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Abstract

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

effects in all types of waveguides.

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

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

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

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

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

ix



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

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

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

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

and experiments are performed to demonstrate SC generation and new frequency

light generation in the final fibre.

The Kerr nonlinearity and nonlinear polarisation interactions are studied in a

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

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

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

self-switching were discovered and studied.

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

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

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

conversion efficiency across a large frequency separation. For the supercontinuum

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

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

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

sideration of fabrication distortion.

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

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

larger than they were previous predicted. New nonlinear polarisation behaviours

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

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

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

Combining the full vectorial theory with FOPOs, supercontinuum sources and

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

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

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



applications.
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Chapter 1

Motivation

Fibre optic communication has become an essential part of the modern society.

When fibre nonlinearity is firstly introduced in undergraduate courses, it is as a neg-

ative side effect of optical fibres that causes signal degradation in telecommunication.

However, there are two sides to everything. Fibre nonlinearity has become an in-

dispensable property of optical fibres that led to the development of modern optical

communication systems and more [1]. Many applications for optical communica-

tions such as optical wavelength conversion, optical switching, all-optical sampling,

optical signal regeneration and optical data processing are all based on fibre nonlin-

earity [2]. Apart from fibre optical communication, nonlinearity of optical fibres and

other forms of optical waveguides opens up new horizons in other areas. Fibre non-

linear applications such as optical computing [3] and optical quantum computing [4]

bring the computing technology beyond the capability of conventional computers.

Meanwhile, other applications based on fibre nonlinearity such as lasers, amplifiers,

quantum noise squeezing and quantum entanglement [2] also helps to understand

both fundamental physics and sciences in other areas.

The magnitude of the nonlinear effects that occur in an optical fibre are de-

termined by the combined contribution of fibre nonlinearity and dispersion. Fibre

nonlinearity is usually associated with pulse peak power and propagating length

(fibre length). With conventional step-index fibres such as SMF-28, the fibre non-

1



Chapter 1. Motivation 2

linearity is rather low. To use these fibres for nonlinear optical applications, either

high power or long fibre length are required. However, for ideal devices, low power

consumption and high compactness are preferred. To achieve these features, highly

nonlinear fibres are needed. Fibre dispersion is another crucial property of nonlinear

processes, such as Self-Phase Modulation (SPM), Cross-Phase Modulation (XPM),

Four-Wave Mixing (FWM) and soliton-related dynamics, property. It determines

how much nonlinear interaction can take place between different wavelength com-

ponents of light. A fine dispersion control is as important as high nonlinearity.

The discovery of microstructured optical fibres (MOFs) has not only increased

fibre nonlinearity extensively but also provided extra degrees of freedom of tailoring

fibre dispersion. For these high-index-core low-index-cladding MOFs, they guide

light using total internal refraction the same way as conventional fibres. However,

MOFs can have higher index contrast in core and cladding than conventional fibres

but still have single-mode operation. The high index contrasts of MOFs enable

them to guide light more tightly than conventional fibres. As a result, MOFs can

have smaller effective mode area than conventional fibres which lead to higher fibre

nonlinearity in MOFs. The holey structure of MOFs also provides the control of

dispersion by allowing the guided light partially leak into the cladding structure.

Non-silica glasses (soft-glasses) as a class of new material for optical fibre have

attracted great attention in the past years due to their high nonlinearity and mid-

infrared light transmission capability. Using soft glasses for MOFs allow a further

increase of fibre nonlinearity. Most soft glasses have linear and nonlinear refractive

indices higher than silica glass. Both of them are advantages for achieving high fibre

nonlinearity. High linear refractive index allows the waveguides to guide light more

tightly which result in smaller effective mode area and thus higher nonlinearity. High

nonlinear refractive index indicates high susceptibility of the material which leads

to high base factor for fibre nonlinearity. The linear refractive index of soft glasses

can be 2 ∼ 3 times higher than silica glass and the nonlinear refractive index of soft

glasses can be 10 ∼ 100 times higher than that of silica glass.
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Combining the characteristics with microstructured fibre designs and soft glasses,

it is possible to achieve the most nonlinear fibre in existence. In addition, engineering

the dispersion profile through tuning the microstructure of the fibre to accommo-

date specific nonlinear effects make soft glass MOFs the most attractive platform

for developing fibre nonlinear applications. The use of soft glass also enables the

possibility of developing these applications in the mid-infrared wavelength range to

meet the needs of other science areas such as biology and chemistry.

The new opportunities brought by soft glass MOFs have not yet been fully

explored. Such as the dispersion engineering for nonlinear applications are mainly

limited at a level of control the zero dispersion wavelength of a fibre and the slope

of the dispersion at this zero dispersion wavelength. Literature describing the effect

of high-order dispersions is limited.

Accompanied with the new opportunities, new nonlinear phenomena and new

knowledge gaps also come with soft glass MOFs. The complex fibre structure of

MOFs usually involves two characteristics that conventional step-index fibre does

not possess. They are high-index contrast and sub-wavelength scale (HS) features.

These two characteristics are contradictory to the approximations made in the con-

ventional theory which commonly used for studying and predicting the behaviours of

the nonlinear processes in fibres and any other forms of optical waveguides. But the

conventional theory is no longer adequate to be applied to novel MOFs, especially

the ones with HS features.

The problems mentioned above have caught researchers’ attention. During the

past years, theories were developed to solve these problems. Interestingly, the new

theories indicated that HS waveguides are in favour for nonlinear applications. Pi-

oneer works have pointed out that the nonlinearity of these HS waveguides can

be twice as large as the conventional theory predicts. Furthermore, new nonlinear

behaviours are also predicted to be possible to take place in these waveguides.

In this thesis, two aspects of nonlinear applications with soft glass MOFs are

studied. On one hand, the potential to employ soft glass MOFs for nonlinear ap-
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plications as sources of generating new frequency light from near- to mid-infrared is

explored through engineering the dispersion and nonlinear profiles of the fibres. On

the other hand, nonlinear effects including Kerr nonlinearity and polarisation effects

are studied using the new theories. The aim of this thesis is that, at the end, the

new theory and the development of soft glass MOFs can merge together to form a

powerful tool to benefit the future.

1.1 Thesis layout

This thesis is divided into two parts. In Part I, the potential of using soft glass MOFs

as a platform for generating new frequency light for near- and mid-infrared are ex-

plored. A narrow band tunable fibre optical parametric oscillators (FOPOs) and

a broadband supercontinuum source are studied based on the conventional mod-

els. Part I starts with an introduction of the conventional model and reviews of

the development of current fibre optical parametric oscillators and SC sources in

Chapter 2. In this part of the thesis, the fiber design and optimisation for both

FOPOs and SC generation processes are performed using a design approach based

on genetic algorithm which is introduced in Chapter 3. In the Chapter 4, GA was

applied to design the fiber for FOPO for the first time. Simulations based on the

conventional model were then performed with the dispersion and nonlinearity pro-

files of the designed fiber to evaluate the characteristics of FOPOs based on such

fibres. In Chapter 5, the GA is used to design and optimise fiber for highly coher-

ence broadband SC. Modifications are made to the design approach to adept the

complexity of SC generation. To prove the feasibility of the designs, these designed

fibers are fabricated, where corresponding descriptions and discussions are given in

the Chapter 6. A certain degree of fabrication distortion is usually unavoidable.

Before conducting the experiments with fabricated fiber, modelling and simulations

of FOPO and SC generation based on the fabricated fibers are described in Chapter

7. Finally, in Chapter 8, the experimental results are shown and compared to the
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simulated ones. Chapter 9 summarises the work in Part I.

In Part II, a new nonlinear theory is used to study the Kerr nonlinearity of

HS waveguides and the nonlinear interactions between polarisation modes in these

waveguides. This part starts with a review of the theory of a full vectorial nonlinear

pulse propagation (VNPP) model in Chapter 10. It is followed by the study of the

Kerr nonlinearity in the VNPP model in Chapter 11, the focus is on the experimen-

tal confirmation of the prediction of the VNPP model. In Chapter 12, the VNPP

model is developed to focus on the nonlinear interactions between different polar-

isation modes and study novel polarisation behaviours in HS waveguides finishing

by proposing a few potential applications. In Chapter 13, the work in Part II is

summarised.

The thesis is concluded in Chapter 14 with the discussions on potential future

work.





Part I

New frequency light generation in

in soft-glass microstructured

optical fibres

7





Chapter 2

Background of Part I

2.1 The scalar nonlinear pulse propagation model

When light is propagating in any dielectric media, the refractive indices of the media

change with the intensity of the light. This is a result of the interaction between

bound electrons and the electric field of the light. The polarisation P induced by

the electric dipoles of a dielectric medium is nonlinear related to the electric field.

It can be expressed as [5]

P = ϵ0

(
χ(1) · E+ χ(2) : EE+ χ(3)...EEE+ · · ·

)
, (2.1.1)

where ϵ0 is the vacuum permittivity, E is the electric field of the light and χ(j) is

jth order susceptibility tensor. The χ(1) ·E term corresponds to linear index of the

media and is responsible for linear process. The term χ(2) : EE is responsible for

nonlinear effects such as second-harmonic generation. However, in isotropic media

like glasses (i.e. SiO2), the inversion symmetry of the molecule leads to zero for

χ(2), as a result χ(3) becomes the lowest order and dominant term responsible for

nonlinear effects.

The propagation of the light can be described by wave equation [5]

∇×∇× E = − 1

c2
∂2E

∂t2
− µ0

∂2P

∂t2
. (2.1.2)

9
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To solve this wave equation, we first assume ϵ is independent of the spatial coordi-

nates and therefore

∇ ·D ≡ ∇ · ϵE = ϵ∇ · E = 0. (2.1.3)

With Eq. 2.1.3, we can write ∇×∇× E as

∇×∇× E ≡ ∇(∇ · E)−∇2E = −∇2E. (2.1.4)

If we rewrite equation Eq. 2.1.1 as

P = PL +PNL, (2.1.5)

where PL is responsible for the linear term χ(1), and PNL is responsible for the

nonlinear term χ(3). Following wave equation can be obtained,

∇2E− 1

c2
∂2E

∂t2
= µ0

∂2PL

∂t2
+ µ0

∂2PNL

∂t2
. (2.1.6)

The electric field E and induced polarisation PL and PNL can be written in the

following forms [5],

E(r, t) =
1

2
x̂[E(r, t) exp(−iω0t) + c.c.],

PL(r, t) =
1

2
x̂[PL(r, t) exp(−iω0t) + c.c.], (2.1.7)

PNL(r, t) =
1

2
x̂[PNL(r, t) exp(−iω0t) + c.c.],

in which

PL(r, t) =
ϵ0
2π

∫ ∞

−∞
χ̃(1)Ẽ(r, ω − ω0) exp[−i(ω − ω0)t]dω,

PNL =ϵ0
3

4
χ(3)|E(r, t)|2E(r, t),

where “∼” denotes the element is in Fourier domain.

The Fourier transform of the electric field Ẽ(r, ω − ω0) can be found to satisfy

the following Helmholtz equation after substituting Eqs. 2.1.7 into Eq. 2.1.6,

∇2Ẽ +
ϵ(ω)ω2

c2
Ẽ = 0, (2.1.8)
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where c is the speed of light and

ϵ̃(ω) = 1 + χ̃(1)(ω) +
3

4
χ̃(3)|Ẽ(r, ω)|2 (2.1.9)

Equation 2.1.8 can be solved by using Eq. 2.1.10 [5],

Ẽ(r, ω − ω0) = F (x, y)Ã(z, ω − ω0)exp(iβ0z), (2.1.10)

in which, F (x, y) is the modal distribution, Ã(z, ω) is the amplitude of the field, and

it is a slowly varying function of z, β0 is the propagation constant corresponding to

central frequency ω0. Using the weak guidance approximation, which assumes that

the index contrast in a waveguide is small and therefore the field is weakly guided

(implies the electric fields of the guided modes are transverse), one can separate

the modal distribution and amplitude so that they can be evaluated and studied

separately. With Eq.2.1.10, Eq.2.1.6 leads to following separated equations

∂2F

∂x2
+

∂2F

∂y2
+
[
ϵ(ω)k2

0 − β̃2
]
F = 0, (2.1.11)

2iβ0
∂Ã

∂z
+ (β̃2 − β2

0)Ã = 0. (2.1.12)

in which
∂2Ã

∂z2
is neglected since Ã is a slowly varying function.

The dielectric constant ϵ (Eq. 2.1.9) can be rewritten as

ϵ = n2 ≈ (n0 + n2|E|+ iα̃c

ω
)2, (2.1.13)

where n0 is the linear refractive index (the index at low input power), n2 =
3

8n0
Re(χ(3))

is the nonlinear-index coefficient and α0 is the absorption coefficient. In Eq.2.1.13,

the real part of the refractive index is approximated to the term of n2 and imaginary

part of refractive index is approximated to the first order since α2 = 3ω0

4n0c
Im(χ(3)),

also called as the two-photon absorption coefficient, is small for silica fibres [5] and

can be ignored.

Using the first-order perturbation theory [6] and applying a Taylor series expan-

sion to β̃ which is solved from Eq. 2.1.11, one can derive a nonlinear Schrödinger
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equation Eq. 2.1.14 from Eq. 2.1.12 [5].

