outer cladding with a refractive

index higher than the effective index of the high order modes in the core was added

so that the propagation loss of these modes became extremely high. Another Schott
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Figure 4.17: Simulated dispersion profile of a lead-silicate W-type fibre for various
core diameters (blue solid, red dotted and green dashed lines) and dispersion of the

bulk glass SF57 (black solid line).

glass, SF6, was found to be suitable for this task. Numerical simulations performed by

Dr. Poletti, have shown that by carefully adjusting the inner diameter of this second

cladding to a1∼7.4µm, a high differential confinement loss between the fundamental

and high order modes could be imposed, thus ensuring effectively single mode operation

in a meter scale length. In the first attempt to fabricate this fibre, the SF57 rod and

the LLF1 and SF6 tubes were made by extrusion [Camerlingo et al., 2010]. However,

this process was identified to be the main cause for the high loss measured in the fibre

(4.8dB/m). This fibre will be denoted as lead silicate W-type fibre (LSWF)#1.

In the attempt to reduce the propagation loss of LSWF#1 an annealing step was per-

formed on the fibre, as it is well known that an annealing procedure on an optical

fibre can reduce the propagation loss by reducing the stress between the core and the

cladding that are a result of the drawing process [Anderson et al., 1984]. Starting from

room temperature, a sample of LSWF#1 was heated up to a temperature of 410°C at

a rate of 1°C/min and kept at this temperature for five hours. The sample was then

cooled down to room temperature again at a rate of 0.5°C/min. Although the annealing

step confirmed a reduction in the loss of the annealed LSWF#1 sample (LSWF#1a),

the resulting propagation loss (4.1dB/m) was still far from the bulk attenuation of the

SF57 glass (∼1dB/m) [Schott, 2003]. A second attempt to fabricate this fibre was then

made using a method based on drilling and polishing rather than extrusion. The high

optical quality of the polishing steps resulted in much lower propagation losses for this

sample (∼2dB/m). This fibre will be denoted as LSWF#2.
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Figure 4.18 shows the SEM images of LSWF#2. The diameter of the SF57 core and the

outer diameter of the LLF1 ring were measured to be 1.63µm and 7.4µm, respectively.

Figure 4.18: SEM images of a lead-silicate W-type fibre fabricated by drilling and
polishing.

4.2.3.1 Single mode guidance and propagation loss

Effectively single mode guidance was confirmed for both fibres by using samples of only a

couple of meters in length. Using the cutback method, the propagation loss of LSWF#1,

LSWF#1a and LSWF#2 were evaluated. The power measured at the output of the fibre

after each cut is plotted against the length of the fibre, as shown in Figure 4.19.

The propagation loss values are summarised in Table 4.7. The propagation losses were

reduced from an initial value of 4.8dB/m down to 4.1dB/m through the annealing step.

The benefits of a different fabrication process based on polished rods and tubes is clearly

evident in Table 4.7 where the propagation loss for LSWF#2 are reported to be 2.1dB/m.

Table 4.7: Propagation losses in the 3 samples of lead silicate W-type fibre at 1550nm.

Fibre Core diameter Propagation loss
(µm) (dB/m)

#1 1.60 4.8±0.2
#1a 1.60 4.1±0.2
#2 1.63 2.1±0.2
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Figure 4.19: Diagrams of the output power against the length of sample for (a) LSWF
#1, (b) LSWF #1a and (c) LSWF #2.
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4.2.3.2 Nonlinear coefficient

The nonlinear coefficient was measured in 2.2m long samples of LSWF#1 and LSWF#2.

The phase shift is plotted against the input power for both fibres in Figure 4.20.

Figure 4.20: Diagrams of the nonlinear phase shift plotted against the input power
for (a) LSWF#1, (b) LSWF#2.

The results are summarised in Table 4.8, which shows that the two fibres have very

comparable nonlinear coefficient, due to the very similar core size diameter (1.60µm

and 1.63µm) and that there is a good agreement between the measured values and the

nonlinear coefficient values predicted by the simulations. These fibres exhibit the highest

value of nonlinearity amongst the three fibre types I have experimented with for this

thesis.
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Table 4.8: Nonlinear coefficient of the lead silicate W-type fibres at 1550nm.

Fibre Measured γ Predicted γ
(W−1km−1) (W−1km−1)

#1 822±22 858
#2 820±24 850

4.2.3.3 Dispersion

The dispersion of a 2.2m long sample of LSWF#1 has been measured using the FWM

method and the corresponding diagram is shown in Figure 4.21. Also in this case, one

of the CW wavelength is fixed at 1550nm and the other is tuned within the available

range of wavelengths.

Figure 4.21: FWM ratio plotted against the CW spacing for the measurement of
dispersion of LSWF#1.

From the fitting curve, the dispersion can be estimated to be -12ps/nm/km. This value

is very close to the one predicted by the numerical simulations (-11ps/nm/km). Figure

4.21 also shows the limitation of the FWM-based technique for the measurement of

dispersion. For low values of net dispersion, indeed, the FWM ratio tends to be constant

within the C-band with the first minimum located in the L-band, where it cannot be

recorded due to the limited tunability of the optical components.

Numerical simulations have shown that the dispersion of LSWF#2 would be very close

to zero. For this reason, the FWM-based technique was considered to be inappropriate

and therefore the dispersion of LSWF#2 has been measured by using the interferometric

setup described in Section 4.1.4. Figure 4.22(a) shows the interferogram recorded for
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one of the polarisation axes of the fibre, from which the corresponding dispersion curve

has been extracted with the help of Mr G. Ponzo. Figure 4.22(b) shows the measured

dispersion profile (black solid line) and the predicted dispersion profile (red dashed line),

highlighting a good agreement between the two curves over a wide range of wavelengths.

Figure 4.22: (a): Interference fringes obtained for the measurement of the dispersion
of LSWF#2; (b): Predicted (red dashed line) and measured (black solid line) dispersion

profile of LSWF#2.

The results for both fibres are summarised in Table 4.9.

Table 4.9: Dispersion of the lead silicate W-type fibre at 1550nm.

Fibre Measured D Predicted D Predicted DS
(ps/nm/km) (ps/nm/km) (ps/nm2/km)

#1 -12±1 -11 0.1
#2 -3.2±1 -4 0.05

4.2.3.4 Birefringence

The annealing procedure has previously shown not only to reduce the propagation loss of

the fibre but also to reduce its birefringence as well [Stone, 1988; Tang et al., 1991]. The

effect of the annealing on the beat length has therefore been investigated for LSWF#1.

The beat length of a sample of this fibre has been measured by launching ASE light at

45°with respect to the polarisation axis of the fibre. The same sample has then been

annealed, following the procedure described in Section 4.2.3, and any changes in the beat

length of this sample (LSWF#1a) have been investigated. The spectra at the output of

the two samples are shown in Figure 4.23.

The effect of the annealing on the fringes is clearly visible and confirmed by the summary

of the results presented in Table 4.10.
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Figure 4.23: Spectra at the output of (a) LSWF#1 and (b) LSWF#1a when ASE
light is launched at 45°relative to a principal birefringence axis.

Table 4.10: Birefringence in LSWF#1 and LSWF#1a

Fibre Length of sample Periodicity of fringes Beat length Birefringence
(m) (nm) (mm) Bm

#1 0.96 4.2 2.6 5.9·10−4

#1a 0.90 11 5.8 2.6·10−4
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The periodicity of the fringes is increased from 4.2nm in LSWF#1 up to 11nm for

LSWF#1a, resulting in a beat length for the two samples of 2.6mm and 5.8mm respec-

tively. Note that the annealed sample is slightly shorter than the original sample. This

is simply because the annealed sample needed to be cleaved again after having been

removed from the measurement setup to ensure the light was efficiently coupled in the

sample. The increase in beat length for the annealed sample results in a reduction of

birefringence parameter from 5.9·10−4 to 2.6·10−4.

Using the same setup, the beat length of LSWF#2 has also been measured in a 2m long

sample. The spectra at the output of the sample is shown in Figure 4.24 and the results

are summarised in Table 4.11.

Figure 4.24: Spectra at the output of the LSWF#2 when ASE light is launched at
45°relative to a principal birefringence axis.

Table 4.11: Birefringence in the polished W-type fibre sample.

Fibre Length of sample Periodicity of fringes Beat length Birefringence
(m) (nm) (mm) Bm

#2 2 4.75 6.12 2.5·10−4

The beat length and the birefringence values of LSWF#2 are highly comparable to those

achieved in LSWF#1a. This confirms the high quality of the polishing step introduced

during the fabrication of the fibre aiming at reducing the stress in the fibre.



Chapter 4. Characterisation of small core highly nonlinear fibres 111

4.3 Conclusions

The aim of this Chapter was to characterise non-silica fibres in order to identify the best

samples to employ in nonlinear signal processing systems.

Small-core HFs and all-solid fibres made of lead-silicate glasses were characterised in

terms of loss, nonlinear coefficient, dispersion and birefringence. The measurement

techniques and the corresponding setup used were described.

An SF57 HF showing a double cladding made of two different structures was charac-

terised. The best attempt to the fabrication of such a structure resulted in a fibre with

a core diameter of 2.0µm exhibiting a highly nonlinear coefficient of 275W−1km−1 and a

relatively low dispersion at 1550nm (-16ps/nm/km). The surface roughness of the holey

structure resulted in propagation losses of 3.1dB/m. However, the fibre properties were

proven to be strongly dependent on any microscale variation that might occur during

the fibre drawing.

In order to overcome this problem, an all-solid structure was investigated. The all-solid

multi-ring fibre proved that the preform structure can be accurately preserved during

the fabrication step and that the optical properties are less sensitive to any variations

that might occur. Amongst the drawn fibres, one sample was disregarded as the bigger

core diameter (4.5µm) made the fibre dual mode. The other two samples showed a

highly nonlinear coefficient (∼120W−1km−1) but the fibre with a slightly bigger core

(3.3µm) resulted in a dispersion value at 1550nm of 12ps/nm/km, while the smaller

fibre (core diameter 3.1µm) exhibited a dispersion value of 25ps/nm/km. Moreover the

high optical quality of the glass disks used for the fibre preform resulted in a sample

showing one of the lowest value of propagation losses reported so far in a non-silica fibre

(0.8dB/m).

Despite the interesting properties of the all-solid multi-ring fibre, more impressive results

were obtained in the lead silicate W-type fibre. A first fabrication attempt, where

the three tubes were made by extrusion, resulted in a fibre with a core diameter of

1.60µm exhibiting propagation loss of 4.8dB/m, a nonlinear coefficient of 822W−1km−1

and a dispersion of -12ps/km/nm at 1550nm. By optimising the fabrication process

based on polished rods and tubes, a sample of 1.63µm core diameter showed relatively
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low propagation loss of 2.1B/m, a high nonlinear coefficient of 820W−1km−1 and low

dispersion (-3ps/nm/km) at 1550nm with a low dispersion profile in the C-band.

The high nonlinear coefficient and the low dispersion profile of the all-solid multi-ring

fibre and the lead silicate W-type fibres make these fibres good candidates for the realisa-

tion of FWM-based devices. The performance of both fibres in a wavelength conversion

setup have been analysed and will be discussed in detail in Chapter 5.



Chapter 5

Four wave mixing-based

wavelength conversion in small

core all-solid fibres

All-optical wavelength conversion plays a central role in ultra-high speed optical networks

since it can be used to avoid wavelength blocking and give flexibility in the network design

[Danielsen et al., 1998]. Efficient wavelength conversion of On-Off-Keyed (OOK) signals

can be realised in fibres by exploiting nonlinear processes, such as XPM in a nonlinear

optical loop mirror [Blow et al., 1990], XPM or SPM followed by a filter [Parmigiani et

al., 2008], [Kylemark et al., 2006]. In addition to these, FWM is regarded as one of the

most promising mechanisms for wavelength conversion, due to its transparency in terms

of bit rate and modulation format. Efficient FWM generally requires a fibre with a high

effective nonlinear coefficient, a low dispersion with a flat dispersion profile and a short

length [Hansryd et al., 2002]. The recently developed capability to accurately tailor

the dispersion of both silica and soft-glass fibres has enabled all of the aforementioned

features to be achieved in such fibres [Asimakis et al., 2007; Camerlingo et al., 2009;

Chaudhari et al., 2009; Chow et al., 2005, 2007; Ebendorff-Heidepriem et al., 2004a;

Feng et al., 2005b; Hansen et al., 2003; Hirano et al., 2010; Mori et al., 2004; Reeves et

al., 2002; Takahashi et al., 2010].

Wavelength conversion of 10 Gb/s nonreturn-to-zero (NRZ) pulses was demonstrated in

the C-band with a conversion efficiency, defined as the ratio of the idler power to the

113
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corresponding input signal power, of -16 dB over a ∼10nm bandwidth in a silica HF for

a pump power of 21.4dBm [Lee et al., 2003]. The polarisation maintaining HF was 15m

long and showed a nonlinear coefficient γ=70W−1km−1, dispersion and dispersion slope

of -30ps/nm/km and -0.6ps/nm2/km respectively at 1550nm. Wavelength conversion of

10Gbit/s pulses over a -3dB bandwidth of ∼100nm and with a conversion efficiency of

-16dB was reported in only 20m of a silica HF for an input power of 21.5dBm. The fibre

exhibited a nonlinear coefficient γ=30W−1km−1, a ZDW at 1550nm and a low dispersion

slope of 0.004ps/nm2/km [Zhang and Demokan, 2005]. An even broader 3dB conversion

bandwidth of 150nm was achieved in [Andersen et al., 2005] at the higher bit rate to

40Gbit/s. By using 50m of silica HF with a nonlinear coefficient of γ=11W−1km−1 and a

dispersion variation smaller than 1.5ps/nm/km in the range 1500-1650nm, Andersen and

co-workers achieved a -3dB bandwidth of 150nm and a conversion efficiency of -19dB.

Replacing silica with highly nonlinear materials, fibres with 2-3 orders of magnitude

higher nonlinearity than standard single-mode fibres are feasible. This has allowed for a

further reduction in the fibre length down to just a few meters. Wavelength conversion

based on FWM has also been reported in soft glass fibres. Wavelength conversion of

10Gbit/s signals in a 1m long bismuth-based HF has been demonstrated over a -3dB

bandwidth of 35nm [Chow et al., 2007]. Using a 2.2m of a lead-silicate HF, a -3dB

bandwidth of 30nm with a conversion efficiency of -6dB has also been achieved [Asimakis

et al., 2007].

This Chapter presents the experiments on FWM-based wavelength conversion carried

out with some of the fibres presented in Chapter 4. First, an analysis of the origin of

FWM is presented, together with a simplified model of FWM in the CW regime. The

advantages of soft-glass MOF technology in FWM-based wavelength conversion are then

demonstrated. By using 1.5m of all-solid lead-silicate multi-ring fibre and 1.1m of lead-

silicate W-type fibre Wavelength conversion over a -3dB bandwidth of 17nm and 20nm

is demonstrated. In both experiments, the quality of the conversion process is evaluated

through an analysis of both eye diagrams and BER measurements.

The role of fibre loss and the dispersion profile towards a broadband and efficient FWM-

based wavelength conversion process has been investigated with numerical simulations

and the conclusions have been experimentally verified. By using a 2.2m sample of the

lead silicate W-type fibre showing reduced propagation loss and lower dispersion profile
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than the previous sample, a flat conversion efficiency of 0db is demonstrated across the

whole C-band.

5.1 Origin of Four Wave Mixing

FWM occurs when two photons from one or more waves are annihilated, creating new

photons at different frequencies, so that the energy and the momentum are conserved

in the process. This Section will focus on the degenerate case in which a single strong

pump at a frequency ωp is launched together with a weak signal at a frequency ωs in

a nonlinear medium. In this case, the signal will be amplified and a new wave at a

frequency ωi will be generated. The frequency condition expressed by Eq. 3.42 can be

rewritten as:

2ωp = ωs + ωi (5.1)

The idler frequency is therefore related to the frequency of the pump and that of the

signal. In order to study the evolution of the pump, signal and idler, it is possible to

derive three coupled equations from the basic propagation equations in a dispersive fibre.

The resulting NLSEs are complex and therefore a numerical approach is necessary in

order to obtain an exact solution. A considerable simplification of the NLSEs can be

obtained if the pump wave is assumed to be much more intense than the signal wave, so

that no pump depletion needs to be taken into account. Another simplification assumes

the input waves to be CW and that all the overlap integrals are the same, which is a

valid assumption in single mode fibres [Agrawal, 2006]. The resulting NLSEs, can be

written in terms of power and phase in the following form [Inoue and Mukai, 2001]:

dPp
dz

= −αPp − 4γ(P 2
pPsPi)1/2sinθ (5.2)

dPs
dz

= −αPs + 2γ(P 2
pPsPi)1/2sinθ (5.3)

dPi
dz

= −αPi + 2γ(P 2
pPsPi)1/2sinθ (5.4)

dθ

dz
= ∆β + γ(2Pp − Ps − Pi) ≈ ∆β + 2γPp (5.5)
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where Ps, Pi, Pp are the power levels of the signal, idler and pump respectively, α and

γ are the loss and the nonlinear coefficient parameter respectively and ∆β is the phase

mismatch, as defined in Eq. 3.43. The parameter θ represents the phase difference

between the interacting waves. ∆β is indicated as the linear phase mismatch, while the

product 2γPp as the nonlinear phase mismatch. If the propagation constant β(ω) is ex-

panded in Taylor series up to the third order around the ZDW, ∆β can be approximated

as [Inoue, 1992]:

∆β = −2πc
λ2

dD

dλ
(λp − λ0)(λp − λs)2 (5.6)

where D is the dispersion of the fibre, λ0 its ZDW and λp, λs the pump and signal

wavelength respectively. Another assumption needed to reach an analytical solution of

Eq. 5.2 - 5.5 is that the propagation loss of the signal (and idler) wave through the fibre is

negligible compared to its FWM-induced gain and that the pump is not depleted during

the propagation in the fibre. Incorporating the effect of the pump loss by substituting

the length of the fibre with its effective length, Eq. 3.28 and setting dPp/dz=0 in Eq.

5.2 the following equations for the signal and idler gain can be obtained [Hansryd et al.,

2002; Stolen and Bjorkholm, 1982]:

Gs = Ps(L)
Ps(0) =

[
1 + (γPpLeff )2

(
sinh(gLeff )

gLeff

)]
(5.7)

Gi = Pi(L)
Ps(0) = (γPpLeff )2

(
sinh(gLeff )

gLeff

)
(5.8)

where the parameter g, usually referred to as the parametric gain, is defined as:

g =

√
γ2P 2

p −
(1

2
dθ

dz

)2
(5.9)

When the signal and the pump are placed very close, ∆β, and consequently g, can be

approximated to zero. Since

limx−>0

[
sinh(x)

x

]
= 1 (5.10)
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Then Eq. 5.8 can be approximated as:

Gi = (γPpLeff )2 (5.11)

In the region of the ZDW, the conversion efficiency is maximised when the fibre length

is chosen so that [Kikuchi and Lorattanasane, 1994]:

Lopt = ln(3)
α

(5.12)

The optimum fibre length depends therefore only on the fibre loss and is of the order

of a meter for a value of propagation loss in the range of a few dB/m. The fibre length

represents a trade off between the maximum achievable gain and bandwidth. This can

be easily understood by looking at Eq. 5.6, 5.8 and 5.9. For a fixed γPL product, the

gain will decrease more quickly when the signal is detuned from the pump in a longer

fibre length [Hansryd et al., 2002]. On the other hand, the maximum gain achievable is

directly proportional to the length of the fibre.

Based on the equations illustrated so far, it is possible to analyse the evolution of the

signal and idler gain according to the dispersion regime that the pump wavelength is

placed in. If the pump is in the anomalous regime, then from Eq. 5.6, it is clear

that by detuning the pump wavelength from the signal, ∆β increases in magnitude and

compensates for the value of nonlinear phase mismatch, resulting in a reduction of the

overall phase mismatch shown in Eq. 5.5. A reduction of the phase mismatch results in

an increase of g and consequently an increase in the signal and idler gain. The maximum

gain is reached when the pump and signals are placed so that ∆β=-2γPp and therefore

the phase mismatch is zero. When the signal and the pump are detuned further away

from this point, the magnitude of the phase mismatch increases and consequently the

signal and idler gain decreases.

From Eq. 5.5 and 5.6 it is easy to see that the gain also depends on the pump power.

As the pump power increases, the position of the signal for which the phase mismatch

is zero moves away from the pump. This has an effect on the gain bandwidth, defined

as the wavelength range between the two gain peaks.
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This situation is illustrated by the numerical simulations I have performed which are

illustrated in Figure 5.1 for a typical germanosilicate HNLF with a nonlinear coefficient

of 10.5 W−1km−1, propagation loss of 0.78dB/km, dispersion and dispersion slope of -

0.3ps/nm/km and 0.018ps/nm2/km at 1550nm and ZDW at 1567.2nm, where the pump

is placed 2nm away from the ZDW. Figure 5.1(a) clearly shows how the idler gain

bandwidth increases by increasing the pump power. However, the gain bandwidth also

depends on the relative position of the pump and the ZDW. At a fixed value of pump

power (Ppump=200mW), as the pump is detuned from the ZDW, the gain peaks are

achieved for signals placed closer to the pump wavelength, as illustrated in Figure 5.1(b).

Figure 5.1: Simulated idler gain profile when the pump is placed in the anomalous
regime for (a) various values of pump power and (b) various pump wavelengths relative
to the ZDW. Fibre parameters: nonlinear coefficient= 10.5W−1km−1, dispersion=-
0.3ps/nm/km, loss=0.78dB/km, dispersion slope=0.018ps/nm2/km, length=1km.

g The gain evolves in a different way when the pump is placed in the normal dispersion

regime. In this case, both the linear and nonlinear phase match contributions show

the same sign and therefore the phase mismatching increases as the signal is detuned

from the pump wavelength. The numerical simulations for the same HNLF when the

pump wavelength is placed in the normal regime are shown in Figure 5.2(a). If the gain

bandwidth is defined as the 3dB bandwidth of the gain profile, then it is clear that the

3dB bandwidth decreases by increasing the power, although the maximum achievable

gain increases. The maximum gain bandwidth also depends on the detuning between

the pump wavelength and the ZDW, as it occurs for the anomalous regime. This is

illustrated in Figure 5.2(b).

The analysis reported so far can be used to obtain useful indications on how to improve

the FWM-based wavelength conversion process in fibres which is the subject of this

Chapter. Amongst the fibres described in Chapter 4, the all-solid multi-ring and the
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Figure 5.2: Simulated idler gain profile when the pump is placed in the normal regime
for (a) various values of pump power and (b) various pump wavelengths relative to the

ZDW. Fibre parameters: same as in Figure 5.1

lead-silicate W-type fibres have been selected as the nonlinear media for the realisation of

FWM-based wavelength conversion devices. The SF57-based HF has not been employed

in such systems as at the time of the experiments the more promising multi-ring fibre

became available and was therefore selected in place of the HF.

5.2 FWM-based wavelength conversion in all-solid multi-

ring fibres

The first highly nonlinear fibre considered in a FWM-based wavelength conversion sys-

tem is the all-solid multi-ring fibre, band#2. The characterisation of the fibre was

reported in Chapter 4 and its properties are summarised in Table 5.1 below.

Table 5.1: Main properties of the all-solid multi-ring fibre, band#2, at 1550nm.

Nonlinear Coefficient Propagation loss Dispersion Dispersion Slope
(W−1km−1) (dB/m) (ps/nm/km) (ps/nm2/km)

117 0.8 12.5 0.15

5.2.1 Experimental setup

The experimental setup for the FWM-based wavelength converter is shown in Figure 5.3.

The pump signal was generated by a 10GHz mode locked laser, which produced∼7ps full-

width-half-maximum (FWHM) pulses at 1545nm. The pulses were amplitude modulated

by a 231-1 pseudorandom bit sequence (PRBS) using a lithium-niobate Mach-Zehnder
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modulator (MOD) and amplified using a high power erbium-doped fibre amplifier (HP-

EDFA). A band pass filter (BPF) was used to reject any undesired amplified spontaneous

emission (ASE) noise arising from the HP-EDFA. The probe signal was generated by a

CW tunable laser, amplified and filtered to reject any out-of-band ASE noise. In order

to independently control the power of the pump and signal, two different amplifiers were

used.

Figure 5.3: Experimental setup for the demonstration of FWM-based wavelength
conversion in a 1.5m sample of all-solid multi-ring fibre.

Polarization controllers were used to align the state of polarization of the two beams

to the polarization axis of the all-solid multi-ring fibre. The pump pulses and the CW

signal were then combined in a 90/10 coupler and free-space launched into 1.5m of fibre

with a coupling efficiency of ∼35%. This relatively short fibre length was chosen in order

to achieve a broad wavelength conversion bandwidth. More details will be given at the

end of this Section. The average powers of the signal and the pump at the very input

of the fibre were 3dBm and 24.5dBm respectively, which corresponded to a peak power

of 2.6W.

5.2.2 Experimental results

Owing to the low loss, low dispersion and the high nonlinearity per unit length of

the MOF, it was possible to observe wavelength conversion of pulses over a range of

wavelengths that cover the upper part of the C-band in the experiments, even if the

pump wavelength was sitting far away from the ZDW (1475nm). This is illustrated in
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Figure 5.4, which shows the spectral traces at the output of the system when the CW

wavelength was tuned from 1542nm to 1530nm.

Figure 5.4: Spectral traces taken at the output of the 1.5m sample of the all-solid
multi-ring fibre when the CW signal was tuned from 1542nm to 1530nm. Resolu-

tion=0.5nm.

Figure 5.4 shows that an optical signal to noise ratio (OSNR) of ∼ 12-18dB was achieved

at the output of the system. It is worth noting however, that this is mainly limited by

the dynamic range of the spectrum analyser, and in reality the OSNR was much higher

than this (the BER measurements presented below are in support of this argument).

The conversion efficiency, here defined as ratio of the power of the generated idler to

the pump power at the input of the fibre, varies by ∼4.5 dB across the 12nm tun-

ing range. Figure 5.4 also shows newly generated frequency components around the

CW wavelengths, which are due to the combined effects of cross-phase modulation and

parametric amplification. I have performed numerical simulations of the NLSE based

on the Split-Step-Fourier method [Agrawal, 2006], and for one particular wavelength

(λidler=1552 nm) a comparison of the result of the modelling and the measured trace is

shown in Figure 5.5. Note that the resolution chosen for the simulations is responsible

for the not perfect agreement between the simulated and the measured trace around the

CW signal.

In order to assess the quality of the conversion process, the generated pulses were filtered

and further characterised at the selected wavelength (λidler=1552 nm) in terms of their

noise properties and pulse width. The filtered idler is shown in Figure 5.6 (blue solid

line), together with the signal recorded at the output of the fibre (red dashed line).
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Figure 5.5: Simulated FWM trace (red line) and measured trace (blue line) in a 1.5m
sample of the all-solid multi-ring fibre when λCW=1538nm.

Figure 5.6 shows that a small component of the pump is still visible in the filtered

spectrum. However, the magnitude of the pump is so small that its effect can be ignored.

Figure 5.6: Filtered idler used for the characterisation of the generated pulses in a
1.5m sample of all-solid multi-ring fibre-based wavelength converter.

The eye diagram of the filtered idler was then recorded. Figure 5.7(a) shows the eye

diagram of the input signal (λCW=1538nm), while Figure 5.7(b) shows the eye diagram
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of the filtered idler (λCW=1552nm), which appears to be clean and open with low

intensity noise.

Figure 5.7: Eye diagrams of (a) the input signal and (b) filtered idler at λidler =
1552nm in a 1.5m sample of all-solid multi-ring fibre-based wavelength converter.

The filtered idler was connected to an electrically amplified receiver and then to a BER

tester. The high quality of the eye diagram is reflected in the corresponding BER

measurement shown in Figure 5.8. The wavelength converted signal shows a power

penalty of only ∼0.5 dB as compared to the input signal at BER=10−9 (error-free

operation), confirming the good quality of the conversion process.

Figure 5.8: BER measurement of the converted idler (red triangles) and of the in-
put signal (green dots) in a 1.5m sample of all-solid multi-ring fibre-based wavelength

converter.
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Finally, the autocorrelation traces of the input and output signals have been measured.

The input pulse was measured to be 7ps, while the converted pulse duration was mea-

sured to be 4.8ps, as shown in Figure 5.9. The measured value of the output pulse

duration was predicted by numerical simulations performed on our wavelength conver-

sion system.

Figure 5.9: Autocorrelation traces at the input (red trace) and output (blue trace)
of in a 1.5m sample of all-solid multi-ring fibre-based wavelength converter.