∂A

∂z
+

∞∑
n=1

(i)n−1

n!
βn

∂n

∂tn
A+

α

2
A = iγ|A|2A, (2.1.14)

where

γ =
n2ω0

cAeff

(2.1.15)

is the effective nonlinear coefficient (also referred as nonlinearity in this thesis) and

Aeff is the effective mode area defined as

Aeff =

(∫∫∞
−∞ |F (x, y)|2dxdy

)2∫∫∞
−∞ |F (x, y)|4dxdy

. (2.1.16)

The nonlinear Schrödinger equation 2.1.14 can be further generalised when high-

order nonlinear effects such as stimulated Raman scattering are included. A general

nonlinear Schrödinger equation can be obtained [5]

∂A(z, t)

∂z
+

α

2
A(z, t)−

∑
n>2

in+1

n!
βn

∂nA(z, t)

∂T n
=

iγ(1 + iτshock
∂

∂T
)

(
A(z, t)

∫ ∞

−∞
R(T ′)× |A(z, T − T ′)|2 dT ′

)
, (2.1.17)

where R(t) is the nonlinear response function (see details in Appendix A.1), τshock

is the optical shock time which is defined as [7, 8]

τshock =
1

ω0

− 1

neff (ω0)

∂neff (ω)

∂ω
|ω0 −

1

Aeff (ω0)

∂Aeff (ω)

∂ω
|ω0 (2.1.18)

in which neff is the effective refractive index of the propagating modes and it is

calculated based on β(ω) using Eq. 2.1.11.

The works in Part I of this thesis uses this scalar pulse propagation model and

the models built based on it.

2.2 Applications of fibre nonlinear effects for new

frequency light generation

Nonlinear effects in optical fibres can be applied to construct devices such as optical

wavelength convertors, optical signal regenerators, lasers, amplifiers, optical switches
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and optical pulse compressors [2]. The majority of the nonlinear applications are

related to the generations of new frequency light. Four-wave mixing (FWM) process

and supercontinuum (SC) generation are the two typical nonlinear processes that

have been widely used for generating new frequency light. In this section, works on

FWM based fibre parametric oscillators (FOPOs) and SC generation are reviewed.

FWM process is a type of parametric nonlinear process based on the third-order

nonlinear susceptibility of the glass. It can be used for optical signal processing,

including signal amplification, wavelength conversion (such as optical parametric

amplifiers and oscillators), signal regeneration, time division multiplexing, all-optical

sampling, etc [9]. It can also be of interest for quantum communications [2, 10] due

to the tight phase relations between pump, signal and idler pulses.

SC generation, in contrast to the FWM process, is a process that involves many

nonlinear processes, including self-phase modulation (SPM), cross-phase modulation

(XPM), FWM, stimulated Raman scattering (SRS) and optical soliton generation.

But like FWM, SC generation is also of interest for many applications such as Light

Detection and Ranging (LIDAR) [11], optical coherence tomography (OCT) [12], ab-

sorption spectroscopy [13] and coherent anti-Stokes Raman scattering (CARS) [14–

16]. Some characteristics of SC sources, including octave wavelength span and high

coherence, are of special interest for certain applications such as a frequency comb

generation [17, 18]. These characteristics become essential for improving current

applications and developing new applications as well.

Both FWM and SC generation can be used to construct devices to generate new

frequencies efficiently. However, for the most of the time, FWM process is used

for constructing tunable light sources and SC generation is used for constructing

broadband light sources.

FWM and SC generation applications based on conventional high nonlinearity

fibers and silica microstructured fibers have been well studied. However, the use of

silica glass limits the further development of these nonlinear applications due to the

low nonlinearity and the lack of mid-infrared (mid-IR) transmission of silica glass.
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In this work, new frequency light generation sources for mid-IR, more specifically,

FWM-based fiber optical parametric oscillators (FOPOs) and SC generation in mid-

IR are studied based on non-silica glass microstructured fibers. But before the details

of this work are revealed, relevant literature on both FOPOs and SC generation are

reviewed.

2.3 Fiber optical parametric oscillators

FOPOs, especially those based on microstructured optical fibers (MOFs), are at-

tractive sources of tunable, coherent radiation. FOPOs are more compact and cost

less than crystal-based OPO systems and, unlike most lasers, FOPOs are capable of

generating coherent light with broad continuous wavelength tunability. The use of

optical fiber ensures the beam quality of the output light and microstructure pro-

vides significant control of dispersion for four-wave mixing (FWM) phase matching

across wide wavelength ranges.

FOPOs utilise FWM processes in the fibre. FWM process originates from the

nonlinear response of electrons of the fibre material interacting with the electro-

magnetic field propagating inside it. This nonlinear interaction provides gain to the

electromagnetic field at certain wavelengths depending on wavelength of field the

dispersion of the fibre. This gain is called parametric gain. FWM is a third-order

nonlinear process. It involves four optical waves (or three waves if two of the four

waves are degenerated, see details in Chapter 4). FWM has been studied since the

first low loss fiber came into existence. FWM processes are polarisation dependent,

which means full vector theory of nonlinear pulse propagation is needed to be used.

However, by considering four linearly co-polarised waves in a non-birefringent fibre

or polarised along one of the principle axes of a birefringent fibre, it is possible to

study FWM in scalar forms (i.e. Eqs. 4.1.1∼4.1.4).

FWM processes are mainly determined by the parametric gain of a fibre, which

includes two major properties of the fibre, nonlinearity and dispersion. To design or
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optimise a FOPO is equivalent to design or optimise the nonlinearity and dispersion

profiles of the fibre used in the FOPO.

2.3.1 Conventional fibre optical parametric amplifiers and

oscillators

Using parametric gain in fibres, fibre optical parametric amplifiers (FOPAs) and

oscillators (FOPOs) can be constructed. Comparing to other fibre amplifiers (such

as erbium doped fibre amplifier) and fibre lasers, the operational wavelengths of

FOPAs and FOPOs are not limited by the material that is used to make the fibre,

which is a difficulty for the development of other fibre amplifiers and lasers, since

they usually rely on the doped ions in the fibre.

The early works of FOPAs and FOPOs can be traced back to early 1970s and

1980s [19, 20]. Since then, studies have been performed for many wavelengths and

power levels using approaches such as applying external stress [21], utilising Raman

gain [22], birefringent fibers [21, 22], MI [23] and multiple pumps [24, 25].

The first FOPA was demonstrated in a 9 cm silica core SiO2-B203 cladding fibre

pumped with 532 nm Nd:YAG laser [19]. Phase matching was achieved between

fundamental and high-order modes: Pump, signal (626 nm) were LP01 modes, and

idler (463 nm) was LP02 mode. This very first FOPA demonstrated only a gain

of -40 dB in the idler wavelength. Although the small gain could not prove the

practical use of a FOPA, but it showed the possibility of obtaining the gain and

generating new frequencies via third-order nonlinearity. A few years later, a FOPA

was constructed with 30 m of single mode fiber pumped with a Q-switched pulse

laser at 1.3 µm [26]. The pump wavelength of this FOPA was longer than the

zero dispersion of the fibre (1.22∼1.27 µm [27]). Phase matching was provided via

MI. Therefore, the wavelength shift was small (around 20nm). However, it was

capable of generating a significant gain maximised at 46.6 dB with 70 W pulsed

pump and 0.62 mW CW seed. Phase matching is the key for achieving high gain.
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With step-index fibre, the freedom of tailoring the dispersion profile is limited. But,

FWM is a polarisation dependent process. Phase matching can also be achieved

through different polarisation modes of a birefringent fibre. One advantage of using

birefringent fibre is that the birefringence can be altered through applying stress

onto the birefringent fiber. The phase matching condition can be adjusted through

applying stress onto the fibre without necessarily changing the fibre designs [21].

The works listed above were all based on silica step-index fibers pump with

visible and telecommunication-band sources. The nonlinearity of silica step-index

fibers is around 1∼10/W/km (1550 nm). To achieve a high gain, it usually requires

long length of fiber or high pump power. For example, to achieve 30 dB gain with

1 m of SMF-28 fibre, a theoretical value of 6.9 kW peak pump power is needed. To

increase the efficiency of FOPAs, Raman gain of the fiber had also been utilised.

One important work in this area showed that by applying stress on a birefringent

fiber and tuning the phase matched frequency to the Raman shift frequency, the

FOPA can gain benefits from both FWM and Raman effects [22].

The study of MI-based FOPA started in the 1990s. It was discovered that broad-

band parametric gain can be obtained through pumping the fiber in its anomalous

dispersion region or very close to the zero dispersion wavelength [28]. Early works

demonstrated 40 nm tunability in a 100 m long fiber [23]. In this case, the fibre was

pumped with 7 kW peak power 20 ns square pulses at wavelengths slightly longer

(0.55 ∼ 0.8 nm) than the zero dispersion wavelength 1539.3 nm of the fibre. It was

also found that through tuning the pump wavelength, the shape of the gain band

can also be tailored. Another work demonstrated a 40 nm band with 28 dB gain

in a 720 m long fiber pumped with only 600 mW peak power pulses [29]. In this

work, a highly nonlinear dispersion-shifted fibre with the zero dispersion wavelength

at 1534 nm was used and the fibre was pumped at 1534.6 nm.

Study shows that using dual-wavelength pumping, broad gain bandwidth can

be obtained for FOPA [25]. With two pumps, more degrees of freedom are added

to the phase matching condition and gain value of FWM processes. Furthermore,
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besides the non-degenerated MI process, dual wavelength FWM also includes phase

conjugation and Bragg scattering processes [25]. In theory, it is possible to obtain

a broadband gain that covers the whole wavelength range between the pumps with

proper configurations of these two pumps with respect to dispersion, i.e. equally

separated around the zero dispersion wavelength. Two pumps provide extra flex-

ibility of tuning the FOPA not only in wavelength tunable range but also in the

polarisation of the modes. One example is the work done in 2004, in which the

FOPA was capable of covering entire C-band with mW level pump power in a 1 km

long fiber [30]. With two pumps, polarisation independent FOPAs were also studied

due to their applications in telecommunication [24, 31, 32].

A FOPO is a simple application of parametric amplification. Similar to fiber

lasers, in FOPOs, fibers are used as a gain medium inside cavities. The first FOPO

was demonstrated soon after the demonstration of the first working FOPA [20]. It

consisted of a 1.4 m long graded index multimode fiber. This FOPO was pumped

with a 1064 nm pulsed laser. The peak power of the pump pulse was below 100

kW. This FOPO showed output peaks at 4 wavelengths including 520, 628, 792 and

1620 nm with total conversion efficiency around 25%. A few years later, a group in

Sweden also demonstrated a FOPO pumped with 100 ps 1.2 kHz 1∼10 kW peak

power pulses at 1064 nm and generated signal and idler at 991 and 1149 nm.

MI based FOPOs were also demonstrated using a ring cavity [33]. In this work,

the pump pulse was 13 ps long at 1525∼1550 nm with 100 MHz repetition rate

and 39∼45 W average power. Outputs with a maximum of 44 nm wavelength shift

were observed. The material dispersion of silica glass limits MI based FOPOs to

wavelengths larger than 1.3 µm since positive β2 was needed. However, by taking

advantage of birefringent fibres, MI based FOPOs in the visible region were also

demonstrated [34, 35]. The principle of these works is similar to the birefringent

OPA [21, 22]. The phase matching was achieved between slow and fast axis modes,

which was more like a dual pumped scheme. The wavelength shifts in these works

were small compared to non-birefringent MI FOPOs. The maximum wavelength
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shift was 14 nm achieved through 3 cascaded processes [34].

The broad bandwidth of MI processes inspired the development of broadband

tunable FOPOs. The very first tunable FOPOs was demonstrated in 1999 at 1.5

µm wavelength region with a tunable range of 40 nm [36]. Through theoretical

studies [28], it was observed that flat dispersion can enhance the bandwidth of MI.

FOPOs with dispersion engineered fibres have also been investigated. A work in

2003 demonstrated a FOPO with a dispersion flattened fibre generated outputs

extend about 350 nm around 1550 nm [37]. The dispersion flattened fibre used in

this work had an anomalous dispersion region approximately from 1511 to 1648 nm,

and its β2 and β3 at 1550 nm were -0.53 ps2/km and 0.013 ps3/km, respectively.

This work showed the importance of dispersion engineering for developing highly

efficient FWM related applications, which become one important aspect of the work

in this thesis.

CW FOPOs did not came into existence until 2002 due to the low nonlinearity

of the fibres available at that time, which were predominately made from silica

glass. The first CW FOPO work involved two fibres, a 100 m long highly nonlinear

silica fiber, which had a nonlinear coefficient of 17/W/km, with internal fiber Bragg

grating (FBG) written in two ends and a 1km long highly nonlinear fiber with

external FBGs connected to the two ends [38]. The 1 km version produced 30%

internal conversion efficiency at idler wavelength 1566 nm (100 mW output) when

pumped with 700 mW source at 1563. The 100 m version did not produce a very

high conversion efficiency due to its short length, but it showed a tunable range

extending over 80 nm. The success of this work could be attributed to the high

nonlinearity of the fibers used. However, the nonlinearity of step-index silica fibers

are limited which indicates the needs of developing MOFs with non-silica glass for

FOPO applications.

Besides generation of new frequencies, optically bistable behaviours were dis-

covered in a FOPO [39]. Bistability is a rather common characteristic of nonlinear

feedback systems. It refers to a nonlinear steady-state where two stables outputs
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correspond to one input. The output state of a bistable system depends on the

history of the system, in this case, the previous output from the FOPO. Later stud-

ies revealed the relation between MI and the bistable behaviour and was confirmed

experimentally [40]. Bistable behaviour in FOPO can be used as an optical flip-flop

which is an important discovery for the development of all-optical computing.

Studies of FWM parametric processes in silica step-index fiber revealed the use-

fulness of the parametric gain in fiber. It can be utilised to construct not only

amplifiers but also wavelength convertors, parametric lasers as well as optical flip-

flops utilising the bistability. FWM parametric processes can occur in both normal

and anomalous dispersion regions, where in the normal dispersion region, significant

frequency separation can be achieved between parametric sidebands and pump, in

the anomalous dispersion region, broad gain bandwidth can be achieved with degen-

erated pump configuration. However, due to the limitation of dispersion profile and

low nonlinearity of silica step-index fiber, high pump power or long fiber length are

usually required, and the maximum frequency shift and the wavelength tunability

of the FOPO are limited.