Eq. 5.8 and 5.9, although derived for a CW regime, can be also applied to pulsed signals,

assuming that the broadening of the pump spectrum due to SPM can be neglected, and

have been successfully used to predict optical pulse compression by FWM in optical

fibres [Yamamoto and Nakazawa, 1997]. I have performed numerical simulations on a

1.5m long sample of the all-solid multi-ring fibre under the above presented experimental

conditions. Figure 5.10(a) shows the input waveform of the pump at 1545nm, where the

full width at half maximum (FWHM) of the signal is 7.0ps. According to the work

of Yamamoto and Nakazawa, the time dependence of the pump power is translated

in a time dependence of the parametric gain g, which shows a pulsewidth of 4.8ps, as

illustrated in Figure 5.10(b). Therefore,according to Eq. 5.8, the output waveform shows

the same FWHM of 4.8ps.
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Figure 5.10: FWM-based pulse compression: (a) Waveform of the input pump at
1545nm; (b) Time dependent gain profile for the idler gain; (c) Waveform of the con-
verted idler at 1552nm. The simulations are based on the experimental conditions

reported in Section 5.2.1
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A good agreement can be seen between the predicted and the recorded traces, as shown

in Figure 5.11.

Figure 5.11: Comparison between the simulated pulse (red line) and the measured
pulse (blue line) at the output of the all-solid multi-ring fibre-based wavelength con-

verter system.

Further numerical simulations were performed in order to study the trade off that exists

between highest conversion efficiency and maximum bandwidth. Figure 5.12 shows the

calculated conversion efficiency for various fibre lengths ranging from 1.5m to 6.0m.

The power levels and the pump and signal wavelengths were chosen to be the same as

in the experimental setup reported in Section 5.2.1. The -3dB gain bandwidth improves

from 11nm to 12nm as the fibre length varies from 6 to 1.5m. On the other hand,

the conversion efficiency is higher for the longer fibre lenggth, decreasing from -33dB

to -40dB for this length range. Figure 5.12 also shows that the simulation results for

the 1.5m long fibre are in good agreement with my experiments. Note that the trend

shown by the curves in Figure 5.12 is in agreement with what discussed in Section 4.1.4.

According to Eq. 4.13, for a fixed value of dispersion D, and increasing lengths of fibre

samples, the first minimum in the conversion efficiency is found at decreasing values of

wavelength separation between the two pumps.
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Figure 5.12: Calculated curves of the FWM conversion efficiency using different fibre
length under the experimental conditions of Section 5.2.1 and measured conversion
efficiency (red dots) in a 1.5m all-solid multi-ring fibre-based wavelength converter.

5.2.3 Conclusions

Using just a 1.5m long sample of all-solid multi-ring fibre, FWM-based wavelength con-

version of a pulsed signal over 17nm was demonstrated. Although the pump signal sits

at wavelengths relatively far from the fibre ZDW, efficient wavelength conversion could

be achieved accompanied by compression of the converted pulses. The quality of the

wavelength conversion process has been assessed for one particular wavelength in terms

of eye diagram and BER measurements. The trade off between maximum conversion

efficiency and -3dB bandwidth has also been investigated through numerical simulations.

5.3 FWM-based wavelength conversion in a W-type fibre

The fabrication of lead-silicate W-type fibres has allowed a significant improvement in

both the nonlinear coefficient and the dispersion profile when compared to the all-solid

multi-ring fibre. This was reflected in FWM experiments performed even with the

rather lossy, first generation fibres (LSWF#1), see Section 4.2.3. The main properties

of this fibre are summarised in Table 5.2. Despite the high value of propagation losses
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of the fibre, the possibility to use this sample as the nonlinear medium in a FWM-

based wavelength conversion system seemed to be promising and has therefore been

investigated.

Table 5.2: Main properties of the high loss lead-silicate W-type fibre, LSWF#1, at
1550nm.

Nonlinear Coefficient Propagation loss Dispersion Dispersion Slope
(W−1km−1) (dB/m) (ps/nm/km) (ps/nm2/km)

822 4.8 -12 -0.1

The results presented in this Section (as well as in Section 5.4) showed significant po-

tential and prompted the initiation of efforts for an improvement in the fabrication

process, which in turn led to the improved, next generation of the W-type fibre and the

experimental investigations which will be presented in Chapter 6.

5.3.1 Experimental setup

The setup used for this experiment is shown in Figure 5.13. The setup is very similar

to the one presented in Figure 5.3.

Figure 5.13: Experimental setup for the demonstration of FWM-based wavelength
conversion in a 1.1m sample of high loss lead-silicate W-type fibre.

The all-solid multi-ring fibre was replaced with a 1.1m long sample of the lead-silicate

W-type fibre and the pump wavelength was placed at 1545.7 and had a pulse duration of
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6.2ps. The CW signal was tuned from 1530 to 1542nm and from 1550 to 1570nm. The

coupling efficiency in this case was estimated to be ∼25% and the average powers of the

pulsed pump and the CW signal at the very input of the fibre were 23dBm and 2.1dBm

respectively. The peak power of the pump wave in the fibre was of 1.9W. The fibre

length was chosen in order to achieve a broadband wavelength conversion bandwidth.

5.3.2 Experimental results

The spectra taken at the output of the wavelength converter are shown in Figure 5.14.

Figure 5.14: Spectra taken at the output of a 1.1m sample of high loss lead-silicate
W-type fibre-based wavelength converter when the CW wavelength is tuned (a) from

1530nm to 1542nm and (b) from 1550nm to 1570nm.

The higher nonlinear coefficient of this fibre and the lower dispersion when compared to

the all-solid multi-ring fibre, allowed for wavelength conversion over the whole C-band.

Numerical simulations were performed to support the experimental results. Figure 5.15

shows the comparison between the simulated and measured spectra at the output of

the wavelength converter for two particular signal wavelengths: (a) λCW=1540nm and

(b) λCW=1552nm. It can be seen that the simulated and measured traces are in good

agreement, although any additional FWM components, which were well below 50dB

from the pump, could not be observed due to the limited dynamic range of the OSA

used for the experiment.
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Figure 5.15: Comparison between the simulated spectra (red dotted line) and mea-
sured spectra (blue solid line) at the output of a 1.1m sample of high loss lead-silicate
W-type fibre-based wavelength converter when (a) λCW = 1540nm and (b) λCW =

1552nm.

The conversion efficiency is summarised in Figure 5.16, where it is clear that the con-

version process spans across the whole 30nm C-band range, with a 3dB bandwidth of

20nm. The dependence of the FWM gain on the dispersion for this fibre will be further

investigated in Section 5.4.

Figure 5.16: Calculated curve of the conversion efficiency and measured values (black
dots) at the output of a 1.1m sample of high loss lead-silicate W-type fibre.

The converted signals were then filtered and characterised in terms of noise properties

and pulse width. Due to the limited filters available at the time of the experiment, only

the converted signals at the following wavelengths were analysed: λidler = 1540nm, λidler
= 1552nm, λidler = 1554nm, λidler = 1556nm, and λidler = 1558nm. The eye diagrams
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of the input signal and filtered idlers are shown in Figure 5.17. Clean and open eye

diagrams were recorded for all the filtered idlers.

Figure 5.17: Eye diagrams at the output of a 1.1m sample of high loss lead-silicate
W-type fibre-based wavelentgth converter of (a) the input signal (B2B), (b) λidler =
1540nm, (c) λidler = 1552nm, (d) λidler = 1554nm, (e) λidler = 1556nm, (f) λidler =

1558nm.

The back-to-back (B2B) power at which error free operation could be achieved was

measured to be -19.5dBm. For every idler, the power penalty at error free operation,

when compared to the B2B value, was measured and the results are summarised in

Figure 5.18.

Figure 5.18 shows that error free operation was obtained for all of the filtered idlers, with

the lowest values of power penalty corresponding to the two idlers wavelengths showing

the cleanest eye diagrams: λidler = 1540nm, λidler = 1552nm. For reference, the full

BER curves for these two particular cases are shown in Figure 5.19.
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Figure 5.18: Measurements of the power penalties of the filtered idlers as a function
of the idler wavelength at the output of a 1.1m sample of high loss lead-silicate W-type

fibre-based wavelength converter.

Figure 5.19: BER measurement of the input signal (green dots), and of the converted
idler at λidler = 1540nm (red dots), λidler = 1552nm (black dots) in a 1.1m sample of

high loss lead-silicate W-type fibre-based wavelength converter.
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In order to complete the characterisation of the filtered idlers, the autocorrelation traces

of the pulses were recorded. The traces for all the filtered idlers are shown in Figure 5.20.

The FWHM of the input pulse was measured to be 6.2ps, while the output pulses show

a FWHM in the range of 3.9ps to 4.4ps, where the lowest values have been measured

for λidler=1540nm, λidler=1552nm. As discussed for the all-solid multi-ring fibre, in the

pulsed pump regime, the FWM-based wavelength conversion process results in compres-

sion of the output pulses when compared to the input pulses. Numerical simulations

supporting the experimental results confirm the value of the measured pulse duration,

as shown in Figure 5.21.

Figure 5.20: Autocorrelation traces of (a) the input signal and the converted idler at
(b) λidler = 1540nm, (c) λidler = 1552nm, (d) λidler = 1554nm, (e) λidler = 1556nm,
(f) λidler = 1558nm in a 1.1m sample of high loss lead-silicate W-type fibre-based

wavelength converter.
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Figure 5.21: Simulated and measured pulse width FWHM for various values of conver-
sion efficiency in a 1.1m sample of high loss lead-silicate W-type fibre-based wavelength

converter.

In particular, a comparison between the simulated and measured autocorrelation traces

for λidler=1552nm is shown in Figure 5.22.

Figure 5.22: Simulated autocorrelation trace (red dashed line) and measured auto-
correlation trace (blue solid line) for λidler = 1552nm in a 1.1m sample of high loss

lead-silicate W-type fibre-based wavelength converter.
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5.3.3 Conclusions

Tunable and broadband wavelength conversion has been achieved in only 1.1m of the

lead-silicate W-type fibre. Despite the high loss of the particular fibre used in this ex-

periment, the high nonlinear coefficient and the tailored dispersion profile allow for a

successful FWM-based wavelength conversion over a range of 30nm, with a -3dB band-

width of 20nm. The quality of the conversion process has been assessed through eye

diagrams and BER curves. The pulse duration of the converted idlers has also been mea-

sured and the pulse compression due to FWM has been confirmed both experimentaly

and by numerical simulations.

5.4 Towards flat FWM gain profile in a lead-silicate W-

type fibre

For a fixed γP product in a fibre, the maximum conversion efficiency is strictly related

to the fibre loss while the gain bandwidth is dependent on the fibre dispersion profile.

The maximum conversion efficiency for the lead-silicate W-type fibre reported in Section

5.3 is therefore limited by the high propagation loss of the sample. In Section 4.2.3 an

annealing step on the fibre has shown to reduce the propagation loss from 4.8dB/m

to 4.1dB/m. The annealing step is therefore expected to have an effect also on the

maximum conversion efficiency that can be obtained in the fibre. I compared the FWM

performance achieved in a 1.1m long sample of high loss fibre used in the previous Section

to that of the same sample after the annealing step was performed.

The setup used for this experiment is shown in Figure 5.23. A CW laser was used as a

pump while a second tunable CW laser was used as the signal. The pump was modulated

using a LiNbO3 Mach Zehnder modulator driven with 100ps rectangular pulses with a

duty cycle of 1:64. The modulated pump was amplified and filtered in order to remove

the undesired ASE noise and then combined with the signal in a 90/10 coupler. The

signal was also amplified and filtered before being coupled to the pump. The signal was

then free-space launched into the two fibre samples. The coupling efficiency in both

cases was ∼20%. The average pump and signal power at the input of the fibres was

17.7dBm and 9dBm respectively. The corresponding peak power for the pump wave in

both cases was 3.7W.
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Figure 5.23: Experimental setup for the demonstration of FWM-based wavelength
conversion in a lead-silicate W-type fibre.

The spectral traces at the output of the fibre before annealing are shown in Figure

5.24. Figure 5.24(a) shows the spectral traces recorded when the signal was tuned from

1532nm to 1546nm, while Figure 5.24(b) shows the traces recorded when the signal was

tuned from 1554nm to 1570nm.

Figure 5.24: Spectral traces at the output of the high loss W-type fibre before an-
nealing when the CW signal is tuned (a) from 1532nm to 1546nm and (b) from 1552nm

to 1570nm.

Since the pump, and therefore the converted idlers as well, was modulated with a duty

cycle of 1:64, the peak power of the idler was 18dBm higher than the value recorded on

the OSA. The conversion efficiency, here defined as the ratio between the converted idler

and the input signal, is shown in Figure 5.25, where a maximum conversion efficiency

of -6dB can be appreciated. Figure 5.25 also shows the simulated conversion efficiency
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based on the set of equations developed in Section 5.1. The asymmetry in the conver-

sion efficiency reflects the asymmetry in the dispersion profile of the fibre around the

operational wavelength of 1550nm as shown in Figure 4.17

Figure 5.25: Simulated curve for the FWM conversion efficiency in a 1.1m of high loss
lead-silicate W-type fibre before the annealing and experimental results (black dots).

After the annealing step, which was carried out under the conditions discussed in Section

4.2.3, the measurement was repeated using the same setup as shown in Figure 5.23,

taking care to reach the same value of power in the fibre. The output traces are shown

in Figure 5.26, where the CW signal was set at the same wavelengths as in the previous

case, before the annealing step.

Figure 5.26: Spectral traces at the output of the high loss W-type fibre after annealing
when the CW signal is tuned (a) from 1532nm to 1546nm and (b) from 1552nm to

1570nm.
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Adding 18dBm at the idler output power, the FWM gain is plotted in Figure 5.27. The

maximum conversion efficiency in this case was -4dBm, which is 2dB higher than that

achieved in the same sample before annealing. The increase in the conversion efficiency

comes at the cost of a reduction, although small, of the -3dB bandwidth which is reduced

from 36nm to 35nm. The reduction in bandwidth is expected, as the pump wavelength is

placed in the normal dispersion regime, as explained in Section 5.1. In order to increase

the bandwidth of the FWM-based wavelength conversion process it is necessary to act

on the fibre dispersion properties.

Figure 5.27: Simulated curve for the FWM conversion efficiency in a 1.1m of high
loss W-type fibre after the annealing and experimental results (red dots).

For the lead-silicate W-type fibre reported in Section 4.2.3, the fibre core diameter

influences the fibre dispersion profile and therefore the FWM gain profile. By carefully

controlling the core diameter, a flat and close to zero dispersion profile is achieved in the

wavelength range between 1500nm and 1600nm. This is illustrated in Figure 5.28(a),

where the simulated dispersion profile is shown for three values of core diameter, 1.60µm,

1.64µm, 1.68µm. Under the same experimental conditions used for the investigation of

FWM-based wavelength conversion in the high loss W-type fibre, the FWM gain profile

corresponding to the three selected values of core diameters have been simulated. The

resulting modeled gain profiles are shown in Figure 5.28(b).

It is evident how the -3dB bandwidth increases from 24nm up to 40nm by increasing the

core size from 1.60µm to just 1.64µm. When the fibre core is 1.68µm, the dispersion of

the considered range of wavelengths changes sign. The gain profile shows therefore the
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Figure 5.28: (a): Simulated dispersion profile of a lead-silicate W-type fibre for three
values of core diameter: 1.60µm (dashed line), 1.64µm (solid line) and 1.68µm (dashed

line); (b): corresponding simulated FWM conversion efficiency profiles.

typical profile of the case when the pump wavelength is placed in the anomalous regime

and the FWM bandwidth extends even further than in the previous cases (50nm).

The third sample of lead-silicate W-type fibre reported in Section 4.2.3 shows much lower

propagation loss than the previous sample due to the improved fabrication process and

a much lower dispersion profile due to the bigger core. The main properties of the fibre

sample are summarised in Table 5.3 below.

Table 5.3: Main properties of the low loss lead-silicate W-type fibre, LSWF#2, at
1550nm.

Nonlinear Coefficient Propagation loss Dispersion Dispersion Slope
(W−1km−1) (dB/m) (ps/nm/km) (ps/nm2/km)

820 2.1 -3.2 0.05

The FWM-based wavelength conversion process is been investigated also in 2.2m of this

fibre, using again the same setup as in Figure 5.23. The fibre length has been chosen

to be as close as possible to the value of optimum length defined by Eq. 5.12. The

coupling efficiency was measured to be 22% and the average power for the pump and

the signal were 18.2dBm and 9.5dBm respectively. The spectral traces at the output

of the fibre are shown in Figure 5.29. It is evident that the lower loss and the lower

dispersion profile of the fibre result in a much more efficient FWM gain when compared

to the previous fibres.

As previously, due to the fact that the pump is modulated, the idler peak was 18dBm

higher than the value recorded by the OSA. The results are summarised in Figure 5.30,

where it is possible to see that a conversion efficiency of ∼0dBm has been achieved across

the whole C-band.
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Figure 5.29: Spectral traces at the output of the low loss lead-silicate W-type fibre
when the CW signal is tuned (a) from 1532nm to 1546nm and (b) from 1552nm to

1570nm.

Figure 5.30: Simulated curve and experimental results for FWM efficiency in a 2.2m
sample of the low loss lead-silicate W-type fibre.

5.5 Conclusions

This Chapter investigated FWM-based wavelength conversion in lead-silicate fibres. The

first Section was dedicated to the derivation of a simplified set of equations to describe the

FWM-based parametric processes in the CW or quasi-CW regime. In order to identify

the main fibre parameters that contribute to an efficient FWM process in a fibre and

to describe the difference between the normal and anomalous operation regime, a study

on a commercially available HNLF was initially numerically carried out. A summary of
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the results achieved in the fibres used to investigate the wavelength conversion process

together with the main properties of the fibres is reported in Table 5.4.

FWM-based wavelength conversion of pulsed signals was demonstrated in a 1.5m of all-

solid multi-ring fibre. A maximum conversion efficiency of -40dB and a -3dB bandwidth

of 17nm was experimentally achieved. These results were improved using a sample of

lead-silicate W-type fibre, exhibiting propagation losses of 4.8dB/m. Despite the high

propagation loss of this sample, a maximum conversion efficiency of -33dB and a -3dB

bandwidth of 20nm could be achieved in only 1.1m of this fibre. In both cases the quality

of the conversion process was assessed in terms of eye diagrams and BER measurements.

The effect of propagation loss and dispersion of the lead-silicate W-type fibre on the

FWM gain was experimentally explored. In particular the effect of annealing the high

loss sample of lead-silicate W-type fibre on the conversion efficiency has been demon-

strated. Before annealing, a maximum conversion efficiency of CW signals of -6dB over

a -3dB bandwidth of 36nm was experimentally achieved in a 1.1m long sample. After

annealing a maximum conversion efficiency of -4dB over a -3dB bandwidth of 35nm was

achieved in the same sample.

The influence of the fibre dispersion on the FWM bandwidth was investigated with

numerical simulations. The effect of both lower dispersion and a lower propagation

loss was evidenced in FWM-based wavelength conversion in a sample of the second

fabrication attempt of the lead-silicate W-type fibre. Flat conversion efficiency of 0dB

across the whole C-band was achieved in only 2.2m of the fibre. This confirms the

potential of this lead-silicate fibre for FWM-based applications, and this potential will

be explored further in Chapter 6.
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Chapter 6

FWM-based applications based

on a W-type lead-silicate fibre

This chapter investigates the potential of the low loss dispersion tailored highly nonlinear

lead-silicate W-type fibre introduced in Section 4.2.3 for the realisation of compact

(meter-long) FWM-based highly nonlinear devices. The main properties of the fibre

used in the experiments presented in this Chapter are summarised in Table 6.1.

Table 6.1: Main properties of the low loss lead-silicate W-type fibre at 1550nm.

Nonlinear Coefficient Propagation loss Dispersion Dispersion Slope
(W−1km−1) (dB/m) (ps/nm/km) (ps/nm2/km)

820 2.1 -3.2 -0.05

When evaluating the properties of a highly nonlinear fibre, it is often useful to also

investigate its Brillouin gain characteristics. This is particularly important for applica-

tions that require a strong CW pump such as some of the experiments described in this

Chapter. The maximum value of the CW pump power that can be launched in a fibre

without giving rise to Brillouin scattering is limited by the SBS threshold, as expressed

by Eq. 3.44. The Brillouin shift in SF57 was previously measured to be 7.65GHz and a

SBS threshold of 30dBm can be estimated according to Eq. 3.44 for a true CW signal in

a 3m long sample, [Poletti et al., 2007]. In order to investigate the Brillouin properties

of LSWF#2 a true CW signal (with narrow linewidth) was launched in a 3m long sam-

ple and the light reflected back from it was collected and analysed. It was found that

no stimulated backscattered signal could be detected at the expected wavelength for

143
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values of power as high as 29dBm in the fibre (the maximum possible launch power in

the experiments). Figure 6.1 shows the input signal (red dotted line) together with the

signals reflected back from the fibre (solid lines) for values of input power into the fibre

ranging from 20dBm to 29dBm. The blue dashed reference line indicates the wavelength

at which the Brillouin reflected signal was expected.

Figure 6.1: Spectra of the input (red dotted line) and the output (solid lines) signals
reflected back from the LSWF#2 fibre for power levels ranging from 20 to 29dBm into
the fibre. The vertical dashed line indicates where the SBS shift is expected. The input

signal has been scaled up for visual purposes.

The low and flat dispersion of the fibre in the C-band, together with its high nonlinear

coefficient, makes it a good candidate for FWM-based applications based on CW signals.

Moreover, the high SBS threshold allows for the use of true CW signals with relatively

high power without the need of an additional SBS suppression scheme. In order to

illustrate the potential of this fibre, the performance of the fibre for three different

applications is investigated.

Section 6.1 presents a wavelength conversion scheme based on 2.2m of this fibre where

three 40Gbit/s Non-Return-to-Zero (NRZ) Differential Phase Shift Keying (DPSK) data

signals are simultaneously converted to different wavelengths. Section 6.2 illustrates

the potential of lead silicate W-type fibre for the generation of high repetition rate

pulses. The generation of pulse trains at 160GHz and 200GHz through FWM temporal

compression of a dual frequency beat signal is experimentally demonstrated, and the

perspective of employing this fibre for the generation of pulses in the THz regime is also

investigated. Finally, in Section 6.3 the fibre is successfully employed in an all-optical

160-to-40GHz demultiplexing scheme for On-Off-Keyed (OOK) signals.
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6.1 Multiwavelength conversion of 40Gbit/s DPSK signals

An attractive feature of FWM-based wavelength conversion techniques is the potential

to allow simultaneous conversion of several input channels, thereby decreasing the num-

ber of wavelength converters in an optical system, thus reducing the total number of

components in the network [Inoue and Toba, 1992]. So far, multi-wavelength conver-

sion of OOK signals based on FWM has been reported in highly nonlinear silica fibres

[Watanabe et al., 1998], in semiconductor optical amplifiers (SOAs) [Gosset and Duan,

2002] and periodically poled lithium niobate (PPLN) devices [Yamakazi et al., 2008].

However, in a multichannel conversion scheme of OOK signals, the power of each chan-

nel needs to be carefully controlled in order to avoid undesired nonlinear effects such

as inter-channel crosstalk. In a FWM-based wavelength conversion scheme of OOK sig-

nals, inter-channel crosstalk is due to the data-pattern-dependent pump depletion, [Xu

et al., 2004] and can severely degrade the quality of the wavelength conversion process.

Therefore, the use of a data format that does not suffer from this issue represents an

advantage for the implementation of a multi-wavelength conversion scheme.

Recently, DPSK signals have been widely adopted in high-speed transmission, exploit-

ing the advantages of phase-encoded formats over OOK in terms of optical signal to

noise ratio (OSNR), resilience to the various transmission impairments, as well as for

their potential for the implementation of high spectral efficiency data encoding [Linke

and Gnauck, 1988; Zhu et al., 2004]. Furthermore, especially in the context of FWM-

based multi-channel wavelength conversion, in modulation formats like non-return-to-

zero (NRZ) DPSK the optical power remains constant over most of the time, thus

ensuring that the signals do not suffer from pump-depletion-induced data patterning

when relatively high powers are involved (as it happens for OOK signals) [Devgan et al.,

2006]. Multi-wavelength conversion of 10Gbit/s DPSK signals has been demonstrated

in HNLFs [Devgan et al., 2006] as well as in SOAs [Lacey et al., 1997; Politi et al., 2006]

and PPLN devices [Jansen et al., 2006].

In this Section the simultaneous conversion of three 40 Gbit/s NRZ DPSK signals in

a 2.2m sample of the W-type lead-silicate fibre (LSWF #2) is presented. A uniform

conversion efficiency of -12dB is achieved and error-free performance is confirmed for

the three signals with a power penalty lower than 2dB.
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6.1.1 Experimental setup

The experimental setup for the demonstration of the FWM-based wavelength converter

of the three 40Gbit/s NRZ DPSK signals is shown in Figure 6.2.

Figure 6.2: Experimental setup for the demonstration of multi-wavelength conversion
in a 2.2m sample of LSWF #2. Insets: fibre SEM image and dispersion profile of the

W-type fibre.

Three consecutive CW lasers on a 100GHz frequency grid, λCh1 = 1556.86nm, λCh2 =

1558.58nm, and λCh3 = 1560.20nm, were multiplexed together using an arrayed waveg-

uide grating (AWG) and modulated with a 231-1 pseudorandom bit sequence (PRBS)

at 40Gbit/s. The CW pump signal (λp=1550.85nm) was amplified using a high power

erbium-doped fibre amplifier (HP-EDFA), followed by a band-pass filter to reject any

undesired out-of-band amplified spontaneous emission noise. The three data channels

were amplified separately from the pump using a second EDFA. This allowed indepen-

dent control of the relative power levels of the pump and the signals, while at the same

time any undesired nonlinear interaction in the EDFA itself was avoided. The states

of polarization of the various beams were controlled by in-line polarization controllers

(PCs) in order to maximize the FWM components in the fibre. The CW pump and

the data channels were then combined in a 90/10 coupler and free-space launched into

the fibre. The coupling efficiency was estimated to be 25.5% and the average powers

of the CW pump and the three DPSK signals at the input of the fibre were 23dBm

and 8.7dBm, respectively. Despite the relatively high power launched into the fibre,

no SBS suppression scheme was employed, due to the high SBS threshold exhibited by

the W-type lead silicate fibre. SBS suppression is normally an important issue in CW-

pumped parametric processes in fibres [Lacey et al., 1997], and therefore, the absence of



Chapter 6. FWM-based applications based on a W-type lead-silicate fibre 147

an SBS suppression scheme represents an important advantage of the system reported

here. Moreover, it is worth noting that no synchronisation amongst the various channels

was required, as a CW pump was used.

6.1.2 Experimental results

Figure 6.3 shows the measured optical spectra before (red dotted line) and after the lead

silicate W-type fibre (blue solid line), where the signals and the corresponding newly

generated idlers can be observed.

Figure 6.3: Spectrum at the input (dotted line) and output (solid line) of the multi-
wavelength converter scheme based on a 2.2m sample of LSWF #2.

The output spectrum in Figure 6.3 also highlights the generation of some undesired

low-power frequency components, which are FWM products between pairs of the WDM

channels and the pump, as well as each WDM channel and the pump, which are located

at longer wavelengths. However, these components were clearly at different wavelengths

as compared to the WDM channels or their desired idlers, and did not affect the per-

formance of the system, as discussed in more detail below. The filtered idlers are shown

in Figure 6.4. The idlers exhibit an OSNR greater than 25dB and a uniform conversion

efficiency of -12dB.
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Figure 6.4: Spectra of the filtered idlers at the output of the multi-wavelength con-
version scheme based in a 2.2m sample of LSWF #2: (a) Idler1; (b) Idler 2; (c) Idler

3.
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In order to assess the presence of possible crosstalk between the various channels, we

compared the eye diagrams of each of the filtered idlers to those of the input channels,

(see left column of Figure 6.5) for two cases: (a) multi-wavelength operation (i.e. when

all the channels were on simultaneously - see middle column in Figure 6.5) and (b) single

wavelength operation (i.e. when only one channel was on - see right column in Figure

6.5).

Figure 6.5: Eye diagrams of the various channels at the input (first column) and
corresponding idlers at the output of the wavelength converter based on a 2.2m sample
of LSWF #2 in multi- (second column) and single-wavelength operation (third column).

It is apparent that the eye diagrams are clean and open in both cases, suggesting that the

quality of each filtered idler is good and most importantly not affected by the presence of

the other signals. The good quality of the converted signals was reflected in the bit-error

ratio (BER) measurements presented below.

Figure 6.6 compares the BER curves of the input channels (back-to-back) to those of the

filtered idlers for both single and multi-channel operation. Figure 6.6(a) shows the curves

for Channel 1 while Figure 6.6(b) and Figure 6.6(c) for Channel 2 and 3 respectively. In

all cases we measured a power penalty at error free operation (10−9) ranging between

0.5dB and 2dB for the three converted channels as compared to the back-to-back and a

low penalty (in the range of 0.2-0.8dB) between the single- and multi-channel operation
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Figure 6.6: BER of the input channels and of the filtered idlers of the multi-
wavelength converter scheme based on a 2.2m sample of LSWF #2 when all the channels
are simultaneously on and off: (a) curves for Channel 1, (b), curves for Channel 2 and

(c) curves for Channel 3.

cases. The slight power penalty variation between the various channels is attributed to

small differences in the filtering and amplification gain at the idler wavelengths.