2.3.2 Microstructured optical fibres and FOPAs/FOPOs

Dispersion and nonlinearity of the fibre are both important parameters for the devel-

opment of FOPAs and FOPOs. Microstructured optical fibres (MOFs) have opened

a new era for the FWM parametric application development.

The first MOF-band FOPA was demonstrated in 2001. A 6.1 m long microstruc-

tured fibre was pumped with two 150-fs 12 W maximum peak power pulses with

3∼5 nm separation in the anomalous dispersion regime of the fibre [41]. Signal and

idler were observed with more than 13 dB gain. To achieve similar results using

standard dispersion shifted fiber at the 1550nm wavelength region, 225 m of fibre

would be needed. In another work, a MOF taper was used and a wavelength con-

version with 730 nm wavelength shift and 10% conversion efficiency was achieved
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in only 1.4 cm [42]. Using MOFs, wide tunability can also be achieved. In 2004, a

FOPA with 450 nm tunability has been demonstrated through tuning a 60 W peak

power 20 ps pump pulses over 10 nm [43].

CW FOPAs have also been demonstrated in MOFs. In one work, a CW FOPA

was demonstrated using a 20 m long MOF with two zero dispersion wavelengths at

755 nm and 1235 nm respectively [44]. This work showed the extensive tunability

of MOFs based FOPA. Phase-matching was obtained from 500 to 1500 nm over 15

nm pump wavelength tuning range with 100 mW level of pump power.

From these works, the significance of the parametric improvements with MOFs

are obvious. The high nonlinearity and the flexibility of dispersion control of MOFs

reduces the necessary fibre length by at least an order of magnitude. Meanwhile, the

tunability of the MOF-based FOPAs was increased by at least an order of magnitude.

Furthermore, CW FOPAs which were difficult to implement in conventional fibre

also came into existence with the use of MOFs. The benefits of using MOFs in

FOPO are therefore undoubtable.

The world’s first MOF based FOPO was constructed based on a 2.1 m long

MOF [45]. It was pumped close to its zero dispersion wavelength (ZDW) at 751.8

with 630 fs FWHM pulses. In this FOPO, a 40 nm wavelength tunable range and

µW -level outputs were obtained with pump peak power less than 100 W. Another

MOF-based FOPO demonstration was pumped in the normal dispersion regime of

a birefringent MOF [46]. With only 1 m of fiber, two sets of sidebands of the two

orthogonal modes were observed simultaneously.

The combination of high nonlinearity and high dispersion control enables the

possibility to construct FOPOs that are compact. Deng, et al. demonstrated a

broadly tunable femtosecond FOPO using 65 cm of MOF [47]. In this work, the

pump source was a train of 1.3 ps pulses with repetition rate of 36.6 MHz and average

power of 260 mW. The FOPO outputs were 460 fs near transform limited pulses with

average power more than 400 µm and could be tuned over 200 nm through tuning

the pump wavelength across 16 nm. A more recent work demonstrated similar
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results with only 3 cm of fibre and tens of mW (∼1 kW peak) pump power [48].

MOF based CW FOPO has also been demonstrated. In one example, 100 m of

MOF were used in an all-fibre FOPO configuration operating around 1550 nm [49].

The MOF has a nonlinearity of 16 W−1km−1, which is not particularly high, but

this FOPO system can produce a 30-dB extinction ratio output signal which has a

linewidth of 10-pm and carries 38% of the total output power.

The work outlined above indicates that the advantage of MOFs enabled signif-

icant enhancements in the properties of FOPAs and FOPOs. The required fiber

length and pump power were reduced for at least one order of magnitude and the

frequency shift and wavelength tunability were greatly increased. Until recently, the

development of silica MOF FOPA and FOPO had reached a plateau due to trans-

mission and nonlinearity limitation of the silica glass. Soft-glass exhibits broader

transmission windows than silica [50] as well as both higher linear and nonlinear

refractive indices [51]. Using soft-glass as the base material for MOFs can increase

both the transmission window of the fiber and the efficiency of nonlinear effects.

One aim of this thesis is to use soft-glass as the base material to design MOFs for

FOPOs.

From the literature, it can be found that most works on the design and optimi-

sation for FOPO have focused on controlling the ZDW and the slope of dispersion

at the ZDW [52]. The standard approach is to assume that the dispersion of the

optical fiber is described by a Taylor-series of the propagation constant, β(ω) (refer

to Chapter 4 for details). One can then model the FOPO using a set of coupled

wave equations such as Eqs. 4.1.1∼4.1.4. The adaptive range of this combination of

approaches is limited for three main reasons. Firstly, a truncated the Taylor series

is inadequate in describing the actual dispersion when the frequency shifts between

the pump and the signal/idler are large. For large frequency shifts, the importance

of higher-order terms of β(ω) increases significantly, and each term must be incorpo-

rated into any optimisation procedure. Secondly, the coupled wave equations, which

usually only consider the fields at pump, signal and idler wavelengths, are not suited
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to simulating complex nonlinear processes with dynamic frequency shifts or large

spectral broadening. Thirdly, cascaded FWM cannot be modelled using only four

equations, number of equations increases as cascaded effects increases. Furthermore,

it is difficult to include Raman scattering into the coupled wave equations, especially

when simulating short pulses where the convolution of the Raman response function

and the field should not be simplified. To address these points, a different approach

is used in Chapter 4.

The review above shows the works of using nonlinear effects in fibres to generate

narrow band but tunable light sources. From the next section, nonlinear processes

used for generating broadband light sources are reviewed.

2.4 Coherent supercontinuum generation

Supercontinuum (SC) generation is a process of spectral broadening of a high-

intensity pulse that occurs as a result of a cascade of nonlinear processes. It was

initially observed in bulk glasses [53, 54]. SC generation in fibre occurs as a result of

a cascade of nonlinear processes, which could involve self-phase modulation (SPM),

cross-phase modulation (XPM), four-wave mixing (FWM), stimulated Raman scat-

tering (SRS), soliton fission, dispersive wave generation [5, 55]. Depending on the

pump pulse duration, line width, wavelength, powers, chirp and noise to fibre dis-

persion and nonlinearity profiles, the nonlinear processes involved in SC generation

vary.

Unlike FWM process, it is difficult to write an explicit expression for the gain of a

SC generation. However, the process of SC generation can be simulated numerically

using a general nonlinear Schrödinger equation Eq. 2.1.17. For cases that the waveg-

uide is symmetric or only one polarisation mode of the waveguide is considered, the

scalar form of GNLSE can be used.
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2.4.1 SC generation in step-index fibers

The first SC generation in optical fiber was demonstrated in Bell Laboratory in

1974 [56]. SC spectra of approximately 200 nm bandwidth was observed in 19.5

m of silica fibre when pumped with 20-kW 10-ns long 15-nm spectral wide pulses.

The total output power was approximately 1 kW and the major nonlinear processes

caused this broadening was attributed to SPM and stimulated Raman scattering

(SRS).

SPM and SRS dominate the SC generation of normal dispersion pumping. When

a fibre is pumped in the anomalous dispersion regime, solitonal dynamics become

significant. Fiber soliton related studies started as early as 1973 [57]. Since then,

both theoretical and experimental work on solitons include fundamental [57, 58] and

high-order solitons [59–61], soliton stabilities and fissions [62–72] were carried out

over 20 years. Depending on the dispersion and nonlinearity profile of the fiber and

the wavelength, the duration, shape, chirp and power of the pump pulse, the exact

soliton phenomena involved in a SC generation differ. However, soliton fission has

been identified as one of the most important nonlinear processes in SC generations

pumped in the anomalous dispersion regime. Soliton fission [65] describes a process

of a pulse or a high-order soliton breaks down into many small lower order soli-

tons. Studies show that this process is particularly sensitive to the noise inside the

pulse [70–72] as well as other nonlinear effects such as Raman effects [73, 74] and

two-photon absorption [75].

Developing multi-wavelength sources for wavelength-division-multiplexing net-

works was the original driving force of developing SC sources in step-index fiber at

telecommunication bands. A 170 nm wide SC spectrum around 1.3 µm was demon-

strated in 450 m of fiber and was employed to support more than 100 wavelength

channels with 10 ps pulses separated by 1.9 nm [76]. The pump source in this ex-

periment was a CW mode locked Nd:YLF laser with output of 7.6 ps 100 W peak

power pulses at 1.314 µm. Another work by Morioka demonstrated similar SC effects
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around 1550 nm region with 3 km of dispersion shifted fiber when pumped with 1.7

W peak power 3.3 ps pulses [77]. In both works, the pump wavelengths were close

to ZDWs of the fibers and obtained fairly symmetric broadening, which indicates

that the spectral broadening could be originated from MI. The requirements of the

wavelength span in these works are not demanding. However, low noise is required

in the SC output, which translates into the stability of the SC generation. The

studies on MI and soliton dynamics, especially soliton fission processes, indicated

that soliton fission processes were unstable and very sensitive to the noise inside

the pump pulses [78–80]. This has opened a new area of study to investigate the

stability of SC generation which is also known as the pulse to pulse coherence.

2.4.2 SC generation in silica MOFs

The advent of MOFs led to a significant boost in the development of SC genera-

tion based sources. MOFs can support high nonlinearity as well as tailoring the

dispersion of the fibre to a level that cannot be achieved in conventional step-index

dispersion-shifted fibres, such as changing the slope of dispersion and shifting the

ZDW wavelength of a silica fiber below 1.28 µm [81–86]. With higher nonlinearity,

a similar degree of nonlinear phase (γP0L) can be achieved in a shorter propaga-

tion length. This not only means shorter fibres are required but also indicates that

dispersion has less effects on pulse propagation. The temporal overlap of different

wavelength components of a broadband pulse is also a deterministic condition to

produce nonlinear interactions. Less dispersion effects during pulse propagation in-

dicate longer nonlinear interaction length. Furthermore, certain nonlinear processes

such as FWM, require phase matching between different wavelength components,

and nonlinear processes such as FWM are important components of SC generation.

Being able to enhance nonlinearity as well as tailoring the dispersion made MOFs

the best platform for supporting the most efficient SC generation in fibers.

One outstanding work showed a SC generation with bandwidth spanning nearly
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two octaves from 400 to 1600 nm in 75 cm of MOF [87]. The MOF was pumped at

770 nm around its ZDW with 100 fs nanojoule pulses. SC generation with longer

pulse (sub-nano second) is also easier to realise with MOFs. Another example

demonstrated the generation of SC from 460 to 750 nm in 1.8 m of fiber using 0.8 ns

300 nJ pulses pumped at 532 nm [88]. In this example, SC generation was assisted

by FWM parametric and Raman processes. Later, similar work also showed a SC

generation with wavelength span over an octave with 60 ps pulses [89].

The development of SC in MOFs allowed octave span SC spectra widely accessi-

ble for different applications. For this reason, MOF-based SC generation caught sig-

nificant attention in the early 2000s. Many theoretical/numerical models and exper-

imental work were developed to interpret the broadening mechanism in MOFs [90–

99]. Through these studies, the SC generation can be summarised into following

categories: (a) short (femto-second and sub 10 pico-second) and long (10s of pico-

seond to CW) pulses and (b) normal and near zero/anomalous dispersion pumping.

The dominant nonlinear processes are summarised in Table.2.4.1. Similar categori-

sation can be performed for conventional fibres too.

Table 2.4.1: Summary of the dominant nonlinear processes of SC generations

Short pulses Long pulses Notes

Normal dispersion pump-

ing

SPM FWM and Raman With short pulses, FWM and Raman effects

also presents. Raman effects includes spon-

taneous and stimulated Raman effects

Near zero/anomalous dis-

persion pumping

SPM and soliton MI and soliton soliton effects includes soliton fission and

soliton Raman shifting

The fast development of SC generation has also led to the development of many

applications that are based on SC spectra. Apart from the applications mentioned

early as broadband sources for WDM [76, 77], SC sources can also be used for

frequency metrology [17, 18, 100], optical spectroscopy [11, 13, 14, 16] and optical

imaging [12, 15], etc. The development of applications also extended into the mid-IR

wavelength region which is beyond the transmission capability of silica glass. The
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practical needs of mid-IR SC sources started the research of non-silica MOFs based

SC generation.

2.4.3 SC generation in soft glass MOFs

The broad transmission windows and high nonlinear refractive indices of soft glasses

make them the ideal materials for SC generation. Using soft-glass MOFs for SC

generation not only shortens the usage of fiber and lowers requirement pump power

but also extends the SC spectral span and operational wavelength regions.

SC generation in soft glass MOFs was demonstrated soon after the SC generation

in silica MOFs was demonstrated. A spectral span from 350 to 2200 nm was obtained

in 75 cm of fiber made of SF6 glass using 100 fs 375 pJ pulses pumped at 1550

nm [101]. Taking advantage of the high nonlinearity of soft glasses, a more than

1.5 times broader spectrum was generated using less than half of the pulse energy

comparing to the first silica MOFs SC generation [87]. One year later, another

octave-span SC generation was demonstrated using only 200 pJ energy pulse in a

MOF made of the same glass [102]. In 2005, a lead silicate SF57 glass based MOF

with the highest nonlinearity of the time was fabricated with a nonlinear coefficient

of 1860 W−1km−1 at 1550 nm [103]. A 600 nm span was obtained with 200 fs 81 pJ

pulses. In the same work, an octave span was also demonstrated in a variation of the

high nonlinearity fiber with dispersion optimised for 1.06 µm pumping using 130 pJ

pulses. Until 2009, the pump pulse had been reduced to 20 pJ for octave-spanning

SC generation [104].