Since independent transmitters were not available for the three data signals to allow

us to perform measurements using decorrelated PRBS for each WDM signal, the inter-

channel crosstalk in the fibre was further analysed through additional spectral measure-

ments. Figure 6.7 shows the output spectra taken when one channel out of the three

was switched off: Ch.1 is switched off in Figure 6.7(a), Ch.2 in Figure 6.7(b) and Ch.3 in

Figure 6.7(c). In none of the three cases could new frequency components be observed

at the missing signal/idler wavelength at least down to the -25dB level, which represents

the OSNR of the converted signals.

The scenario when one out of the three signals was not modulated (one CW signal and

two DPSK signals) was also investigated. In every case, the power of each signal was

carefully controlled so that the overall input power of the system would be kept constant.

Examples of the measured traces for this case are shown in Figure 6.8. In none of the

analysed cases any spectral distortion of the converted idlers was apparent, implying

that they did not suffer from any inter-channel cross-talk, down to the -25dB level, the

OSNR of the converted signals.
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Figure 6.7: Spectra taken at the output of the multi-wavelength converter based on
a 2.2m sample of LSWF #2 when only 2 of the 3 channels were on: (a) Ch.1 is off; (b)

Ch.2 is off; (c) Ch.3 is off.
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Figure 6.8: Spectra taken at the output of the multi-wavelength converter based on
a 2.2m sample of LSWF #2 when 1 of the 3 DPSK signals is replaced by a CW signal:

(a) Ch.1 is CW; (b) Ch.2 is CW.

6.1.3 Conclusions

A multi-wavelength converter of 40 Gbit/s NRZ DPSK signals based on a 2.2m-long

W-type lead silicate fibre was experimentally demonstrated. Thanks to the high nonlin-

earity and low dispersion of the fibre, a CW pump was used, avoiding any synchronisation

between the WDM signals and the pump, while thanks to the high SBS threshold of the

fibre, no additional SBS suppression schemes was applied to the CW pump. The con-

verted idlers were analysed in the case of single and multi-channel operation. Error-free

operation with a power penalty below 2dB was achieved when all three signals were on

and negligible power penalty was observed when compared to the case of single chan-

nel conversion. Additional spectral measurements have shown negligible inter-channel

crosstalk in the multi-channel wavelength conversion scheme.

6.2 High repetition rate pulse generation

The development of ultrashort pulse generators that allow for ultra high repetition rates

is of great interest in the context of a growing demand of high capacity transmission

systems [Pitois et al., 2002]. Moreover, the generation of high repetition rate, high

quality optical pulse trains finds several applications in other area of the technology

such as optical switching [Yamamoto et al., 1998], metrology [Bogoni et al., 2004b] and

optical clock generation [Meloni et al., 2005].
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Generation of high repetition rate pulses based on harmonically mode-locked lasers sys-

tems has been proposed and experimentally demonstrated [Gee et al., 2005; Nakazawa

et al., 1994]. However, this approach suffers from a limited frequency tunability and

frequency stability of the mode-locked laser, which requires the introduction of a con-

trol system. Moreover, the current bandwidth of optoelectronic devices allows for the

generation of pulses with repetition rate not higher than 50GHz and with a temporal

width of a few picoseconds [Fatome et al., 2010].

Recently, another approach has been proposed for the generation of high repetition rate

pulses. The harmonics at the output of a comb generator at low repetition rate (∼1GHz)

are selectively optically filtered using a narrow bandwidth Fabry-Perot cavity, thus in-

creasing the repetition rate of the final pulses [Diddams et al., 2009]. The drawbacks of

this technique consist in the fine control of the high finesse Fabry-Perot cavity that is

needed, as well as the corresponding high losses usually associated with the scheme.

An optical pulse train can also be generated through compression of a beat signal in

optical fibres. The initially sinusoidal signal can be obtained from the beating of two

continuous wave (CW) lasers with a frequency separation corresponding to the desired

repetition rate. Pulse compression based on the formation of solitons has been demon-

strated [Igarashi et al., 2005; Mamyshev et al., 1991; Ozeki et al., 2005]. Solitons are

optical pulses that can propagate in an optical fibre with a constant shape i.e., without

any temporal broadening caused by dispersion. Their manifestation requires a balance

between dispersive and nonlinear effects which can only occur under conditions of anoma-

lous dispersion. Various fibres have been employed for the realisation of the soliton-based

compression stage, such as dispersion-decreasing fibres [D’Errico et al., 2003], step-like

[Chernikov et al., 1994b] and comb-like dispersion profiled fibres [Chernikov et al., 1994a],

made of one or more pairs of standard SMFs and HNLFs so that the final dispersion of

the compression system has a step-like or comb-like profile over its hole length. How-

ever, the use of such fibres for the compression stage requires careful control on the fibre

dispersion along the propagation length, leading to complicated fibre systems.

A valid alternative to the soliton-based pulse compression stage is the approach based

on FWM temporal compression of the beat signal in an optical fibre. The generation

of high repetition rate pulses through FWM-based nonlinear temporal compression of

a dual-frequency beat signal in a highly nonlinear fibre followed by a linear dispersive
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medium has proven to deliver high quality (sub-) picosecond signals [Inoue et al., 2007;

Pitois et al., 2002].

Usually, independent CW sources are used [Inoue et al., 2007] leading to significant tim-

ing jitter on the pulses, which can represent a significant issue for many applications.

In [Parmigiani et al., 2010] this issue was addressed by phase-locking the two CWs via

stable injection-locking of two semiconductor lasers to an optical comb, thus simulta-

neously performing narrow-bandwidth filtering and amplification. In that case the two

phase-locked lasers were then combined together into a 2m-long highly nonlinear bis-

muth oxide fibre (Bi-NLF), which shows a high nonlinear coefficient, but also a high

dispersion and dispersion slope in the C-band, which is not particularly desirable for a

FWM-based application.

In this Section the generation of high repetition rate (160GHz and 200GHz) pulses

through stable injection-locking of two semiconductor lasers in a 3m-long sample of

LSWF #2 is experimentally demonstrated. A set of simulations has been implemented

in order to confirm the results achieved. Also, the role of the tailored dispersion profile for

the generation of ultra-short high repetition rate pulses in the THz regime is investigated.

6.2.1 Experimental setup

The experimental setup is shown in Figure 6.9. A CW laser was fed into a 10GHz spaced

optical frequency comb generator (OFCG), that produces pulses with a timing jitter

below 10fs [Parmigiani et al., 2010]. The output of the comb was demultiplexed using

a 100GHz array waveguide grating (AWG) and then coupled into two semiconductor

lasers to injection-lock them and ensure that their outputs were synchronised in phase

relative to each other. The frequency spacing between the two lasers could be controlled

(in 10GHz steps) by changing their operational temperature. This allowed direct control

of the repetition rate of the generated pulse stream. The combined phase-locked lasers

were then amplified and free-space launched into a 3m sample of the W-type fibre with

a coupling efficiency of 25%. The output end of the fibre was then connected to a few

tens of meters of standard single mode fibre (SMF) to temporally compress the pulses.

The actual length of SMF-28 depends on the frequency separation that was chosen.
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Figure 6.9: Experimental setup for the generation of high repetition rate pulses in a
3m sample of LSWF #2.

For this experiment, two values of repetition rates (160GHz and 200GHz) and three

values of input power were considered. The highest value of power launched into the

fibre (160mW) was limited by the relatively low free space coupling efficiency. The

experimental results are supported by numerical simulations of the FWM process based

on an approximation of the Split-Step Fourier method [Agrawal, 2006]. The simulations

were based on the experimental conditions and the fibre properties. The approximated

method did not take into account higher order dispersion and can therefore give more

reliable results when considering only the first order idler.

6.2.2 Experimental results at 160GHz

Figure 6.10 shows the spectra recorded at the output of the fibre when the frequency

between the two injection-locked lasers was 160GHz for various values of input power:

80mW (a), 125mW (b) and 160mW(c). The red traces represent the recorded traces at

the output of the fibre, while the blue traces represent the results of my simulations.

Also in this case, the resolution of the simulations is not accurate enough to reproduce

correctly the CW signals. However, the aim of the simulations was to mainly check the

agreement between the predicted and measured power levels of the generated compo-

nents. Note that the measured spectral traces show some of the residual 10GHz comb

lines that are due to reflections from the facet of the slave lasers. However, these com-

ponents were suppressed down to -40dB level. Together with the two input CW lasers

it is possible to distinguish the additional spectral components generated by FWM. The

strength of the generated idlers increased as expected with the input power.
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Figure 6.10: Spectra at the output pulse compression scheme based on a 3m sample
of LSWF #2, when the input power was 80mW (a), 125mW(b) and 160mW(c) for a

frequency separation of 160GHz.
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The temporal waveforms were measured using an optical sampling oscilloscope (OSO)

that was electrically triggered by the OFCG. The initially sinusoidal wave shows a full-

width-at-half-maximum (FWHM) corresponding to the half of the beat signal period:

3.1ps for a repetition rate of 160GHz as shown in Figure 6.11.

Figure 6.11: Temporal waveform of the input signal to the pulse compression scheme
for a repetition rate of 160GHz.

The pulses at the output of the W-type fibre are shown in the first column of Figure

6.12 for the three values of input power that were considered. They present negligible

temporal broadening as compared to the initial pulses, due to the very low dispersion of

the fibre and the short length of sample that was employed in the setup. After 46m of

SMF-28, the pulses were compressed down to 2.8ps (Pin=80mW), 2.3ps (Pin=125mW)

and 2.0ps (Pin=160mW) as shown in the second column of Figure 6.12 corresponding to

a compression factor of 1.1, 1.4 and 1.6 respectively. For the lowest value of input power

considered during the experiment, it is possible to see that the pulses are slightly noisy:

this is due to the limited dynamic range of the OSO. For the highest value of input

power, corresponding to the maximum value of compression ratio, the timing jitter was

measured on the OSO to be ∼150fs. This value is very close to the specification value

of the measuring instrument and therefore it is possible to conclude that the generated

pulses exhibited a timing jitter that was lower than the measured value.
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Figure 6.12: Temporal traces taken at the output of the pulse compression scheme
based on a 3m sample of LSWF #2 (first column) and after 46m of SMF-28 fibre
(second column) for the three values of input power and a repetition rate of 160GHz.

The time-bandwidth product of the pulses was then evaluated. The output spectra can

be fitted to a Gaussian shape, as shown in Figure 6.13 for the three values of input

power considered in the experiment. The estimated -3dB bandwidth in the three cases

is 0.16THz, 0.2THz and 0.23THz respectively. These yield a time-bandwidth product

for all the three cases of ∼0.46, value that is very close to the maximum time-bandwidth

product for a Gaussian pulse (0.44).
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Figure 6.13: Spectra at the output of the pulse compression scheme based on a 3m
sample of LSWF #2 when the input power was 80mW (a), 125mW(b) and 160mW(c)
for a frequency separation of 160GHz (red lines) and corresponding Gaussian fit (black

lines).
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6.2.3 Experimental results at 200GHz

A very similar discussion applies to the case when the frequency separation of the two

CWs was set at 200GHz. Figure 6.14 shows the spectra taken at the output of the fibre

when the input power levels were 80mW (a), 125mW (b) and 160mW (c). Also in this

case, there is good agreement between the measured and simulated traces.

The sinusoidal wave shows a full-width-at-half-maximum (FWHM) corresponding to a

half of the signal period: 2.5ps for a repetition rate of 200GHz as shown in Figure 6.15.

The pulses at the output of the W-type fibre are shown in the first column of Figure

6.16 for the three values of input power that have been considered. Despite the broader

bandwidth and similarly to the case presented in the previous Section, there is negligible

temporal broadening of the generated pulses as compared to the initial pulses. After 30m

of SMF-28 the pulses were compressed down to 2.2ps (Pin=80mW), 1.9ps (Pin=125mW)

and 1.5ps (Pin=160mW) as shown in the second column of Figure 6.16, corresponding

to a compression factor of 1.1, 1.4 and 1.7 respectively. Analogously to the case of a

frequency separation of 160GHz, the signal to noise ratio is compromised for the case

of the lowest value of input power. For the highest value of input power the timing

jitter has been measured to be again ∼150fs and the same consideration as the previous

Section applies.

In the case of highest compression factor, corresponding to the highest value of in-

put power, the time-bandwidth product of the pulses has been evaluated. The output

spectrum fitted with a Gaussian shape is shown in Figure 6.17. The estimated -3dB

bandwidth is 0.3THz that leads to a time-bandwidth product of 0.46 for a pulse du-

ration of 1.5ps. As in the previous Section, the time-bandwidth product of the pulses

was then evaluated. The output spectra can be fitted to a Gaussian shape, as shown

in Figure 6.17 for the three values of input power considered in the experiment. The

estimated -3dB bandwidth in the three cases is 0.21THz, 0.24THz and 0.31THz respec-

tively. As in the previous case, these values result in time-bandwidth product of 0.46

for all the three cases.
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Figure 6.14: Spectra at the output of the pulse compression scheme based on a 3m
sample of LSWF #2 taken when the input power was (a) 80mW, (b) 125mW and (c)

160mW for a frequency separation of 200GHz.
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Figure 6.15: Temporal waveform of the input signal to the pulse compression scheme
for a repetition rate of 200GHz.

Figure 6.16: Temporal traces taken at the output of the pulse compression scheme
based on a 3m sample of LSWF #2 (first column) and after 30m of SMF-28 fibre
(second column) for the three values of input power and a repetition rate of 200GHz.
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Figure 6.17: Spectra at the output of the pulse compression scheme based on a
3m sample of LSWF #2 taken when the input power was 80mW (a), 125mW(b) and
160mW(c) for a frequency separation of 200GHz (red lines) and corresponding Gaussian

fit (black lines).
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6.2.4 Comparison with a Bi-oxide based fibre

Generation of high repetition rate pulses based on dual frequency beating was previously

demonstrated in a germanium-doped HNLF [Inoue et al., 2007]. However, the relatively

low nonlinear coefficient of the silica HNLF forces the use of long lengths of fibre, of

the order of hundreds of meters. This represents a two-fold disadvantage: for a long

length of fibre it is generally necessary to introduce a SBS suppression scheme, therefore

making the system overall more complex. Moreover, in a long length of fibre sample,

maintaining the polarisation of the two synchronised CWs is a nontrivial task.

In the context of the generation of high repetition rate pulses in short lengths of soft

glass-fibres, it is possible to compare the performance of the W-type fibre with that

of a Bi-NLF. Such an experiment has also been carried out in our lab using the same

setup as that described in Section 6.2.1 [Parmigiani et al., 2010]. The main properties

of the Bi-oxide fibre used for the experiment are reported in Table 6.2, along with

the corresponding properties of the W-type lead silicate fibre for a more immediate

comparison. In the two experiments the product γPLeff , where γ is the nonlinear

coefficient, P is the input power and Leff is the effective length of the fibres was highly

comparable and therefore the compression factors achieved in the fibres are very similar.

Table 6.2: Main properties of the Bi-oxide fibre used in [Parmigiani et al., 2010] and
the lead silicate W-type fibre.

Fibre Bi-oxide Lead silicate
Nonlinear Coefficient 1100 820(W−1km−1)
Propagation loss 0.8 2.1(dB/m)

Dispersion @1550nm -260 -3(ps/nm/km)
Length of sample 2 3(m)

Input Power 140 160(mW)
SBS Threshold 300 >730(mW)

γPLeff 0.2 0.2
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Although the Bi-NLF shows a higher nonlinear coefficient and lower propagation losses,

the dispersion of the fibre is much larger than that exhibited in the W-type lead-silicate

fibre. Moreover, the Bi-NLF shows a higher dispersion slope when compared to the

W-type lead-silicate fibre, as reported in Figure 6.18(a) where the simulated dispersion

profiles for both the Bi-oxide and the W-type lead silicate fibre are illustrated.

Figure 6.18: (a) Dispersion profile of the W-type lead silicate fibre (blue line) and
Bi-oxide fibre (red line); (b): Conversion efficiency versus spacing of the CWs input

lasers for the W-type fibre (blue dashed line) and Bi-oxide fibre (red solid line).

Even though a direct comparison between the two experiments does not reveal any

major differences, the benefits of using a low-dispersion fibre, such as the lead-silicate

W-type fibre, can be appreciated in Figure 6.18(b) where the FWM conversion efficiency

is plotted versus the CW spacing for the two different fibre types. The conversion

efficiency is fairly constant for the W-type lead-silicate fibre (blue dotted line) for a CW

spacing up to at least 20nm, corresponding to a repetition rate of ∼2.5THz. On the

contrary, the large value of dispersion of the Bi-NLF has a drastic effect on the conversion

efficiency (red solid line in Figure 6.18(b)) which decreases by at least 10dB from the

original value for values of repetition rate greater than 500GHz. A way to increase the

conversion efficiency in the two fibres is to increase the input power in the fibres. Also in

this case, the dispersion has an effect on the maximum achievable conversion efficiency,

as shown in Figure 6.19.

Figure 6.19(a) shows the simulated conversion efficiency versus the input power for sev-

eral values of CW spacing (100GHz, 300GHz, 500GHz, 800GHz, 1THz, 2THz and 3

THz). It is possible to see how the maximum achievable conversion efficiency decreases

for higher values of repetition rates. As the two CWs are spaced further apart, the in-

creased net phase mismatch is translated in a reduced conversion efficiency, as discussed
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Figure 6.19: (a): Conversion efficiency versus input power for various values of line
spacing for the BI-NLF fibre. The vertical red line indicates the SBS threshold in the
fibre; (b) Conversion efficiency versus input power for various values of line spacing for

the lead silicate W-type fibre.

in Section 5.1. Moreover, as discussed in this Section, a reduced value of conversion effi-

ciency results in longer output pulses and therefore limited values of compression factors.

The flat dispersion profile of the W-type fibre solves this problem. Figure 6.19(b) shows

indeed how the maximum achievable conversion efficiency is fairly constant for any of

the considered values of line spacing. When increasing the input power, it is necessary

to ensure that operation remains below the SBS threshold in order to avoid the inclusion

of a SBS suppression scheme in the experimental setup. The W-type lead-silicate fibre

shows a much higher SBS threshold compared to that of the Bi-NLF fibre, as reported

in Table 6.2. The input power launched in the Bi-NLF in the experiment reported in

[Parmigiani et al., 2010] was very close to the SBS threshold of the fibre, meaning that

a significant improvement in compression factor could not be achieved unless an SBS

suppression scheme was introduced. On the contrary, the value of power used in the

W-type fibre is far from the SBS threshold, meaning that much higher values of com-

pression factors can be envisaged without the need of introducing an SBS suppression

scheme. However, in my experiments the performance limitation was introduced by the

free space coupling which limited the maximum input power that could effectively be

coupled into the fibre.

6.2.5 Conclusions

The generation of short high quality, ultra high repetition rate pulses (beyond 160GHz)

formed by two phase locked CW lasers and nonlinearly compressed in a 3m-long highly
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nonlinear, dispersion tailored W-type lead-silicate fibre was demonstrated. The pulse

characteristics have been evaluated for various power levels and two repetition rates:

160GHz and 200GHz. The results achieved in the W-type lead silicate fibre have been

compared to those achieved in a Bi-oxide fibre. The role of the dispersion and disper-

sion slope of the W-type fibre has been investigated for the generation of short pulses

when much higher repetition rates (up to 3THz) and higher values of input powers are

considered.

6.3 FWM based 160-to-40Gbit/s demultiplexing

All-optical time-domain demultiplexing is likely to be a key technology in future high

speed all-optical communication network systems over 100Gbit/s. SOAs have been suc-

cessfully employed in the demonstration of all-optical demultiplexing signals. Demulti-

plexing of 640Gbit/s signals to 40Gbit/s or 160Gbit/s to 10Gbit/s in SOAs based on

XPM and FWM respectively has been demonstrated [Tangdiongga et al., 2007],[Jansen

et al., 2002]. A FWM-based demultiplexing scheme from 640Gbit/s down to 10Gbit/s

was demonstrated in a 5cm chalcogenide glass waveguide chip with a nonlinear coeffi-

cient γ of 4100W−1km−1 [Galili et al., 2009]. A 6mm long integrated organic-silicon-on-

insulator compound waveguide with a γ of 104000W−1km−1 was employed to demul-

tiplex a signal from 130Gbit/s to 10Gbit/s in [Koos et al., 2009]. Although the above

mentioned technologies offer significant advantages in terms of compactness, the control

of waveguide dispersion is not straightforward.

Highly nonlinear silica-based optical fibres, on the other hand, represent a more tech-

nologically mature alternative, and are usually preferred for their superior control over

the dispersion characteristics, high compatibility with fibre systems and low splicing

losses (typically 0.1dB/splice). Fibre-based all-optical demultiplexing systems have been

demonstrated in highly nonlinear fibres by XPM [Li et al., 2008] or FWM [Hu et al.,

2009]. However, the relatively low nonlinear coefficients (of ∼20W−1km−1) require the

use of fibre lengths of the order of a few hundreds of meters. Long fibre samples are not

ideal, not only because they result in the realisation of relatively bulky devices, but also

because maintaining the polarization of the interacting signals in a long fibre length is

not a trivial task.
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Attractive solutions are represented by soft-glass fibres that exhibit a high nonlinear

coefficient and allow for the realisation of ultrafast optical devices in metre-long samples.

On the other hand, soft glasses exhibit high losses (in comparison to silica) and a high

material dispersion at telecommunication wavelengths. Despite the high fibre dispersion,

FWM-based demultiplexing of a 160Gbit/s signal down to 10Gbit/s was demonstrated

in a 1m long sample of Bi-NLF [Scaffardi et al., 2006], confirming the potential of

non-silica fibres for these kind of applications. However, the large dispersion of the

Bi-NLF limited the wavelength range in which efficient FWM could be observed. In

order to propose a solution to this issue, we have employed the lead-silicate W-type

fibre in an attempt to compensate for the material dispersion with a controllable degree

of waveguide dispersion. This Section illustrates the results of the demultiplexing of

160Gbit/s to 40Gbit/s signals in a 2.2m sample of LSWF #2.

6.3.1 Experimental setup

The experimental setup used for the implementation of the FWM-based demultiplexer

is shown in Figure 6.20. The pump and the signal were synchronised by using the same

RF clock at 20GHz which was splitted and then appropriately scaled down to 10GHz

and up to 40GHz, before the multiplexing stage by using an RF frequency divider and

doubler respectively. A 10GHz mode-locked laser (ERGO, λp=1550nm) was optically

multiplexed to generate 40GHz pulses which were used as the pump signal. The pump

signal was launched into a 3dB coupler. A second mode locked laser (EFRL, λs=1560nm)

operating at 40GHz was modulated by a 231-1 pseudorandom bit sequence (PRBS) and

then multiplexed to 160Gbit/s. Note that the EFRL, the modulator and the multiplexer

are polarisation maintaining (PM) components. At the time of the experiment a PM

EDFA was not available in the lab and therefore the power was amplified only at the

output of the multiplexer. This has an effect on the quality of multiplexed signal and

therefore the converted idler as well, as it will be explained in Section 6.3.2. An optical

delay line was used to temporally align the pump pulse with the desired channel of

160Gbit/s signal to be demultiplexed. The signal and the pump were amplified using

two independent EDFA, then combined in a 3dB coupler and free space launched in

2.2m of W-type lead silicate fibre. The states of polarisation of both the pump and the

signal were aligned to the polarisation axis of the fibre through polarisation controllers.

The coupling efficiency was 25% and the pump and signal power levels at the input of
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the fibre were 21.1dBm and 14.5dBm respectively. The output of the fibre was filtered

and then characterised in terms of eye diagrams and BER measurements.

Figure 6.20: Experimental setup for the demonstration of demultiplexing of 160-to-
40Gbit/s pulses in a 2.2m sample of LSWF #2.

6.3.2 Experimental results

The optical spectra at the input and output of the fibre are shown in Figure 6.21(a) and

(b) respectively. The 40Gbit/s idler generated by FWM was maximised by optimising

both the relative delay between the two signals and their polarisation states. Although

the wavelength span is restricted to 40nm in the figures, the presence of higher order

FWM components can still be appreciated.

Figure 6.21: Optical spectra at the input (a) and output (b) of the demultiplexing
scheme based on a 2.2m sample of LSWF #2.
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The tailored dispersion profile together with the high nonlinear coefficient and the short

length of sample of the fibre used in the experiment, contribute towards the generation

of efficient FWM components. In particular, the 40Gbit/s idler component was about

-15dB lower with respect to the 160Gbit/s input signal. Considering the difference in

the repetition rate between the data signal and the idler a conversion efficiency of more

than 10% for a pump power of just 21dBm was achieved. In order to assess the quality of

the demultiplexing process, the 40Gbit/s idler was accurately filtered and characterised

in terms of eye diagrams. The filtered idler is shown in Figure 6.22.

Figure 6.22: Spectrum of the filtered idler at the output of the demultiplexing scheme
based on a 2.2m sample of LSWF #2.

All the eye diagrams have been measured by an OSO. The eye diagrams of the signal at

40Gbit/s are clean and open as shown in Figure 6.23(a). The quality of the eye diagrams

slightly degrades when the 40Gbit/s signal is multiplexed at 160Gbit/s as shown in

Figure 6.23(b). This degradation in the signal performance is attributed mainly to the

limited in-band OSNR of the original signal after the multiplexer. Indeed all signals

show an out-of-band OSNR better that 30dB, as shown in Figure 6.21(b). However,

the quality of the data signal is somewhat compromised after multiplexing, as can be

appreciated from a comparison with the eye diagrams shown in Figure 6.23. Despite

this, the eye diagrams of the multiplexed signals are still quite open and clear.
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Figure 6.23: Eye diagram of the 40Gbit/s signal in the demultiplexing scheme before
(a) and after (b) being multiplexed at 160Gbit/s.

The eye diagrams of the 4 demultiplexed channels are shown in Figure 6.24. The 4

channels have been named Ch. 1 (a), Ch. 2 (b), Ch. 3 (c) and Ch. 4 (d). The

nomenclature and the colour coding are kept the same throughout this discussion.

Figure 6.24: Eye diagrams of the demultiplexed idlers at 40Gbit/s at the output of
a 2.2m sample of LSWF #2.
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Figure 6.24 shows clean and open eye diagrams in all of the four cases, which are slightly

noisier than that of the 40Gbit/s signal shown in Figure 6.23(a), but highly comparable

to that of the 160Gbit/s signal shown in Figure 6.23(b). The corresponding pulsewidth

was measured to be ∼3ps resulting in a time-bandwidth product of 0.44. This quality

of the eye diagrams is reflected in the BER measurements, shown in Figure 6.25. The

power penalty at error free operation is very similar between the four demultiplexed

channels, showing a variation smaller than 0.3dB, while the maximum power penalty

between the B2B signal and the 4 demultiplexed channel is <4dB.

Figure 6.25: BER measurement of the 40Gbit/s (B2B) and of the 4 demultiplexed
idlers at the output of a 2.2m sample of LSWF #2.

6.3.3 Conclusions

The use of a 2.2m sample of lead-silicate W-type fibre in a FWM-based demultiplexing

scheme of a 160Gbit/s signal down to 40Gbit/s was demonstrated. The converted idler

was filtered and characterised in terms of eye diagrams and BER measurements. The

good quality of the demultiplexing process was confirmed by clean and open eye diagrams

and BER measurements with a power penalty lower than 4dB. This value could be

further improved by optimising the 160Gbit/s system to decrease undesired ASE noise

coming from the EDFAs.
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6.4 Conclusions on the applications of the lead-silicate W-

type fibre

This chapter has illustrated the possibility of realising all-optical highly nonlinear devices

based on short samples of dispersion tailored highly nonlinear lead silicate W-type fibre.

A multi-wavelength conversion scheme with negligible interchannel crosstalk and low

BER power penalty has been demonstrated. The generation of high repetition rate

(>160GHz) pulses has been achieved in such a fibre and its potentials for the generation

of pulses in the THz regime has been numerically investigated. Finally a 160Gbit/s to

40Gbit/s demultiplexing scheme has been proposed and experimentally demonstrated.

The experiments reported in this Chapter were based on very short fibre lengths, thus

demonstrating the advantages of soft-glass technology for the realisation of compact

devices. Moreover, the combination of a highly nonlinear coefficient and a dispersion-

tailored profile confirmed the potential of lead-silicate W-type fibres for the realisation

of ultra-fast and stable all-optical signal processing systems.

Although the design of the all-solid lead-silicate W-type fibre was found to be suitable

for targeting a highly nonlinear, dispersion tailored fibre, there are a few issues that

could be addressed in order to improve the performance of the systems based on this

fibre.

First of all, the propagation loss value could be further reduced. Although a reasonably

low value of propagation loss (2.1dB/m) has been achieved, further improvements in the

fabrication process and drawing conditions seem to be a promising route to reduce the

overall losses of the fibre. It is expected that improvements in the fabrication process

will lead to a reduction in the fibre losses down to the bulk values, below 1 dB/m.

Moreover, improving the coupling efficiency also represents a critical issue. In the exper-

iments presented in this project, free-space coupling was applied, resulting in reduced

coupling efficiency values due to the issues related to coupling light into a small fibre

core. A way to overcome this problem could be represented by the possibility to splice

the fibre with a standard SMF. Work in this direction in currently undergoing within

the ORC.





Chapter 7

Soft glass MOFs for

supercontinuum generation in the

Mid IR

Supercontinuum generation (SCG) is the formation of a broad and continuous spectrum

by propagation of high power pulses through a nonlinear medium. SCG was first ob-

served in bulk glass in 1970 [Alfano and Shapiro, 1970], while the first demonstration in

a conventional silica-based optical fibers was reported in 1976 [Lin and Stolen, 1976].