Spectral span of SC generation in soft glass MOFs was also been broadened

extensively. More than a 2 octave span from 350 to 2200 nm was easily achieved

in soft glass MOFs [101]. Using chalcogenide glass based MOFs, SC generation in

mid-IR was successfully generation from 2 to 3.6 µm in 1 m of fiber pumped with

100 fs 100 pJ pulses [105]. Further study of SC generation soft glass base MOFs

reveal the possibility of generating a SC span from UV (350 nm) to mid-IR (3 µm) in
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only 6 mm of fiber [106]. Same year, a SC expands from 800 nm to 4.5 µm was also

demonstrated in a few meteors of ZBLAN fiber [107]. A breakthrough was made in

2008, the broadest continuum spectrum at the time span over 4000 nm bandwidth

extends from 789 to 4870 nm was measured at 20 dBm below the peak spectral

power in only 8 mm of tellurite MOF [108]. And this record was once again broken

in 2009. A SC spectrum from UV to 6.28 µm was generated in 2 cm of ZBLAN

fiber [109]. This continuum nearly covered the whole transmission spectrum of that

ZBLAN glass and become the broadest continuum ever being produced.

Table 2.4.2 summarises the development of SC generation in soft-glass MOFs.

The table is divided into three parts. The first part is a list of some significant work

with silica MOFs. The second part shows the decrease of pump pulse energy with

the developing of SC in MOFs. The last part shows the increase of spectral span

with the developing of SC in MOFs. The development shown in the table proved

the effectiveness of using soft glass MOFs for SC generation. The required pump

power and fibre length were continuously decreased and the bandwidth of the SC

was broadened extensively. However, in the previous works, the potentials of using

MOFs for SC generation were not fully explored. These potentials can be optimising

both dispersion and nonlinearity for large bandwidth and low pump power or, what

this work is about to do, optimising dispersion and nonlinearity for large bandwidth

and high coherence of the SC spectrum. In the next section, the concept coherence

of SC generation is introduced and related works are reviewed.

2.4.4 The coherence of SC outputs

The study of the stability of SC generation can be related to the early work on

the soliton stability. The concept of the coherence degradation of SC output was

first proposed and studied in 1998 [78]. Coherence is a measure of the correlation

properties between two SC pulses. It represents the ability of two SC pulses to

interfere hence it can be measured using interferometers [110–113]. The coherence
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Table 2.4.2: Development of supercontinuum generation in soft-glass MOFs

Glass Spectral Range (nm) LFibre λPump (nm) Pulse duration Pulse Energy Year Ref.

Silica 400∼1600 75 cm 770 100 fs 800 pJ 2000 [87]

Silica 460∼750 1.8 m 532 0.8 ns 300 nJ 2001 [88]

Silica 400∼1000 10 m 647 60 ns 40 µJ 2001 [89]

SF57 350∼2200 75 cm 1500 100 fs 375 pJ 2002 [101]

SF6 400∼1750+ 30 cm 1560 60 fs 200 pJ 2003 [102]

SF57 600∼1500 50 cm 1060 200 fs 130 pJ 2005 [103]

SF6 600∼1450 4 cm 1060 60 fs 20 pJ 2009 [104]

Chalcogenide 2000∼3600 1 m 2500 100 fs 100 pJ 2005 [105]

SF6 350∼3000 6 mm 1550 110 fs 875 pJ 2006 [106]

ZBLAN 800∼4500 7 m 1553 2 ns 8 µJ 2006 [107]

Tellurite 789∼4870 8 mm 1550 100 fs 1.9 nJ 2008 [108]

ZBLAN 200∼6280+ 2 cm 1450 180 fs 36 nJ 2000 [109]

of SC generation also indicates the stability of the SC generation, in another word,

the reproducibility of the SC spectrum from pulse to pulse.

Many SC based applications depend on the coherence, especially in frequency

metrology where it stabilises optical frequency combs [17, 114–116].

It has been noted that the cause of SC coherence degradation is related to high-

order solitons [78] and MI [79]. More specifically, the coherence degradation is

reflection of the temporal and spectral differences from pulse to pulse due to these

nonlinear effects. Further study showed the coherence degradation in SC is due to

both elements and was particularly sensitive to pulse power, during, noise, pump

wavelength with respect to ZDW [55, 117–119].

By avoiding soliton-related effects, especially those associated with high-order

solitons, and MI, it is possible to obtain high coherent SC. Previous work had

demonstrated this [80, 120–122]. However, to obtain high coherence, it is necessary

to trade off bandwidth since the main broadening mechanism needs to rely mainly

on SPM. In Ref.[80], the coherent bandwidth was about 200 nm. In Ref.[120], this

coherent bandwidth was extended to 500 nm. And in 2007, octave-spanning highly

coherent SC was generated from 1.0 to 2.2 µm [121] when nearly 4 µm span SC

been already existed for a year [107].
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From the literature, it seems that simultaneous achievement of broad bandwidth

and high coherence in SC generations are rather challenging. It is because many

dominant nonlinear processes that lead to broad bandwidth are the main sources of

coherence degradation. However, it is still possible to generate broadband coherent

SC if the dispersion and nonlinearity profiles of the fibres are carefully designed in a

way such that the broadening effects from coherent nonlinear processes are enhanced,

and the broadening effects from incoherent nonlinear processes are suppressed. The

work in Ref. [121] is an example, but in this work, a piece of conventional fibre was

used.

We believe it is possible to further improve the coherence of SC generation if a

piece of soft-glass MOF is used. As a part of the aims of this thesis, we will explore

different fibre structure and seek out an optimised MOF design using soft-glass to

achieve broadband coherent SC generations.

2.5 Summary

In this chapter, we briefly introduced some background theory and reviewed rela-

tive literature about the fibre-based optical parametric amplifiers, oscillators and

previous work on SC generation in optical fibres. From the literature review, we

summarised that by combining soft glass and microstructured fibre design, it is pos-

sible to further develop FOPO and SC sources, which include the development of

a narrow band tunable light source, a soft-glass MOF based FOPO that operates

across a broad spectral span (pumped at telecomm-band 1560 nm and outputs at 880

nm) and a broadband light source, a soft-glass MOF that is capable of generating

broadband highly coherent SC pulses.

A review of the parametric amplification process in silica step-index fibers has

identified that the key of controlling parametric process in fiber is the ability to

tailoring the fibre’s dispersion and nonlinearity profiles, especially β2 and γ values

at the pump wavelengths are the most important features. Combining MOFs with
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FOPAs and FOPOs greatly extends operational wavelength range and efficiency.

However, to date, the impact of this approach has been limited by the transmission

window and nonlinearity of silica glass.

Dispersion and nonlinearity profiles of a fiber are also crucial to SC generation.

Early studies on SC generation in fiber revealed many dispersion-sensitive nonlinear

processes in SC generation. Soliton-related dynamics are such nonlinear processes.

They were dominate nonlinear processes of SC generation in the anomalous disper-

sion and were tightly related to the dispersion properties of the fiber. Many theories

were established and formed the bases of future SC related research. In the ma-

jority of the works, the importance of fiber ZDWs to SC generation stood out and

became the focus and target of the development SC generation in silica MOFs. SC

generation in the anomalous dispersion yells MI and soliton fission which are rather

sensitive to the noise in the input pulses and causes coherence degradation in the

SC output. From literature, to obtain high coherence, the bandwidth of SC was

compromised. However, whether and how it is possible to have both SC coherence

and bandwidth optimised in MOFs has not been studied.

Soft glass as materials with broader transmission windows and higher nonlinear

refractive indices than silica, became more and more important to nonlinear appli-

cations. Previous FOPO work was based solely on the use of optical fibers made

from silica glass [46, 47, 52, 123–127]. The great improvement of using soft glass

MOFs for SC generation highlights the potential of this new platform for future

development of nonlinear applications, particularly in the mid-IR spectral region.

Using soft glasses for FOPO can enhance conversion efficiency as well as extend the

operation wavelength range such as to mid-IR.

Previous studies of SC generation, especially those related to soft glass MOFs,

have demonstrated extensive continuum bandwidth. However, the coherence of the

SC was not optimised. To achieve high coherence, the SC bandwidth are greatly

reduced.

In this work, soft-glass MOFs are designed and optimised for two nonlinear
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applications as light sources. One is a FOPO believed to be the first design based

on soft-glass that generates 880 nm femtosecond pulses by pumping at telecomm-

band 1560 nm as a viable alternative source for the 880 nm femtosecond Ti:sapphire

laser. The other is a soft-glass SC source that generation broad and highly coherent

supercontinuum.

To achieve the target of this part of the thesis, fibres design and optimisation is

required. In this thesis, a genetic algorithm (GA) based fibre design approach is used

to overcome the complexity of the nonlinear processes in FOPO and SC generation.

The detailed reasons for using GA for fibre design of FOPO and SC generation are

introduced in Chapter 4 and 5 respectively. However, the GA itself is not restricted

to any specific applications. Therefore, in the next chapter, Chapter 3, GA and

how to apply GA for fibre design are introduced first. After that fibre designs for a

FOPO and SC generation are shown in Chapter 4 and 5 respectively followed by

the fabrication of the designed fibre in Chapter 6 and numerical simulations based

on the fabricated fibre structure in Chapter 7.





Chapter 3

Fibre design and genetic

algorithms

3.1 Background

In order to construct the target FOPO and SC source, fibres are needed to be

designed such that they enhance specific nonlinear processes Although, for FOPO

and SC applications, the required nonlinear processes are different, the purposes

of their fibre design are still in common. That is the design of fibres with specific

dispersion (propagation constant) and nonlinearity profiles. The differences between

the two applications are the requirements of different dispersion and nonlinearity

profiles, which are introduced separately in Chapter 4 and 5. Here, in this chapter,

an efficient and universal fibre designed approach, an approach of using a genetic

algorithm for fibre design, is introduced and discussed.

Depending on the complexity of the structure, there could be many parameters of

the fibre structure needed to be tuned to achieve required properties. Meanwhile, the

conditions for achieving the targets (such as the dispersion and nonlinearity profiles

of a fibre) may conflict with each other. For example, to achieve high nonlinearity,

usually tight confinement (small core size and large index contrast between core

33
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and cladding) is required. On the contrary, to achieve low and flat dispersion,

relative loose confinement is preferred (large core size and small index contrast).

For designing a fibre that satisfies both nonlinearity and dispersion properties, a

balance must be found, where an optimisation algorithm is needed.

A conventional approach of designing a fibre with certain properties usually

follows the following procedures. Firstly, a fibre structure is chosen, which either

been selected based on experience or through trial-and-error. Secondly, the structure

is parameterised such that fibre properties can be controlled through the structural

parameters. Finally, ranges of structural parameter values are tested until the fibre

properties match with the targets which depend on the specific application. This

design approach works efficiently when the number of tuning parameters is small

with respect to the time required for calculation of the fibre properties. Since the

total calculation time increases exponentially with the increase of tuning parameters,

this design approach is unsuitable for complex problems. However, if a feedback

mechanism can be provided in the design procedure that allows the designer to

adjust itself to the current situation of fibre properties, it is possible to increase

the design efficiency of complex structures. This kind of design approach requires

a control algorithm that is running on top of the conventional design approach and

provide a supervision of the search of parameters in the design procedure. A genetic

algorithm (GA) can be applied to serve as such a mechanism.

3.1.1 Chapter outline

In this chapter, a range of optimisation approaches is reviewed. Based on the re-

viewed contents, it is justified that a natural optimisation algorithm is needed for

the fibre design in this work. Then, natural optimisation algorithms are introduced

and the discussion is focused on genetic algorithms. Details of applying GA on MOF

design are follow at the end.
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3.2 Traditional Optimisation Algorithm

There are many algorithms that can be used to optimise systems, among which tradi-

tional “minimum-seeking” algorithms, such as exhaustive search method, analytical

optimisation, downhill simplex method [128] and line minimisation method [129] are

all well known and widely used optimisation methods that can be applied to fibre

design. In this section of the chapter, these optimisation algorithms are reviewed to

find out the pros and cons of them.

Exhaustive search methods are the most simple methods to implement but also

the most time consuming methods. When applying this type of methods for de-

signing fibre structure, they usually work for most of the situations where there are

only few free parameters. However, when the number of free parameter increases,

the times required in the calculation increases exponentially. Therefore, when there

many free parameters in the fibre structure (such as 6 for our fibre), exhaustive

search methods become less efficient and too time-consuming to be used in practice.

Analytical optimisation methods depend on whether the object that needs to

be optimised can be expressed in an analytical form. This type of method is most

efficient since they find the optimised solutions analytically. There are also a range

of methods similar to analytical optimisation methods, which include the minimax

theorem [130], linear programming [131], etc. These methods are fast and accurate.

However, for fibre design, since no analytical expressions can be given, this type of

methods cannot be employed.

Downhill simplex method, line minimisation method and methods developed

based on these methods are fast converging and robust. But the solutions of these

methods are likely to be converged at local minima. A local minimum is a localised

minimum value of a function within a small parameter region (These methods were

initial designed to find minimum values. However, the maximum values can also be

found using these methods). A local minimum may be the minimum value of the

whole parameter space, i.e. it may also be a global minimum, but most of the time,
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it is not. To prevent the algorithms giving localised solutions, one normally needs

to run the algorithms many times with different initial values. At the end, these

methods may not be efficient for complicated problems. And it may require a lot of

man power to analyse the solution to determine if it is a global solution and reset

proper initial values for the algorithms.