The generation of a broad spectrum is not the result of a single nonlinear effect, but

it is rather the result of the interaction of several of the nonlinear effects presented in

Chapter 3. The determining factors for generation of a SC spectrum are the dispersion

of the fiber relative to the pumping wavelength, the pulse width and the peak power. In

particular, the sign of the dispersion determines the type of nonlinear effects involved

in the formation of the continuum spectrum and its spectral shape. In terms of pulse

duration, SCG can be investigated by using nanosecond, picosecond and femtosecond

pulsed sources. When pumping with femtosecond pulses in the normal dispersion regime,

the effects of SPM result in a spectrum broadened symmetrically around the pump

wavelength of the input pulses. Also, the effect of SRS has to be taken into account,

since it is responsible for a spectrum extending towards longer wavelengths [Birks et al.,

2000; Hansen and Kristiansen].

175
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In the anomalous dispersion regime, SCG is dominated by the generation of soliton

effects. The formation of solitons in the anomalous regime gives the main contribu-

tion to the generation of the output spectrum which results to be broader than in the

case of normal regime but not smooth [Ortigosa-Blanch et al., 2002]. When the pump

wavelength is close to the ZDW of the fibre, then all the nonlinear processes mentioned

above take place. However, in this case, FWM becomes the process that gives the main

contribution, as the phase-matching conditions are usually satisfied when pumping near

the ZDW [Husakou and Herrmann, 2002].

The generation of a broad spectrum finds applications in several fields such as metrology

[Cundoff et al., 2001], optical coherence tomography (OCT) [Hartl et al., 2001] or IR

spectroscopy [Kano and Hamaguchi, 2003]. Most of the aforementioned demonstrations

have been carried out in the near-IR regime, where mature source and fibre technologies

are available. However, moving into the mid-IR regime, applications for wavelengths

beyond 2µm include light-imaging detection and ranging (LIDAR) in the range from 2

to 12µm. Beyond a wavelength of 2µm, because of the limited transparency of silica, it

is necessary to consider alternative glasses for generation of broadband radiation. The

fundamental material properties of non-silica soft glasses, such as the higher nonlinear

coefficient and a ZDW at longer wavelengths when compared to silica, can enhance SCG

across the mid-IR.

Recently, MOFs have attracted significant attention for the generation of SC, due to the

great flexibility they offer in terms of tailoring the dispersion profile and several silica-

based MOFs have been successfully employed for the demonstration of SCG [Dudley et

al., 2006; Husakou and Herrmann, 2001, 2002; Ortigosa-Blanch et al., 2002; Ranka et

al., 2000].

The development of non-silica MOFs offers advantages over silica MOFs in the mid-IR

region, as non-silica glasses show a larger transmission window than silica. SCG in the

Mid-IR has been successfully demonstrated in bismuth based fibres as well as tellurite

fibres [Brambilla et al., 2005], [Delmonte et al., 2006], [Domachuk et al., 2008]. The

fibres used in the applications mentioned above show a core diameter in the range of 1

to 10µm. However, in order to scale up the output power levels, a fibre with a larger

mode area rather than small core fibres seem to be a more practical choice, as the damage

power thresholds of the former class of fibres would be considerably higher.
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This chapter discusses the possibility to combine MOFs technology with the use soft

glasses for efficient supercontinuum generation in the MID IR regime based on LMA

fibres. First, an overview of the main glasses that are suitable for this application is

given. Then, the fibres that have been designed and fabricated within the ORC to be

employed in SCG experiments at ∼2µm are presented. After the description of the setup

used to measure the SCG and the issues related to it, the results obtained with two of

these fibres are presented.

7.1 Supercontinuum generation in mid IR

SCG at mid IR wavelengths requires not only the use of a highly nonlinear optical

medium but also high mid IR transparency. In order to extend the current MOF tech-

nology developed at visible and near-IR wavelengths (0.4-1.7µm) up to the mid-IR re-

gion (>2µm) it is necessary to consider the characteristics of the available glasses also

in terms of mid-IR transparency. When looking at possible alternatives to silica for the

fabrication of a suitable fibre for SCG applications, some of the HMO glasses presented

in Figure 3.18 have been considered. Figure 7.1 shows the transmission spectra of some

bulk glasses: a 4mm thick sample of silica is compared with a 3mm thick ZBLAN (zirco-

nium, barium, lanthanum, aluminium, sodium)-fluoride bulk glass, a 3mm thick tellurite

and a 2mm thick chalcogenide (selenide) glass.

Chalcogenide glasses show the largest transmission window, extending up to 11µm,

together the highest nonlinear refractive index (three orders of magnitude higher than

silica). However, this class of glasses are highly toxic and quite unstable, making the

drawing of a fibre a very difficult task. ZBLAN, one of the available fluoride glasses,

could be considered as a potential candidate as it also shows a broader transmission

window than that of tellurite or silica, extending from 0.2 to 8µm. However the value

of the nonlinear refractive index of fluoride glasses is comparable to that of silica and

therefore it does not represent the ideal choice. Tellurite glasses show good transparency

for applications in the range from 1 to 3µm, while silica shows high transparency from

0.2 to 2.5µm. When compared to the other alternatives, tellurite glasses are more

stable, both chemically and thermally, and less toxic than ZBLAN and chalcogenide

glasses. Moreover, tellurite also shows a high nonlinear refractive index which is two

orders of magnitude higher than that of silica. Consequently, tellurite can be considered
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Figure 7.1: Comparison of the mid-IR transmission spectra of some non-silica glasses,
courtesy of Dr. Feng.

as a highly suitable material for the fabrication of soft glass fibres for supercontinuum

generation in the mid-IR. Note that lead silicate glasses are not shown in Figure 7.1 as

they show a transmission window narrower than that of silica and this makes them not

particularly attractive for SCG in the mid-IR [Feng et al., 2005a].

Once the suitable glass is identified, some considerations on the fibre design are needed.

In order to increase the output power of the SCG radiation to several tens of mW or

higher, it is necessary to use fibres with large-mode area (LMA) rather than small core

fibres. The use of an LMA fibre then enables to limit the risk of damaging the facet

of the fibre when light intensities of the order of a few watts are launched in the fibre.

This requirement becomes even more critical for a fibre made of non-silica glasses as

they typically show intensity damage thresholds much lower than that of silica. HMO

glasses usually show higher value of propagation losses when compared to silica and

therefore the length of the sample has to be chosen carefully. Although SCG is achieved

in moderately short fibre lengths ranging from a few centimetres up to a few meters, SCG

has also been demonstrated in sub-cm fibre lengths [Omenetto et al., 2006]. Therefore,

choosing a short fibre sample can mitigate the high propagation losses exhibited by the

fibre. Finally, the dispersion profile of the fibre has to be carefully designed so to achieve

a ZDW in the wavelength region of interest.
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Two LMA fibres made of tellurite glass that satisfy the criteria discussed above have

been designed within the ORC and drawn by Dr. Feng. Both fibres have been employed

in an experimental setup to measure SCG and the results are presented in the following

Section.

7.2 Supercontinuum generation in tellurite fibres

7.2.1 Characteristics of the tellurite fibres

The fibres employed in SCG experiments are two HFs made of tellurite. Table 7.1 shows

a comparison between silica and tellurite in terms of their linear and nonlinear refractive

index.

Table 7.1: Comparison between linear and nonlinear refractive index of silica and
tellurite at 1550nm.

Material Refractive index Nonlinear refractive index
(n) (n2) [10−19m2/W]

Silica 1.444 0.22
tellurite 2.030 1.7

The two fibres were drawn from the same preform: a LMA fibre and a smaller core

fibre. The details on the fabrication and characterisation of the two fibres can be found

in [Feng et al., 2008b,c]. An SEM image of the LMA tellurite fibre, which will be denoted

as Fibre #1, is reported in Figure 7.2.

Figure 7.2: SEM image of the tellurite LMA HF used for the supercontinuum gener-
ation experiment.
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The core diameter a of the fibre was 80µm and the value of d/Λ was decreasing from

0.53 for the inner holes to 0.44 for the second ring of holes, down to 0.26 for the outer

ring, for values of d of 28.1µm, 23.3µm and 13.8µm respectively. This structure was

designed to exhibit very high losses for higher order modes, while maintaining negligible

losses for the fundamental mode and therefore allowing single mode propagation in the

fibre. Single mode guidance at 1.55µm was observed in a 1.5m sample of the fibre, as

shown in Figure 7.3(a), in good agreement with the simulated field profile, shown in

Figure 7.3(b).

Figure 7.3: Observed (a) and simulated (b) mode field profile of the tellurite LMA
HF at 1550nm. Note that the images are not in the same scale.

The fibre exhibited a mode area of 3000±200µm2 for the fundamental mode at 1.5µm

and represents one of the largest single mode fibres obtained in a non-silica glass so far.

The nonlinear coefficient of the fibre at 1550nm was estimated to be γ=0.23W−1km−1

from Eq. 3.13. The attenuation of this fibre was measured using the cutback method

and a value of 2.9dB/m at 1.55µm was obtained.

In order to place this value in context, an unclad-unstructured fibre was also drawn

from an extruded glass rod with the same composition as that used to draw the tellurite

fibre. The spectrum of the fibre attenuation in the wavelength range of 0.6 to 2.4µm

was recorded. A more detailed analysis can be found in [Feng et al., 2008a]. From

the measured spectrum, it can be seen that across the whole range from 1 to 2.4µm the

unclad fibre shows no more than 3dB/m attenuation. The maximum value of attenuation

was found in the wavelength range between 1.7 and 2µm, while the minimum value

(0.8B/m) was found in the region between 1.1-1.3µm and 2.0-2.3µm. The presence

of the absorption peak in the wavelength range between 1.7 and 2µm is due to the
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fundamental vibration, in the same range of wavelengths, of the hydroxyl groups (OH)

existing in the tellurite glass matrix. When comparing the attenuation of the unclad

fibre with that of the LMA HF at 1.55µm, a ∼1.5dB/m loss increase can be observed for

the LMA HF. Since the LMA HF and the unclad fiber had very similar thermal history

and fabrication process, from glass melting, extrusion, to fibre drawing, the enhanced

attenuation of the LMA HF at 1.55µm over the unclad fiber could be attributed to the

surface roughness inside the holes of the HF, and some additional impurities involved

into the preform during extrusion. Although the propagation loss of the LMA HF was

measured only at 1.55µm, the study of the attenuation across the range 0.6 to 2.4µm

gives an indication of the trend expected in tellurite fibres drawn with the considered

composition in terms of propagation loss.

A smaller core fibre was also drawn from the same preform used for the LMA HF. More

details on the fabrication of the fibre can be found in [Feng et al., 2008c]. This fibre,

denoted as Fibre #2, showed a core diameter of 14µm and still presented a large effective

mode area of ∼80µm2 for the fundamental mode at 1.5µm. An SEM image of the fibre

is shown in Figure 7.4(a). Numerical simulations have shown that for this fibre the

confinement losses for the first two modes in this fibre are ∼10−4 dB/m, while higher

order modes show confinement losses of the order of a few dB/m. This explains why

the guidance of two modes was observed in this second fibre, as shown in Figure 7.4(b).

(Note that the images in Figure 7.4 are not in the same scale.) Using Eq. 3.13, the

nonlinear coefficient of Fibre #2 at 1550nm has been estimated to be γ=8.6W−1km−1.

The main parameters of the two fibres are summarised in Table 7.2.

Figure 7.4: (a) SEM image of the small core Te-fibre; (b): Observed near field mode
profile in the fibre.
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Table 7.2: Parameters of the two fibres used in the experiments

Fibre Core diameter Aeff Nonlinear Coefficient
(µm) (µm2) (W−1km−1)

#1 80 3000 0.22
#2 14 80 8.6

The dispersion profile of the two fibres has not been measured, but numerical simulations

on the SEM images of the two fibres have been performed by Dr. Baggett. The results

of the simulations are shown in Figure 7.5. The estimated ZDW for Fibre #1 and Fibre

#2 are 2.150µm and 2.085µm respectively.

Figure 7.5: Simulated dispersion profiles for the Fibre#1 (red line) and Fibre#2 (blue
line).

7.2.2 Experimental setup

In order to investigate the generation of supercontinuum in the two tellurite fibres, the

experimental setup shown in Figure 7.6 was used. A tunable optical parametric oscillator

(OPO) pumped by a Coherent Mira femtosecond laser (λpump=800nm) was used as the

source. The pulse duration obtained (∼120fs) was monitored throughout the experiment

using a frequency-resolved optical gating set-up.
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Figure 7.6: Experimental setup used to measure SCG.

In an OPO the pump, the signal and the idler are related as follows [Baumgartner and

Byer, 1979]:

1
λpump

= 1
λsignal

+ 1
λidler

(7.1)

Eq. 7.1 shows that the idler wavelength is dictated by that of the pump and that of

the OPO signal. By tuning the signal in the 1.3µm range, idlers at wavelengths beyond

2µm can be obtained, when the OPO pump is set at 800nm. The optical spectrum at

the output of the OPO was recorded before the launch into the fibre and is illustrated

in Figure 7.7. While the strong idler at 2.05µm can easily be appreciated, the presence

of the weak signal at 1.312µm could not be easily observed by looking at the spectrum.

Figure 7.7: Spectrum recorded at the input of the fibre. While the strong idler at
2050nm is clearly visible, the weak signal at 1312nm could not obviously observed.
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The idler beam, which will be indicated as the SCG pump in our experiments, was

then focused into the tellurite HFs, using a microscope objective with NA of 0.1, with a

coupling efficiency of ∼25%.

The tellurite fibre under test was then butt-coupled into a multimode fluoride glass fiber

with 160µm core diameter and NA of 0.28 (GFF-160/200-230, Fiberlabs, Japan). The

collecting fibre was chosen to be a fluoride fibre as it shows a transmission spectrum

wide enough to match the range covered by the monochromator. The output was finally

recorded by a DM501 monochromator (DONGWOO OPTRON) with a cooled extended

InGaAs photodiode (J23TE3-66C-R02M-2.4) covering the range 500nm to 2600nm.

7.2.3 Experimental results

Ideally, the pump wavelength should be chosen as close as possible to the ZDW of the two

fibres. However, some technical issues with the laser at the time of the first experiment

limited the longest wavelength achievable with the system to be set at 2.050µm. Also, it

has to be noted that no filter was used before the fibre and therefore the OPO signal was

coupled into the fibre together with the 800nm pump. The input power was set at the

maximum value achievable by the system in this instance, 1.4mW. This power could be

controlled through a variable attenuator to values down to 0.1mW. The launched pump

power values used in our experiments of 0.1-1.4mW corresponded to peak pulse power

values of 800kW-12MW, with a pulse energy of 0.1-1.4µJ.