There are also advanced methods that have been developed by combining dif-

ferent methods together to improve the efficiency of designing fibres. For example,

a method combining a large scale exhaustive search and an analytical method has

been developed [132]. This method samples the whole structural parameter space

and interpolates the samples to map out the derivatives of a dispersion profile with

respect to each free parameter of the structure. Once the derivatives are found, an-

alytical methods are applied to reconstruct fibre structure with specific dispersion

properties. However, a few assumptions were made for this method such as the dis-

persion of a fibre is a summation of the material dispersion of the fibre material and

waveguide dispersion of the fibre structure (Dtot = Dmat+Dgw). Also, the efficiency

of this method still greatly depends on the complexity of the structure. And the

generality of this method has not been proven in practice yet.

The optimisation methods mentioned above have their own advantages, but in

the context of designing fibre structures for specific fibre dispersion and nonlinearity

profiles, these methods are unsuitable. Later in this chapter and in Chapter 4,5 we

discover that the structure needed to be optimised (Fig. 4.2.2) has six free parame-

ters. The linear and nonlinear properties of the target fibre are interlinked through

these structural parameters. Furthermore, the optimised structures for FOPO and

SC generation are not unique. These features of the fibre design work in this thesis

made the traditional optimisation algorithms inefficient.

In the following sections, we describe optimisation procedures inspired by natural

phenomena called natural optimisation algorithms and show that these optimisation

algorithms can be used efficiently for the fibre design work.
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3.3 Natural Optimisation Algorithm

In nature, there are many processes such as biological evolution that can be consid-

ered as optimisation processes. Throughout the history, people have tried to mimic

these mechanisms to help us solve complex problems. A range of optimisation al-

gorithms were developed including genetic algorithms [133], simulated annealing

algorithms [134], particle swarm optimisation algorithms [135], ant colony optimi-

sation algorithms [136], evolutionary algorithms [137], etc. Among them, genetic

algorithms are one type of the most developed and widely used natural optimisation

algorithms. We choose GAs as the optimisation algorithm for fibre design because

its robustness and it has been used for fibre design before [138] so that it usefulness

for this work is guaranteed.

A genetic algorithm simulates the natural selection process and optimises systems

from a statistical point of view. It evolves a group of test samples gradually towards

optimised regions as well as creates new search points to diverge the searching path.

This characteristic of the natural optimisation algorithm greatly reduces the chances

of converging to localised solutions and enhance the probability of reaching global

solutions.

A typical optimisation process with GA can be described as following and illus-

trated as in Fig. 3.3.1. The optimisation starts with a collection of test samples

(i.e. a collection of different fibre structures), referred as a population, and a fitness

function. Each sample is referred as an individual which is generated randomly

within a preset parameter space. Each individual consists one or more parameters

(such as the fibre core diameter in the context of fibre design) where each parameter

is referred to as a gene. Every individuals in the population are evaluated using

the fitness function which results in a value that quantitatively describes and ranks

the properties of each individual. In this way, the fitness values of the individuals

reflect how well the individuals are optimised. Once all the individuals are eval-

uated, a procedure called “mating” will take place, which normally includes three
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steps: “pairing”, “crossover” and “mutation” [139]. The main purpose of the “mat-

ing” process is to exchange genes among the individuals to generate new individuals

called “offspring”. The offspring will contain the genes from their parents but also

differ from them so that they will have different status of optimisation. The detail

process of “mating” (in particular, the gene inherited by each of the offspring) de-

termines if and how the new generation will evolve. After the “mating” process,

offspring form the new generation are evaluated by the fitness function again. If the

fitness values of the new generation reach or exceed a preset target, then the opti-

misation finishes, otherwise the new generation will go through the same processes

again until the target is reached.

The three steps in the “mating” process are the core component of a GA that

mimics the nature. In the “pairing” step, two individuals from the collection are

selected to form a couple. To avoid any individuals dominating the evolution process

and cause the optimisation to fall into localised solutions, or the good genes being

lost accidentally, rules are set such that individuals cannot be paired with themselves

but can be paired multiple times. The chances that any two individuals will be paired

depend on the fitness values of these individuals. If we consider high fitness values

to be good solutions, we can arrange for two individuals with high fitness values to

have higher probabilities of mating. In this way, good genes will gradually merge

together and produce an individual that might reach the optimisation conditions.

In the “crossover” step, the genes of two paired individuals merge together and

form new genes of offspring. There are different ways to crossover genes. One way

is to partially exchange the gene codes (red) as shown in Table 3.3.1. A section of

gene codes from one parent is replaced by the counterpart of the gene from another

parent. Depending on how the gene codes are arranged, the section of gene codes

that is used for “crossover” may not be necessary contain meaningful information,

i.e. a few bits of a complete byte of data, but GAs can still optimise our problem

which shows the robustness of the algorithms.

Another way to “crossover” the genes is to exchange genic information numeri-
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Initial Population

Evaluation

Converged?

Mutation

New generation

No

Finish

Yes

GA Flow Chart

Paring

Crossover

Figure 3.3.1: Initial fibre structure with all elements parameterised.

Table 3.3.1: Crossover example: partial exchange of gene codes

Parents Offspring

Gene codes
a b c d e f g a b c k l f g

h i j k l m n h i j d e m n
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cally. Different portions of numerical value are taken from parents to form offspring

as shown in Eq. 3.3.1 where Gpn, n = 1,2 represent the gene codes two parents

and Gon, n=1,2 represent the offspring. The second method is normally used when

the gene codes cannot be simply exchanged through the first method. For example,

when the gene codes are represented in the form of floating-point numbers in a com-

puter, the data in memory is not stored in a way how it is naturally presented [140].

Change of any bit may result in a significant and undesirable change in its numerical

value.

Go1 = α×Gp1 + (1− α)×Gp2

Go2 = (1− α)×Gp1 + α×Gp2

(3.3.1)

Apart from the “crossover” step, GA also simulates “mutations” of the genes

that occur in nature. “Mutations” introduce sudden changes in the gene codes that

cause certain individuals to jump away from the trace of the convergence of the

whole collection, which increases the opportunities for finding the global solution.

The choice of a fitness function does not need to reflect the physical process

of that is to be optimised. However, certain considerations have to be taken to

ensure that the GA can solve the problem. As an example, imagine an arbitrary

two-dimensional system such as Eq. 3.3.2 (Fig. 3.3.2). In this system, x, y ∈ R

are two free parameters. One wants to find out what combination of x, y that

correspond to the maximum output of this system. The exact expression of this

system (Eq. 3.3.2) is presumed to be unknown. This is equivalent to the situation

that the analytic expression of a certain nonlinear process is unknown. However,

there are two features identified as A and B of the system can be measured, although

the exact expressions of A, B are also unknown. In the case of fibre design, A and B

can be the fibre dispersion (D) and the inverse of nonlinearity (
1

γ
), respectively. If

it is known that by minimising A and B, the system can give the maximum output,

then the fitness function for this problem can be defined using Eq. 3.3.4 or Eq. 3.3.5.

However, in this example, Eq. 3.3.4 is a better choice because Eq. 3.3.5 tends to be
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Figure 3.3.2: An example the fitness function.

dominant by the smaller component among A and B which will cause difficulty for

GA to converge on both of them.

F =
1

1 + |0.5− x|+ |0.5− y|
(3.3.2)

A = 0.5− x B = 0.5− y (3.3.3)

F ′ =
1

|A|+ |B|
(3.3.4)

F ′′ =
1

|A|
+

1

|B|
(3.3.5)

For this particular example, the convergence of the population is shown in

Fig. 3.3.3. Each circle in Fig. 3.3.3 represents an individual. The colour and size

of the circles indicate the fitness value. Big and red circles represent large fitness

values, and small and blue circles represent small fitness values. As the number of
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generations increases, one can see that the population converges to the centre of the

plot (x = 0.5, y = 0.5), and the fitness values increases steadily.

In the case of fibre design and optimisation, the fitness function will of course

differ from this example. However, if the definition of the fitness function is suitable

for the problem, similar convergence behaviour should be observed.

In the next section, the method of applying a GA to fibre design is showed.

3.4 Genetic Algorithm and Optical Fibre Struc-

ture Design

In the context of optimising optical fibre structures for particular nonlinearity and

dispersion profiles, an initial fully parameterised structural topology of fibre is re-

quired for populating the initial generation. Each gene of an individual in the

population corresponds to a structural parameter in the fibre cross-section. In this

work, the fibres are design for nonlinear applications (FWM and SC generation),

which closely related to the nonlinearity and dispersion profiles of the fibre, i.e. the

dispersion and nonlinearity profiles of fibres determine the behaviour of the nonlin-

ear processes in these fibres. Therefore, the fitness function of the GA includes a

combination of nonlinearity and dispersion properties of the fibre.

The initial design of the structure is inspired by suspended nano-wires (also

called wagon-wheel fibres shown in Fig. 3.4.1 top-left) and fibres structured to con-

tain rings of air holes (referred as holey structure, shown in Fig. 3.4.1 top-right).

The suspended nano-wires, due to their small core sizes and high core-clad index

contrasts, are capable of provide high confinement (and low confinement loss) to

the light propagating inside them, which lead to small effective mode area and high

intensity. By varying the core size of these suspended nano-wires, a critical size can

be found for a wavelength at which the mode area of the light is minimised for the

nano-wire structures and therefore, achieve the highest peak intensity as well as the
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Figure 3.3.3: An example shows the convergence of the population under the influ-

ence of the fitness function Eq. 3.3.2.
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highest nonlinearity.

The holey structure, on the other hand, enables the dispersion properties of the

fibre to be tailored. The holey structure allows mode field to extend into the gaps

between the air holes. The amount of the field that extends into the gaps depends

on the wavelength of the field and is closely related to the effective refractive index

of that mode. This is the origin of the dispersion tailoring ability of holey structured

fibres. Previous reports already demonstrated the capability of tailoring dispersion

in holey structure [141]. Here in this work, the two classes of structure are merged

together to form the initial structure for GA (Fig. 3.4.1 bottom) to allow the high

nonlinearity of a suspended core fibre to be combined with the holey structure’s

capacities for dispersion tailoring.

The structure in the bottom of Fig. 3.4.1 is defined by a set of parameters R1,

R2, R3, R4, R5, r1, r2, r3, L1 and L2. Depending on the values chosen for these

parameters, this structure can vary from a suspended nano-wire structure (when

the core region (R3) is small) to hexagonal lattice structure (when inner six holes

are at a similar size and sit at the middle of the core region). In order to increase

the efficiency of this GA calculation, only R1, R3, R4, r1, r2 and L1 are set as free

parameters. The remaining parameters are set as functions of the free parameters:

R2 = R1, R5 = (11/12×R4+1/12×R3+1/2×L1)/cos(π/6), r3 = 1/2×(L1+L2)

and L2 = 0.1×R3.

The reason why only 6 free parameters are chosen is due to the consideration

of the computational time. Each free parameter is a degree of freedom. To let GA

converge to a solution in all degrees of freedom, a large population is required, which

determines the convergence of the optimisation process. A general rule that can be

applied to any GA is that the more degrees of freedom in the system, the larger size

of population is the required. Although, the exact size of population also closely

related to the details of the system one want to optimise, it is always the best to

choose free parameters only where they are necessary. In this work, after a few tests,

we choose a population of 1000 to cooperate with 6 free parameters.
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Figure 3.4.1: A genetic algorithm is used to combine the optical properties of two

different types of fibres
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Table 3.4.1: Example of the fitness list for the “mating” process

Individual Fitness Re-scaled fitness Region

1 100.0 0.1 0.1

2 200.0 0.2 0.3

3 300.0 0.3 0.6

4 400.0 0.4 1.0

The evaluation of a population requires a series of complicated calculations. To

obtain dispersion and nonlinearity profiles, one needs to first solve the eigenmodes of

the fibre for a range of wavelengths. An commercial solver, COMSOL Multiphysics,

is used to accomplish this task. Once the eigenmodes are found, effective refractive

indices and mode fields are obtained for calculating the dispersion and nonlinearity

of the fibres. A fitness function is going to be defined using the dispersion and

nonlinearity data. The detailed form of the fitness function depends on specific

situations.

To pair the individuals for “mating”, a list is constructed which consists all the

fitness values of the population. This list of fitness is then normalised such that the

sum of the fitness values is equal to 1 (see Table 3.4.1). In this way, each re-scaled

fitness in the list corresponding to a percentage between 0 and 100% and occupies a

specific “region” in the list. When “pairing” individuals, pairs of random numbers

between 0 and 1 are generated. Each random number corresponds to a “region” in

the list that belongs to an individual. For example, if the random number is 0.5, it

will corresponding a region (0.3, 0.6] which corresponding to Individual 3. In this

way, the corresponding individual is chosen for “pairing”. If the same individuals

were chosen, one of them will be discarded and a new random number will be

generated until two different individuals are chosen for “pairing”.

After “pairing” the whole collection, the genes of the individuals in each pair are
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crossed over. Equation 3.3.1 is used with parameter α randomly generated between

0 and 1. During this process, an additional random modification (“mutation”) is

made. This random modification occurs once every 5 times (a rate of 20%) for

each individual. When the “mutation” occurs, only one gene is altered, and the

changed is completely random. A “mutation” rate of 20% is chosen after a few tests.

The “mutation” rate should be low enough that the convergence of population is

not sensitive to it. Otherwise, too high “mutation” rate could result in failures of

convergence. However, the existence of mutation is important that it provides a

chance to extend GA’s search region as well as avoid failure of convergence due to

localised minima.

With a carefully defined of the fitness function, convergence should be observed as

the number of generation increases. Occasionally a GA may fail to converge. When

this occurs, one needs to examine the fitness function and the parameter space. A

number of selections may be needed before a good fitness function can be identified.

As mentioned earlier, GAs optimise the collection statistically, which means there

may be a range of fibre structures satisfy the target requirements. By studying this

range of structures, one may obtain information such as structural sensitivity related

to fibre dispersion and nonlinearity, hence understand the fabrication challenges (see

Chapter 5 for details). This is another advantage of using GA for fibre design.

The details of designing fibre for FOPO and SC generation are presented in

Chapter 4 and 5, respectively. In Chapter 4, a GA is applied directly to optimise

the efficiency of the parametric process. In Chapter 5, the GA technique introduced

in this chapter is combined with a simplified model to exclude the time-consuming

pulse propagation model out of the GA loop. Both work show great effectiveness of

GA in fibre design work.

Each evaluation in GA takes approximately 20 minutes which including solving

the dispersion and nonlinearity values for a fibre structure at three wavelengths (see

details in Chapter 4&5). Assuming the population size is 1000 and it will take 10

generations before results can converge. The total amount of time required will be
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approximately 20 weeks. To shorten the modelling period, we must apply a parallel

computational implementation to the GA. A GA program was written in C/C++

which provides a convenient environment for interfacing with other programs, in this

case COMSOLMultiphysics and MATLAB. This GA program distributes evaluation

tasks across multiple CPU cores and computers. This allows the calculations to finish

in a small time frame.

3.5 Summary

In this chapter, an introduction to a GA has been given, which is used to design

fibres in Chapter 4 and 5. A brief review of conventional optimisation algorithms

including “minimum-seeking”, exhaustive search, analytical optimisation, downhill

simplex and line minimisation methods are not the most efficient methods to be

applied to fibre design in this work. On the contrary, GAs as a type of natural

optimisation algorithm has the ability of handle complicated problem such as fibre

structure design easily. A general introduction of GAs provided the background of

how GAs work and how it can be implemented for fibre design. At the end of this

chapter, we pointed out that a distributed GA program is needed for this work to

reduce the research time circle to a reasonable level.

In Chapter 4 and 5, when GAs are applied to design fibres for FOPO and SC

generation, the details on the definition of fitness functions and outputs of GA are

given correspondingly.



Chapter 4

Four-Wave Mixing

In Chapter 3, a fibre design approach that employs a genetic algorithm (GA) is

introduced. But before a GA can be applied to design fibres for FOPOs. A fitness

function is needed to be defined. To do so, background theory of the core nonlinear

process of any FOPOs, the FWM nonlinear process, is introduced.

4.1 Background

FWM process can be described using coupled wave equations [5]. In the scalar form,

four coupled equations representing the four waves. Equations 4.1.1∼4.1.4 are one

example [5].

dA1

dz
= i

[(
γ(ω1) |A1|2 + 2

∑
k ̸=1

γk(ω1) |Ak|2
)
A1 + 2γc(ω1)A

∗
2A3A4e

i∆kz

]
,(4.1.1)

dA2

dz
= i

[(
γ(ω2) |A2|2 + 2

∑
k ̸=2

γk(ω2) |Ak|2
)
A2 + 2γc(ω2)A

∗
1A3A4e

i∆kz

]
,(4.1.2)

dA3

dz
= i

[(
γ(ω3) |A3|2 + 2

∑
k ̸=3

γk(ω3) |Ak|2
)
A3 + 2γc(ω3)A

∗
4A1A2e

−i∆kz

]
,(4.1.3)

dA4

dz
= i

[(
γ(ω4) |A4|2 + 2

∑
k ̸=4

γk(ω4) |Ak|2
)
A4 + 2γc(ω4)A

∗
3A1A2e

−i∆kz

]
.(4.1.4)

49
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where, Ak, k = 1, 2, 3, 4 are the amplitudes of the four waves, γ’s are the nonlinear

coefficients and ∆k = β(3)+β(4)−β(1)−β(2) is the phase-mismatch of the four waves

and βs are the propagation constants.

When the following approximations are applied, one can reduce the equations

and obtain a gain expression for the signal and idler waves (ω(3) and ω(4), assuming

ω(1) and ω(2) are pump waves). The approximations are 1) the spacial overlap of the

electric fields of the four waves are the same which leads to γ(ω) = γk(ω) = γc(ω),

2) the differences in nonlinear coefficients at different frequencies are small which

leads to γ(ω) = γ where γ is the average nonlinear coefficient of the four γ(ω) and,

3) pump waves are not depleted during the process. With these approximations,

one can obtain the parametric gain for the signal and idler waves as

g =

√[
2γ (P1P2)

1
2

]2
− (κ/2)2, (4.1.5)

κ = ∆k + 2γ (P1 + P2) = β(3) + β(4) − β(1) − β(2) + 2γ (P1 + P2) . (4.1.6)

where Pk = |Ak|2, k = 1, 2 are the power of the two pumps.

In the cases where the two pumps have the same frequency P1 = P2 = 1/2P0.

The FWM process is called degenerate FWM also referred as scalar parametric

modulation instability (MI) [142]. Since MI was only observed and studied in the

anomalous dispersion regime until 2003 [46], MI is more commonly referred as de-

generate FWM pumped in the anomalous dispersion regime.

The degenerate FWM parametric gain can be written as

g =

√
(γP0)

2 − (κ/2)2, (4.1.7)

κ = βs + βi − 2βp + 2γP0. (4.1.8)

where βs,i,p are the propagation constants at the signal, idler and pump frequencies

respectively. The maximum parametric gain exists when κ = 0. Therefore, in the

rest of the work, κ is referred to as the FWM phase-mismatch and κ = 0 as the

FWM phase-match condition.
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The parametric gain and the phase-mismatch within the parametric gain imply

two conditions of the wavelengths of the four waves. Firstly, the frequency of the

four waves must follow the law of energy conservation. One or more photons anni-

hilate and generate new photons at other frequencies but their total energy kept the

same. Secondly, the wave vectors (or propagation constants) of the four waves are

confined within a limited wavelength range that is determined by the peak power of

pumps, fibre nonlinearity and dispersion profiles. This wavelength range is referred

as parametric bandwidth. When the law of energy conservation is applied, ∆k is

determined by the dispersion property of the fibres.

From equations above, it can be concluded that FWM processes are mainly

determined by the parametric gain. To design fibres for FWM-based nonlinear ap-

plications is usually equivalent to design the parametric gain profile, where in the

parametric gain, phase matching and fibre nonlinearity are the two main character-

istics that determine the wavelengths of the four waves and the maximum value of

the gain, respectively.

4.1.1 Parametric bandwidth and frequency shift

For designing fibres for FOPOs or any other FWM-related applications, knowing

the peak frequency and width of the parametric gain is an essential guideline. The

peak frequency of the FWM gain can be defined at the frequency of the maximum

gain by setting κ(Ω) = 0, where Ω = ω − ω0 is the frequency shift with respect to

the central frequency ω0 of the pump pulse, and Ωs = −Ωi = Ω. Taking βs to the

fourth order, one can rewrite κ as

κ = β2Ω
2 +

β4

12
Ω4 + 2γP0. (4.1.9)

The solutions of κ(Ω2) = 0 are,

Ω2 = − 6

β4

(
β2 ±

√
β2
2 −

2

3
γP0β4

)
. (4.1.10)
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Depends on the exact value of β2 and β4, Ω
2 can be divided into regimes:

Ω2 =



6

|β4|

(√
β2
2 +

2

3
γP0 |β4|+ |β2|

)
, β4 < 0, β2 > 0,

2

√
6γP0

|β4|
, β4 < 0, β2 = 0,

6

|β4|

(√
β2
2 +

2

3
γP0 |β4| − |β2|

)
, β4 < 0, β2 < 0,

6

|β4|

(
|β2| ±

√
β2
2 −

2

3
γP0 |β4|

)
, β4 > 0, β2 < 0 .

(4.1.11)

As one can see, the frequency shifts of the sidebands are bigger in the normal

dispersion regime (β2 > 0) than in the anomalous regime(β2 < 0). In addition, if

β4 > 0 in the anomalous dispersion regime, multiple pairs of sidebands are possible

to appear. If one expand Ω into Taylor series and only keep the terms to the zero

order of β4, simple approximate solutions of Ω can be obtained:

Ω ≈



±

√
2γP0

|β2|
+ 12

∣∣∣∣β2

β4

∣∣∣∣, β4 < 0, β2 > 0,

±
√
2 4

√
6γP0

|β4|
, β4 < 0, β2 = 0,

±

√
2γP0

|β2|
, β4 < 0, β2 < 0,

±

√
2γP0

|β2|
, β4 > 0, β2 < 0 and β2

2 > |β4| γP0,

±

√
12

∣∣∣∣β2

β4

∣∣∣∣− 2γP0

|β2|
, β4 > 0, β2 < 0 and β2

2 > |β4| γP0.

(4.1.12)

The last equation in Eq. 4.1.12 corresponds to a second pair of sidebands that

appear when β2
2 is much larger than |β4| γP0, which, however, have not been seen

in practice [5]. If we ignore this case, the frequency shift of FWM sidebands can

be summarised as following. In the normal dispersion regime, the FWM frequency

shift is approximately

√
2γP0

|β2|
+ 12

∣∣∣∣β2

β4

∣∣∣∣, which is mainly determined by β2 and β4

and usually large compared to that pumped in the anomalous dispersion regime.

In the anomalous dispersion regime, the frequency shift is approximately

√
2γP0

|β2|
,
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which is mainly determined by pump power P0 and β2 and usually small compared

to that pumped in the normal dispersion regime (see examples in Chapter 4).

The bandwidth of the parametric gain can be approximated by setting g2(Ω) = 0

and calculate the width between its roots |Ω1 − Ω2| with Ω1, Ω2 as a pair of roots of

g(Ω) = 0. If one also take β coefficients to the fourth order, the following solutions

can be found. Firstly, for Ω2, one can have,

Ω2 =


− 6

β4

(
β2 ±

√
β2
2 − γP0β4

)
,

− 6

β4

(
β2 ±

√
β2
2 −

1

3
γP0β4

)
.

(4.1.13)

This equation can also be divided into following regimes.

Ω2 ≈



6

|β4|

(
|β2|+

√
β2
2 + a |β4| γP0

)
, β4 < 0, β2 > 0,

6

√
a
γP0

|β4|
, β4 < 0, β2 = 0,

− 6

|β4|

(
|β2| −

√
β2
2 + a |β4| γP0

)
, β4 < 0, β2 < 0,

6

|β4|

(
|β2| ±

√
β2
2 − a |β4| γP0

)
, β4 > 0, β2 < 0,

, a = 1 or
1

3
.

(4.1.14)

If one expand Ω and only keep the terms to the zero order of β4, then one can

have

Ω =



±

√
γP0

a |β2|
+ 12

∣∣∣∣β2

β4

∣∣∣∣, β4 < 0, β2 > 0,

±
√
6 4

√
a
γP0

|β4|
, β4 < 0, β2 = 0,

±

√
γP0

a |β2|
, β4 < 0, β2 < 0,

±

√
γP0

a |β2|
, β4 > 0, β2 < 0 and β2

2 > |β4| γP0,

±

√
12

∣∣∣∣β2

β4

∣∣∣∣− γP0

a |β2|
, β4 > 0, β2 < 0 and β2

2 > |β4| γP0.

, a = 1 or
1

3
.

(4.1.15)
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Each solution in Eq. 4.1.15 corresponds to a pair sidebands peaked at frequencies ac-

cording to Eq. 4.1.12 and the bandwidth can be calculated using |Ω1 − Ω2|. Finally,

the FWM parametric bandwidth is given as

W =



γP0

2 |β2|

√∣∣∣∣ β4

3β2

∣∣∣∣, β4 < 0, β2 > 0,

√
2
(

4
√
3− 1

)
4

√
3
γP0

|β4|
, β4 < 0, β2 = 0,

(√
3− 1

)√γP0

|β2|
, β4 < 0, β2 < 0,

(√
3− 1

)√γP0

|β2|
, β4 > 0, β2 < 0 and β2

2 > |β4| γP0,

γP0

2 |β2|

√∣∣∣∣ β4

3β2

∣∣∣∣, β4 > 0, β2 < 0 and β2
2 > |β4| γP0.

(4.1.16)

It is clear that the smaller β2 the broader bandwidth for all dispersion regimes. In

addition to that, in the normal dispersion regime, bandwidth reduces faster with the

increase of β2 than in the anomalous dispersion regime and this results in an overall

view of narrower bandwidth in the normal dispersion regime than in the anomalous

dispersion regime. An example can be found in Fig. 4.2.8. In previous reports,

similar work on fibre parametric gain peak and bandwidth were also studied [23, 46,

142, 143], but the work here combines the bandwidth and the peak frequency of the

gain in both the normal and anomalous dispersion regimes together.

Based on the theory introduced here and the introduction of fibre design using

GAs in Chapter 3, a soft-glass MOF based FOPO pumped by telecomm-band 1560

nm sources and outputting 880 nm femtosecond pulsed is designed and studied in

this chapter.

4.1.2 Chapter outline

In the rest of the chapter, the details of choosing a suitable fitness function for the

GA model is discussed first. Then a review the GA results with be given with the

study of the optical properties of the optimised structure. Using the dispersion and
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nonlinear profiles of the optimised structure, a FOPO configuration is proposed and

its behaviour is modelled using a pulse propagation method. The FOPO is studied

by considering two key aspects, seed synchronisation and feedback power ratio, to

find optimum parameters for highest FOPO output power and closest to transform

limited pulses. Finally, the chapter is summarised and the results are discussed.

4.2 Fiber design and genetic algorithms

To design a MOF for a FOPO, one needs to consider a variety of things which can

be categorised into two aspects.