Figure 7.8 shows the observed SCG in 70cm of Fibre#1, for various input powers.

A bandwidth of ∼500nm was achieved for the highest input power of 1.4mW. The

output can be considered symmetric with good approximation, indicating that SPM

was the dominant nonlinear effect in the broadening process. The ZDW of this fibre

indeed, is slightly higher than the pump wavelength and the pump is therefore in the

normal regime. The SCG power from the output end of Fibre#1 was measured to be

0.40±0.05mW, for the maximum input power of 1.4mW.

A 63cm long sample of Fibre#2 was then investigated using the same setup. For this

sample, the generated supercontinuum from 1.0 to 2.4µm was much broader and flatter,

as shown in Figure 7.9. As the pump pulses in this case are very close to the ZDW

of Fibre#2, a significant contribution of FWM towards the shorter wavelengths and of
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Figure 7.8: Observed SCG in a 70cm long sample of Fibre#1 for various input powers.

self-frequency shifted solitons extending towards the longer wavelengths help broadening

the spectrum. The SCG power from Fibre#2 was measured to be 0.45±0.05mW, for an

average input power of 1.4mW.

Both Figure 7.8 and Figure 7.9 show that the very weak signal at 1.312µm which is

residual from the OPO gives a significant contribution to the output spectra. This

indicates that the pump at 2.05µm, which reduced to be now comparable in strength

with the signal, was quite effectively converted into a broad spectrum. During the

experiments, the measured tellurite HFs showed no facet damage. The launched pump

power values used in our experiments of 0.1mW-1.4mW corresponded to peak pulse

power values of 800kW-12MW, with a pulse energy of 0.1-1.4µJ.

The results shown above can be further optimised by scaling the input power in the

fibre, and consequently the output power, and optimising the fibre length. However,

scaling the power to higher levels is more practical in the larger mode area fibre as

the damage power threshold would be considerably higher than in a smaller core one.

For this reason, and because of the limited time available to use the femtosecond laser
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Figure 7.9: Observed SCG in a 63cm long sample of Fibre#2 for various input powers.

system, the SCG experiments were further investigated only in a sample of the LMA

Te-fibre (Fibre #1).

During the second set of experiments, a long-wavelength pass filter (Thorlabs FEL1500)

was placed before the microscope objective in front of the fibre in order to filter out the

residual signal from the OPO for wavelengths shorter than 1.5µm. At the time of this

experiment, the femtosecond laser was more stable and it was possible to achieve higher

values of power when compared to the first experiment. Analogously to the previous

measurement, the average input power in the fibre was set to the maximum value and

then scaled down through an attenuator and the output spectra were recorded for three

different values of fibre length. Figure 7.10 shows the recorded spectra at the output

of the fibre for various power levels and fibre lengths: in Figure 7.10(a) the fibre was

90cm in length, in Figure 7.10(b) the sample was reduced to 50cm, in Figure 7.10(c) to

18.5cm. The measurements of Figure 7.10 show that a higher input power corresponds to

a larger spectral broadening and also that the spectral broadening is highly comparable

in the three samples for the maximum input power. These results indicate that a broad

spectrum can be obtained in a short sample of fibre and that the propagation loss in a
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longer sample is responsible for a reduced output power and does not contribute to the

achievement of a broader spectrum.

Figure 7.10: Recorded spectra at the output of the Te-LMA when the fibre length
was (a) 90cm, (b) 50cm, and (c) 18.5cm.
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For these reasons, the sample of tellurite LMA HF was reduced in length even further

down to a value of 9cm. During this measurement, it was possible to set the pump

wavelength at 2.15µm, which corresponds to the ZDW of the fibre and even achieve

slightly higher values of input power, as the issue with the laser stability was resolved.

The output spectra recorded for various values of power in the 9cm length sample are

illustrated in Figure 7.11.

Figure 7.11: Recorded spectra at the output of the Te-LMA when the fibre length
was 9cm.

Analogously to the previously analysed cases, the SC spectrum spans from 0.9µm to

at least 2.5µm at the maximum input power of 15.2mW, which corresponds to energy

values of 15.2µJ per pulse. Beyond 2.6µm, the spectrum could not be measured due to

the long-wavelength limit of the detector. The power at the output of the 9cm sample

was measured to be 6.0mW, corresponding to an energy value of 6µJ per pulse.

At the maximum input power (15mW), the spectrum at the output of the 9cm long

sample was also recorded when the pump wavelength was set at 2.05µm and compared

to that achieved when the pump wavelength was tuned to 2.15µm. The results are shown

in Figure 7.12, where no substantial difference in the spectra can be appreciated. This

might be due to the ZDW of Fibre#1 being in reality very close to the value estimated

by the numerical simulations. Note that the deep at around 1500nm is an artifact of

the measurement.
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Figure 7.12: Comparison of the output spectra in a 9cm length of Te-LMA fibre when
the pump wavelength is set at 2.05µm and 2.15µm.

The benefits of using a short sample can be better appreciated in Figure 7.13, where the

spectra at the output of each of the fibre samples considered above at the corresponding

maximum input power are compared when the pump wavelength is 2.05µm.

Figure 7.13: Recorded spectra at the output of the tellurite LMA HF at the maximum
input power for several fibre lengths.

Note that the pump power is slightly higher in the 9cm long sample. It is possible to see

that with good approximation the same spectral broadening can be obtained in all of the
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samples at the maximum pump power, while the output power is clearly increasing when

the samples are shortened, confirming the role of the propagation loss of the samples.

7.3 Conclusions

This chapter has investigated the possibility of generating a SC spectrum in the mid IR

using non-silica fibres. First of all, a brief overview of the interaction between the main

phenomena involved in the generation of a SC spectrum has been given. An analysis

of the available HMO glasses in terms of nonlinear refractive index and transparency in

the mid-IR has helped to identify a suitable glass for the fabrication of a fibre to employ

in the SCG experiments. Two tellurite-based HFs have been investigated.

For relatively high values of pulse energies (1.4µJ), a broad spectrum has been obtained

for both fibres when pumping close to the ZDW, in the normal dispersion regime. In

order to obtain higher values of power at the output of the fibre, further experiments

have been performed only in the LMA HF. The small core fibre has not been considered

as it shows a lower damage threshold when compared to the LMA HF.

The results obtained with the LMA HF confirm the importance of the fibre length on

the quality of the SCG process. Using only 9cm of the LMA HF indeed, a spectrum

ranging from 0.9µm up to 2.5µm has been obtained with a pulse energy of 6µJ.

The fact that during the experiments the fibre did not suffer any damage on the input

facet suggests that the values of input power can be scaled up to even higher values,

leading to the generation of even broader spectra. The experiments illustrated here

confirm the potential of the tellurite HF for the generation of efficient SC spectra.
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Conclusions and future directions

The objective of this thesis was to investigate the possibility to use highly nonlinear,

dispersion tailored fibres for applications at telecoms wavelengths. In order to achieve a

fibre with a high nonlinear coefficient and a tailored dispersion profile, two fibre-based

technologies were considered: nonlinear liquid filled fibres and soft glass fibres. With

regards to the nonlinear liquid filled fibre technology, the first steps taken towards the

development of a suitable technique for filling a HF entirely or selectively, were described.

A numerical model for the infusion process was described and then verified using water

and toluene as test liquids. The experiments confirmed that the infusion time in a holey

structure can be predicted by the numerical model with good accuracy. However, the

issues presented by the development of the nonlinear liquid filled fibre technology at the

time of the experiments moved the attention of my research towards the development

of soft glass fibres, at the time a more mature technology.

With respect to soft glass fibres for telecoms applications, a lead silicate holey structure

as well as two all solid fibres have been considered. The choice of lead silicate glasses

was dictated by their high thermal and chemical stability which offer great advantages

in terms of fibre fabrication over other glasses. The optical properties of the fibres have

been investigated by applying suitable measurement techniques. Moreover, the results

of the characterisation of the fibres have been of particular importance as a feedback to

the fabrication group, since the values confirmed the dependence of optical parameters

such as dispersion and dispersion slope on the fibre structure and ultimately on the

fabrication conditions.

191
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The first structure investigated was a small core holey fibre made of the commercially

available lead silicate Schott SF57. The 2.0µm core fibre was single mode at 1550nm

and exhibited a nonlinear coefficient γ of 275W−1km−1 and a dispersion and dispersion

slope of -16ps/nm/km and 0.08ps/nm2/km respectively at 1550nm. Despite the high

nonlinear coefficient and the relatively low dispersion and dispersion slope, the fibre

was not considered to be very promising as its properties were proven to be strongly

dependent on any microscale variation that might occur during the fibre drawing. A

solution to this problem was identified in the use of all-solid structures as they have

proven that the preform structure can be preserved during the fibre drawing with great

accuracy.

One of the two all-solid fibre designs investigated within this thesis showed a solid core

surrounded by a number of alternating high and low-index coaxial rings with different

layer thicknesses which determined the optical properties of the fibre. A 3.3µm core

diameter fibre was effectively single mode at 1550nm and exhibited a nonlinear coefficient

of 120W−1km−1 and a dispersion value of 12ps/nm/km at 1550nm. The high optical

quality of the glass disks used for the fibre preform resulted in a sample showing one of

the lowest value of propagation losses reported so far in a non-silica fibre (0.8dB/m). The

potential of this fibre for the realisation of FWM-based application was then investigated.

Using a sample of only 1.5m in length a FWM-based wavelength conversion scheme

of pulsed signals was implemented. A -3dB bandwidth of 17nm was achieved with

a conversion efficiency of -40dB and the wavelength conversion was accompanied by

compression of the converted pulses.

The second all-solid design investigated within this thesis was a fibre with a W-type

refractive index profile based on three commercially available lead-silicate glasses. Two

different fabrication approaches were used to fabricate the two samples investigated in

this thesis. Based on the extrusion technique, a fibre with high nonlinear coefficient

of 822W−1km−1 and low dispersion of -12ps/nm/km at 1550nm was achieved. De-

spite the high propagation losses exhibited by the sample (4.8dB/m), the high nonlinear

coefficient and the relatively low dispersion profile of the fibre, contributed to the reali-

sation of a broadband wavelength conversion scheme in a sample of only 1.1m in length.

FWM-based wavelength conversion with a -3dB bandwidth of 20nm with a conversion

efficiency of -33dB was achieved and the experimental values have been supported by

numerical simulations of the FWM process. Additional numerical simulations have been
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performed in order to investigate the role of the fibre loss and dispersion for an efficient

FWM conversion efficiency. The numerical simulations suggested that the W-type fibre

design, with the appropriate structure parameters, could potentially lead to a flat FWM

conversion efficiency within the whole C-band and therefore represent a promising struc-

ture for FWM-based applications. For these reasons, a second attempt to fabricate a

W-type fibre was performed.

The improvement in the fabrication process of the W-type fibre, obtained by replacing

the extrusion steps with a process based on drilling and polishing of the tubes, has

led to the fabrication of a fibre with a 1.63µm core diameter exhibiting propagation

losses of 2.1dB/m, a high nonlinear coefficient of 820W−1km−1 and low dispersion of

-3ps/nm/km at 1550nm and a low overall dispersion profile. The investigation of FWM-

based wavelength conversion in this fibre has confirmed the predicted fibre performance

and a flat FWM conversion efficiency in the whole C-band was achieved in only a 2.2m

long sample of the fibre.

The optical properties of this fibre made it an ideal candidate for FWM-based appli-

cations and therefore the feasibility of the realisation of FWM-based highly nonlinear

devices in short samples of the lead silicate W-type fibre was investigated. The W-type

fibre was employed for the realisation of a multi-wavelength conversion scheme, where

the simultaneous conversion of three DPSK signals at 40Gbit/s was demonstrated with

negligible interchannel crosstalk. The fibre was also employed to demonstrate the gener-

ation of high repetition rate (>160GHz) and high quality pulses and the fibre suitability

for the THz regime was investigated. Finally, the fibre was successfully used in a 160-

to-40Gbit/s demultiplexing scheme.

The experiments presented in this thesis prove the suitability of the lead silicate W-

type fibre design for highly nonlinear applications. In particular, the combination of

the W-type design with the use of highly nonlinear glasses such as lead silicate, can

offer a high nonlinear coefficient and a low and flat dispersion profile at the wavelengths

of interest at the same time. Moreover, the experiments presented within this thesis

were all based on short fibre samples and therefore revealed the potential of all solid

soft glass fibre designs for the realisation of compact highly nonlinear devices with low

power requirement at telecoms wavelengths.
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In order to reduce the power requirement of the devices even further, an increase in

the nonlinear coefficient of the fibres could be envisaged. The lead silicate glasses used

for the fabrication of the fibres presented within this thesis show a nonlinear refractive

index at least two orders of magnitude higher than silica and therefore fibres with a

nonlinear coefficient as high as 820W−1km−1 could be fabricated. However, other soft

glasses exist that show a higher nonlinear refractive index than lead silicate glasses,

such as chalcogenide glasses. At present, these glasses present some issues in terms of

chemical stability and this makes the fibre fabrication quite challenging. However, some

remarkable results have been achieved so far in this direction, making the fabrication

of fibres made of chalcogenide glasses a feasible route [Mägi et al., 2007; Ta’eed et al.,

2006b].

This thesis also focused on the applications of soft glass fibres for the generation of a

broad supercontinuum spectrum in the mid-IR. Tellurite glasses show a high thermal

and chemical stability, similarly to lead silicate glasses, but a better transparency in

the mid-IR region. For this reason, tellurite glasses represented the glasses of choice for

this applications and in particular two tellurite based HFs were identified as suitable

structures for the investigation of supercontinuum generation in the mid-IR regime.

A 9cm long sample of a tellurite HF showing one of the largest values of mode area

reported so far, 3000±200µm2 at 1550nm, was employed to achieve a broad spectrum

ranging from 0.9µm up to 2.5µm with a pulse energy of 6µJ. The extremely short sample

used in the experiment clearly revealed the potential of tellurite HFs for supercontinuum

generation in the Mid-IR.

One way to improve the spectral broadening at the output of the fibre, is to act on the

dispersion profile of the fibre. The fibres presented here exhibited a ZDW very close to

the available pump wavelength and this had a positive effect on the enhancement of the

output spectrum. However, fibres that exhibit 2 ZDWs close to the pump wavelength

are considered to be very promising for the realisation of a broad spectrum [Dudley

et al., 2006]. Moreover, the fact that the fibres did not suffer any damage during the

experiments, indicates that higher power levels can be obtained at the output of the

fibres. Therefore, improving the tellurite fibre design and increasing the input power

seem to be a promising route for the realisation of ultra bright broadband sources.
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