The first thing need to be considered is the optical properties of the fibre. The

theory described in Section 4.1 gives an insight of what fibre properties are needed

to be controlled in order to design a fibre structure for the FOPO. In previous work,

FOPO design mainly focused on the ZDW of the fibre and the slope of dispersion

at the ZDW. It is reasonable to consider these two features because they are related

to the gain peak frequency and gain bandwidth (see Section 4.1.1). However, to

fully optimise a fibre for a FOPO, the considerations need to be taken at a more

fundamental level. That is the light generated through any given FWM process is

determined by

1. the phase-mismatch (κ), which determines the frequency of the new generated

light,

2. the parametric gain (g) and interaction length, which determines the output

power.

When designing a FOPO, the frequency of the newly generated light is usually

considered as the first priority, which determines the required phase-mismatch κ for

a given pump frequency. However, κ is a function of γ and pump power, which

allows κ to be varied within a limited range. κ is also part of parametric gain. It

appears that to optimise the emerge conversion of the FOPO, the two major free
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parameters are the parametric gain and interaction length. However, in practice,

these two parameters are not completely free. Fig 4.2.1 shows the relation between

different properties of a fiber that related to the FWM process including nonlinear-

ity (γ(ω)), dispersion (β(ω)), phase matching (κ(β, γ)), gain (g(κ, γ)) and walk-off

between pump and signal pulses (related to β1(ω)), where the walk-off determines

the interaction length. All of these properties are correlated to each other at some

degree. Dispersion β has to be tuned to maximise g and minimise walk-off. β1 is the

first-order derivative of β. Gain g is a function of both κ and γ, and κ is a function

of γ and β. Dispersion β and nonlinearity γ are linked through fibre structure. To

reverse engineer the dispersion and nonlinearity profiles to satisfy any design target,

such as maximising g and minimising walk-off for a given κ, is not straightforward.

β(ω)

γ(ω)

κ(β,γ)

g(κ,γ)

β1(ω)

FWM

Minimise

Maximise

with Enhanced

Conversion Efficiency

Minimise

Maximise

Figure 4.2.1: The relations between variables that are related to FWM process

and how to enhance FWM process. γ nonlinearity, β dispersion, κ phase-matching

condition, g parametric gain, β1 related walk-off.

Secondly, it is crucial to design a structure that can be fabricated. One needs

to consider the limitation of the smallest feature in fibre preform and the strength

of preform so that it can be handled and draw into fiber. To link the fabrication

limitations into the procedure of design fibre dispersion and nonlinearity profiles is

also not straightforward.

To overcome the design difficulty and increase efficiency, a Genetic Algorithm

(GA) based method is used in this work to optimise the design parameters of optical

fibers. The details of GA and how it can be applied for fibre design is introduced in
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Chapter 3

As discussed in Chapter 3, to design a FOPO using a GA, a suitable fitness

function needed to be defined. To do so, the gain of the degenerate FWM 4.1.7 is

considered first. Two features can be found that tightly related to any degenerate

FWM process:

1. The maximum gain, which maximises when κ = 0 with gκ0 = γP0.

2. The signal and idler wavelengths. According to energy conservation law, two

pump photons convert into one signal and one idler photons with 2ωp = ωs+ωi

where ωp,s,i are the angular frequencies of the signal, idler and pump fields.

Maximising the conversion efficiency of a FOPO requires maximising the nonlinear

interaction gL, where L is the interaction length. Long interaction length is one

advantage of fiber based FOPO devices. However, not all the fiber length can

contribute to the nonlinear interaction. This is due to both the fiber loss and

walk-off between signal, idler and pump fields. The fiber confinement loss can be

controlled through fibre design but the material loss is unchangeable, and thus walk-

off is the most significant factor in the design that limits the useable fiber length.

It is particularly important for short pulses such as femtosecond pulses. Thus the

group velocities β−1
1 (where β1 = ∂β/∂ω) of pump, signal and idler pulses also must

be considered in the fitness as a walk-off factor (details are provided later in this

section).

Since gL is needed to be maximised, the most straightforward way to define

the fitness function is to use gL. However, with this definition, the fitness will be

capped by γP0L. This result can cause difficulties for GA to convergence when the

fitness values are close to γP0L. Therefore, instead of using gL directly, following

fitness function F is chosen to maximise γ and minimise both κ and walk-off which

is defined as ∆β1 = β1,s − β1,p. It is worth mentioning that this definition of fitness

function is not unique. Other definitions may also perform same functionality.

F =
γ

|κ| · |∆β1|
. (4.2.1)
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From a practical perspective, the fitness function F can converge to extremely

small values of |κ| or |∆β1| since either of them will lead to extremely large fitness

value. This means, using this fitness function directly, the GA can converge to

|κ| = 0 only or ∆β1 = 0 only and neither of them is close to the most efficient FWM

process. To avoid this undesirable behaviour, we set limits to both of them. As an

example, if we target a FWM gain to be larger than 97% of the maximum achievable

gain: √
(γP0)2 − (κ/2)2 > 0.97γP0, (4.2.2)

then

|κ| 6 0.48γP0 ≈ 0.5γP0. (4.2.3)

Hence, we define κ′ as

κ′ =


κ, |κ| > 0.5γP0

0.5γP0, |κ| 6 0.5γP0

(4.2.4)

and use it in the fitness function instead of κ. In this way, GA will only be active

only when the gain is lower than 97% of the maximum achievable gain. If the gain

is higher than 97%, the value of κ will have no effects on the optimisation process.

Similarly, a walk-off length can be defined as the length after which two pulses

completely separate (assuming the pulse width is T0 which corresponds to the width

where intensity drops to 1/e2 and the pulses almost stop interacting) and the fiber

length is preferred to be no more than a quarter of this length (25% of total walk-off,

more than 75% of the power between signal and pump pulses are still overlapping).

For example, for a fiber length of 3 mm (corresponding to approximately π nonlinear

phase change in one of our test fibers, γ ≈ 0.2 /W/m when pumping with pulses

with 5-kW peak power), we have

Lwalk−off =
T0

|∆β1|
> 4× 3× 10−3 m (4.2.5)

and

|∆β1| 6
T0

12× 10−3
≈ (80 m−1)T0 . (4.2.6)
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We define ∆β′
1 as follows and use it in the fitness function instead of ∆β1:

∆β′
1 =


∆β1, |∆β1| > (80 m−1)T0

80T0, |∆β1| 6 (80 m−1)T0 .

(4.2.7)

Similar to κ′, when ∆β′
1 is defined in this way, GA will only be active when walk-off

is larger than 25% of the total amount, otherwise the value of ∆β′
1 will have no

effects on the optimisation process. The limits (0.5γP0 for |κ| and 80T0 for |∆β1|)

chosen in this work are not optimised. However, practice in the next section proves

that these limits have not been reached. Therefore, their values have insignificant

effects on GA results. Further refinements of these boundaries can be considered for

future work.

With these choices and definitions, one can set the target condition for our GA

to

Ftarget =
γ

0.5γP0 · (80 m−1)T0

. (4.2.8)

In this paper, a hyperbolic secant pulsed pump source with FWHM = 832 fs (T0 =

500 fs) and 5 kW peak power is used, which gives Ftarget ≈ 1× 107 m s−1 W−1.

It is important to note that the propagation constant, β(ω), cannot be freely

chosen. The bulk material properties are fixed for any given glass type, whereas

one have some freedom to modify the waveguide contribution to β(ω) through the

design of the waveguide. The goals for phase matching and walk-off may not always

be achievable. The idea of setting these targets is to explore how closely they can

be achieved via the use of flexible fiber designs and GA modelling techniques.

4.2.1 GA results

The GA started with 1000 randomly structures generated using a base structure

shown in Fig. 4.2.2. These structures evaluated using a finite element method and

the fitness values are calculated using Eq. 4.2.8. Fig. 4.2.3 shows the fitness of the

population for each generation. The first plot (a) is the initial generation. The
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Figure 4.2.2: A genetic algorithm is used to combine the optical properties of two

different types of fibers

plot is the projection of the population on the R1/R3 : R3 plane, and here, the

population is in a 6-dimensional space. R1 is the radius from centre of the core to

the centre of the holes on the inner ring. R3 is the radius from the centre of the

core to the inner edge of the outer ring of holes.

As GA runs, the population continuously converges to a certain parameter region

for each generation. This region can be clearly seen in Fig. 4.2.3f, R3 between 2 ∼

3 µm, R1/R3 between 0.6 ∼ 0.7. High fitness values are concentrated near a curve,

which indicates a relation between R1 and R3 that is corresponding to large fitness.

Apparently, similar behaviours should also be noticed in other dimensions which are

not shown here but the population converges to a region rather than a single point.

This is expected due to the way we set the fitness function.

The GA modelling was manually stopped after six generations since the maxi-

mum fitness had saturated. The average fitness of the population in each generation

increases stably as the generation evolves but the maximum fitness among each gen-

eration converges to 3.2×106 after just the second generation (shown in Fig. 4.2.4a).
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Figure 4.2.3: The convergence of the population projected in the plane of R1/R3

ratio and R3. The size and colour of the circles represent the value of the fitness.

Large circles corresponding to high fitness values.
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Figure 4.2.4: (a) Convergence of the fitness values as a function of generation num-

ber. Circles are the average fitness of the whole population and diamonds are the

maximum fitness of an individual within the population. (b) The optimised fiber

geometry.

There are several possible reasons for this. Firstly, the bulk material dispersion

of the glass limit the range of obtainable fitness parameters. Secondly, the size of the

population is large, increasing the likelihood that the GA will yield structures with

fitness values reach the limit. In other words, the use of successive generations may

be more useful when smaller population sizes are used. Finally, there can be many

localised maxima of fitness within the parameter space that prevents the population

from reaching higher fitness structures.

The maximum fitness does not change significantly from the second generation,

the structures corresponding to those fitness values are distinguishable as shown in

Fig. 4.2.5. Similar structural variation can also be found in individual generations.

For example, in the last generation, all the individuals with fitness within the 10%

variations of the maximum fitness are shown in Fig. 4.2.6. For the same level

of fitness, a variety of structures exist. However, the population did not reach

the target fitness. This indicates a possibility that certain properties of the fibres,

such as parametric gain and walk-off, compete with each other and limit further
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optimisation of the conversion efficiency. A deeper insight explanation of the source

of this competition is most likely the intrinsic dispersion of the material (Tellurite

glass). Therefore, using a different glass for fibre can lead to a different optimisation

result.

The GA gives a range of structures that promise to produce effectively high con-

version efficiency. The structure with the highest fitness value in the last generation

is shown in Fig. 4.2.4b. We name it as fibre “FG6”. Its corresponding structural

parameter values are: R1 = 1.82 µm, R3 = 2.95 µm, R4 = 6.56 µm, r1 = 0.885 µm,

r2 = 0.253 µm and L1 = 1.15 µm.

By studying the statistics of the population, we can have a basic understanding

of the sensitivity of the structure to the fitness and therefore know the required fab-

rication tolerances. To do so, we first use the most optimised structure parameters

listed above as a reference. Then, the structures with parameters within a range, i.e.

20% of to the reference structure, are picked out from the last generation. Finally,

the standard deviations of the fitness values of the picked structures are calculated.

The 20% tolerance is chosen in order to get a reasonable number of structures.

There are 7 structures picked from the last generation. The maximum relative dif-

ferences of the six structural parameters of these 7 structures are ∆R1 = 16.1%,

∆R3 = 15.8%, ∆R4 = 10.1%, ∆r1 = 19.3%, ∆r2 = 16.7% and ∆L1 = 17.4%. The

maximum change in the fitness values of the 7 structures is 96%. According to this

data, using the minimum change in the structural parameter, it can be estimated

that by changing the structural parameters by 10%, the fitness of the structure can

drop to 4% of the optimised one. The results indicate that the fabrication tolerance

of this design is particularly small.

However, we also discovered the structural parameters of high fitness structures

also varies significantly. We examined several fiber designs from the last GA gen-

eration whose fitness values are larger than 90% of the maximum fitness (shown in

Fig. 4.2.6). For these structures the standard deviations of the six structural param-

eters are: σR1 = 4.4%, σR3 = 8.4%, σR4 = 8.5%, σr1 = 27.3%, σr2 = 11.2% and
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Figure 4.2.5: The fiber geometries have the highest fitness values in each generation
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Figure 4.2.6: Fiber geometries in last generation whose fitness values are larger than

90% of the maximum fitness in that generation
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σL1 = 6.0%. Comparing these values to the relative differences discussed before,

it can be concluded that there is more than one maximum fitness in the parameter

space and there are multiple structures that can be used for the FOPO in this work.

The gain map of degenerate FWM is calculated for fibre FG6. A gain map is

a map that shows the FWM gain at signal and idler wavelengths for a continuous

range of pump wavelengths. The gain maps do not reflect the effects caused by

walk-off. However, by comparing the gain maps to the β1 of the fibre, one can have

some insight on the operation of parametric amplification processes with this fibre

structure.
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Figure 4.2.7: Propagation constant β, the inverse of group velocity β1, nonlinear

coefficient γ of fibre FG6 as functions of wavelength. The red dotted lines in top

plot indicate the wavelengths of signal, pump and idler respectively from left to

right. The red dotted line in bottom plot indicates the pump wavelength.

Figures 4.2.7 & 4.2.8 show the fiber properties (β, β1 and γ) and FWM gain

maps when the fiber is pumped with 1, 3, 5, 7 and 9 kW sources at 1560 nm.
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The GA optimisation was performed using 5 kW peak power pulses. However, the

FOPO should also work with other peak power levels except 1 kW which produces

no gain at required wavelengths. It is also interesting that a broad gain bandwidth

is obtained (Fig. 4.2.8) even though it is not considered explicitly in the fitness

function.
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Figure 4.2.8: FWM gain maps of fibre FG6 pumped with 1, 3, 5 and 7-kW sources

at 1560 nm.

These calculations indicate that a broad and relatively flat gain bandwidth can

be obtained using a fibre designed by the GA. When the pump wavelength is not too

far from (within the range where the waveguide dispersion can cancel the material

dispersion) the ZDW of the material (ZDW ≈ 2.2 µm for our glass) and the pump

power is relatively high (≈ 5 kW in this case), the GA tends to converge at the

point where the ZDW is close to the pump wavelength. In this situation, phase

matching is achieved mainly through high-order dispersion. In our specific case, one



Chapter 4. Four-Wave Mixing 68

observes an s-shape in the gain maps is due to higher-order β terms beginning with

β6. This knowledge is obtained by calculating the gain map using the Taylor series

expansion of β and gradually increasing the number of terms until the s-shape band

is observed. If β2 is positive, which is the situation here, one cannot achieve phase

matching without negative-valued high-order terms. Furthermore, in order for 4th,

6th, and higher-order terms to be significant, one must reduce the magnitude of β2,

which, in turn, leads to a large bandwidth [5]. Note that, due to the symmetry of

the FWM process, odd orders of β terms do not contribute to phase matching.

The ultra-broad bandwidth is an advantage for ultra-short pulse applications

since short pulses have large spectral spans. However, not all the spectral width of

the gain band is needed. To increase the parametric conversion efficiency, stimulated

amplification at only the desired wavelengths are preferred, in this case, a band

around 880 nm. One way to do this is to use a band pass filter. After the signal is

amplified in each round trip, the filter narrows it prior to seeding the amplification

in the next round trip. However, there are also drawbacks of using a filter. The

filter brings additional loss to the FOPO cavity which reduces the energy conversion

efficiency.

The designed fibre can only provide single pass amplification. To build an os-

cillator, this fibre needed to be placed inside a cavity. The configuration and the

tuning of the cavity also provide significant contribution to the overall performance

of the FOPO. In the next section, we discuss the configuration and the pulse power

and quality (how close the pulses are to transform limited pulses) optimisation of a

FOPO.

4.3 FOPO modelling

The modelling in this section is to mimic a FOPO with the configuration is shown

in Fig. 4.3.1. A tunable stage with mirrors M1 and M2 is for cavity-pump syn-

chronisation. The tunable band-pass filter (BPF) has a 20 nm bandwidth and a
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Tukey-window shape [144] to minimise effects caused by the frequency response of

the filter during the fast Fourier transform (FFT) processes of the pulse propaga-

tion model. The short-pass filter (SPF) at the output is used to filter the pump and

transmit the signal at 880 nm. A beam splitter (BS) is used to combine an incoming

pump pulse with the filtered signal and direct it towards the fiber. The fiber length

is limited to 3 mm. The length is selected by considering the total loss and gain

in the whole FOPO system and the spectral shape degradation of the pump due to

self-phase modulation, which corresponds to a nonlinear phase change of ∼ π. By

doing so, the pulse quality of the FOPO output is expected to increase. The fiber

is assumed to be lossless because of its short length.

Input
1560nm

Output
880nm

M1

M2

L1 L2

M3

SPF

BS

BPF

MOF

Figure 4.3.1: FOPO configuration. SPF: short-pass filter (to remove pump light).

BPF: band-pass filter. BS: beam splitter. L1 & L2: lens. M1–3: mirrors. MOF:

microstructured optical fibre.

The fibre design in this chapter is based on theory of small signal gain (see

Section 4.1) which assumes the seed signals are small with respect to the pump

pulses and the pump pulses do not deplete. However, in a FOPO, the seed signals

grow significantly and can no longer be considered as small signals. Meanwhile,

the pump depletion is also significant. The simulation of the FOPO can help us

understand better the FOPO’s oscillation processes and the interaction between

signal and pump pulses.

In Chapter 2 Section 2.3.2, the drawbacks of previous FOPO simulation approach
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are listed. They can be summarised as

1. Using a truncated the Taylor series is inadequate in describing the actual

dispersion when the frequency shifts between the pump and the signal/idler

are large.

2. The coupled wave equations 4.1.1∼4.1.4 are not suited to simulating complex

nonlinear processes with dynamic frequency shifts or large spectral broadening.

3. Cascaded FWM cannot be modelled using only four equations, number of

equations increases as cascaded effects increases.

4. It is difficult to include Raman effects into the coupled wave equations.

To address these points, in this work, an eigenvalue solver is used to obtain β(ω), and

the GNSE Eq. 2.1.17 is used to model pulse propagation. This modelling approach

can accurately describe FOPO performance and works equally well for small or large

frequency shifts.

The simulation of this FOPO takes three steps. Firstly, we simulate pump pulse

propagation through the fiber. Secondly, we filter the spectrum of the output and

keep only the signal pulse to mimic the BPF. Finally, we combine the filtered output

with a new pump pulse and let it propagate again through the fiber. We repeat step

two and three for 100 times. A generalised nonlinear Schrödinger equation (GNSE)

Eq. 2.1.17 is employed to simulation the pulse propagation instead of the coupled

equations Eqs. 4.1.1∼4.1.4 for two reasons:

1. Femtosecond pulses are used which have broad line width and high peak power.

2. Other nonlinear processes apart from FWM should also be taken account into

the simulations, such as Raman effects, XPM, cascaded FWM, pump and

signal pulse broadening or SC generation.

To the best of our knowledge, this combination of modelling methods has not pre-

viously been used for simulating a FOPO.
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The simulation is initialised by feeding a pump pulse with a quantum level of

noise into the fiber leading to the generation of signal and idler spectral sidebands.

The first pass forms the initial seed for feedback via the BPF. The filtered seed

is combined synchronously with the next pump pulse and re-coupled into the fiber.

The process is repeated for 100 round trips, by which the output is usually stabilised.

To study the conditions leading to the generation of optimised output pulses, we

explore the variations in the FOPO output pulses with different feedback ratios and

time offsets between the signal and pump. The feedback ratio is the fraction of the

output signal that is coupled back into the fiber after each pass.

4.3.1 Synchronisation

In real-time experiments, synchronisation can be achieved through tuning the optical

path of the feed back loop and monitoring the output signal on an oscilloscope or

spectral analyser. Tuning the optical path can cause changes not only in peak

power but also in pulse shape. In order to study the physics behind this process, we

perform simulations with different synchronisation conditions.

To simulate the synchronisation of the pulses, each pulse is placed inside a dis-

crete temporal window. This window co-propagates with the pulse at velocity of

1/β1,p. Initially, considering only linear effects, the temporal offset with which the

signal pulse needs to be set to re-synchronise with the pump pulse can be described

as

Toffset =
L

vg,s
− L

vg,p
= Lβ1,s − Lβ1,p = L (β1,s − β1,p) = L ·∆β1. (4.3.1)

This definition of offset time is equivalent to the walk-off time between pump and

signal pulses. However, when nonlinear effects are involved, the walk-off time be-

tween pump and signal pulses can vary depending on the overlap between the two

pulses during propagation. Fig. 4.3.2 show an example of walk-off within a single

pass.

The blue dashed curves are pump pulses and the red solid curves are signal
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Figure 4.3.2: Example of parametric amplification of a signal pulse within the fiber.

Blue dashed curves: the pump pulses (1560 nm), Red solid curves: the signal pulses

(880 nm).

pulses. The β1’s at the signal (880 nm) and the pump (1560 nm) wavelengths are

approximately 7.027 ns/m and 6.905 ns/m respectively. According to Eq. (4.3.1),

the offset time should approximately 0.49 ps at L = 4 mm (Fig. 4.3.3). But from

the figure, the temporal offset is about 0.67 ps (measured using the highest peak

of the signal pulse) due to nonlinear effects including self-steepening and Raman

effects [5].

In the example Fig. 4.3.2, the seed pulse is 0.23 ps ahead of the pump pulse.
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Figure 4.3.3: Example of walk-off without the influence of any nonlinear effects,

total walk-off 0.488 ps which matches Toffset. Blue dashed curves: the pump pulses

(1560 nm), Red solid curves: the signal pulses (880 nm).

We used a 200 nm band pass filter to capture all the spectral contents of the signal

pulse and we see multiple peaks appear in the signal pulses. To obtain output pulses

that are close to Fourier transform limitation, a narrower bandwidth filter can be

used such as 20 nm. In the following work, we use 20 nm band pass filter and

tune its central wavelength around Toffset to study how this offset time can influence

parametric processes.

Figs. 4.3.4 ∼ 4.3.7 show the development of the signal pulse (both temporal

and spectral) as the round trip number increases for different offset time. In these

simulations, 50% of the output power is coupled back into the fibre for each round

trip. It is clear that an offset time around 560 ∼ 580 fs is the most efficient syn-

chronisation position since the FOPO outputs reach maximum power most quickly

(approximately 20 passes). The physical explanation is that with these offset time,

the signal pulse overlaps with the highest power region of the pump pulse which

result in the maximum nonlinear interaction between the two pulses. Therefore,

the energy conversion between the two pulses is maximised through the nonlinear

interaction, which can be reflected from the peak power of FOPO’s output pulses.
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(c) Offset Time = 488 fs
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(e) Offset Time = 519 fs

Figure 4.3.4: The evolution of the temporal (left column) and spectral (right column)

intensity profiles of signal pulses as a function of pass number at different offset time.

Each figure is normalised to its maximum intensity.
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(a) Offset Time = 534 fs
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(b) Offset Time = 549 fs
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(c) Offset Time = 564 fs
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(d) Offset Time = 580 fs
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(e) Offset Time = 595 fs

Figure 4.3.5: Continuation of Fig 4.3.4.



Chapter 4. Four-Wave Mixing 76

Number of passes

T
im

e 
(p

s)

20 40 60 80 100

−1

−0.5

0

0.5

1

Number of passes

W
av

el
en

gt
h 

(n
m

)

20 40 60 80 100

870

875

880

885

890

(a) Offset Time = 610 fs
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(b) Offset Time = 626 fs
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(c) Offset Time = 641 fs

Number of passes

T
im

e 
(p

s)

20 40 60 80 100

−1

−0.5

0

0.5

1

Number of passes

W
av

el
en

gt
h 

(n
m

)

20 40 60 80 100

870

875

880

885

890

(d) Offset Time = 656 fs
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(e) Offset Time = 671 fs

Figure 4.3.6: Continuation of Fig 4.3.5.
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(a) Offset Time = 687 fs

Number of passes

T
im

e 
(p

s)

20 40 60 80 100

−1

−0.5

0

0.5

1

Number of passes

W
av

el
en

gt
h 

(n
m

)

20 40 60 80 100

870

875

880

885

890

(b) Offset Time = 702 fs
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(c) Offset Time = 717 fs
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(d) Offset Time = 732 fs

Figure 4.3.7: Continuation of Fig 4.3.6.

The offset time also relates to the peak power of the output pulse of the FOPO

and how close they are to transform limited pulses. Figure 4.3.8 shows the output

pulse duration and time-bandwidth product (TBP) as a function of temporal offset

corresponding to Fig. 4.3.4 ∼ 4.3.7. Figure 4.3.8a shows the peak power of the

output pulses averaged over the last 20 passes of the simulation. The curve in

the figure is asymmetric, reflecting the combined effects of frequency chirp, pump

depletion and walk-off between pump and signal pulses. The pump pulses acquire
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frequency chirp under their own SPM during which the signal pulses start to deplete

the pumps at certain points while they walk across the pump pulses. As the offset

time changes, the signal pulses overlap with different frequency components of the

pump due to the frequency chirp and lead to deviations in the phase match condition.

The output peak power reaches a maximum around 2.1 kW when the offset time

is approximately 0.55 ps ahead of the pump pulse, which is consistent with the

fact that signal pulses propagate slower than the pump pulses. Noticing that this

offset time reflects the difference of the overall group velocity between pump and

signal pulses. From the calculation at the beginning of this section, it is known that

this group velocity delay consists of the contribution of both linear and nonlinear

effects. The nonlinear part of the contribution has not been studied before can now

be studied from this respective.
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Figure 4.3.8: Peak power (a) and time-bandwidth product (TBP) (b) of output

pulses averaged over the last 20 passes as a function of offset time with a fixed

feed-back ratio of 0.5

A TBP is used to qualitatively assess the quality of output pulses. For transform-

limited Gaussian and hyperbolic secant pulses, TBPs are 0.44 and 0.315, respec-

tively. However, it is important to keep in mind that the TBP is calculated using

full width at half maxima (FWHM), and thus it neglects pedestals or other detailed

features in the spectra that have power lower than half of the maximum. Fig. 4.3.8b
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shows the TBP of the pulses corresponding to Fig. 4.3.8a also averaged over the

last 20 passes. The dip in TBP at 0.5 ps is close to that of a transform limited

secant pulse. However, in this particular case, the output pulses have large spectral

pedestals below the half maximum points. Apart from the dip, the overall TBPs for

different offset times are fairly constant at ∼0.45, which indicates the synchronisa-

tion does not significantly influence pulse quality over the range of oscillation from

0.48∼0.7 ps.

In general, it is found that if the group velocity of pump pulse is larger than

the signal pulse, signal pulse should be put ahead of the pump pulse so that during

propagation the pump pulse can catch up the signal pulse and provide its maximum

power region to amplify the signal pulses. With this particular FOPO configuration,

the best offset time is around 0.56 ps, which provides highest output peak power

and relatively high pulse quality.

4.3.2 Feedback ratios

The power that is fed back into the fiber in each round trip also determines the

output of the FOPO. For a FOPO that oscillates at the signal frequency and also

outputs at the signal frequency (the configuration shown in Fig.4.3.1), the feed-

back power should be kept as low as possible in order to get the maximum output.

Meanwhile, the feedback should also be kept high enough such that stimulated the

parametric processes can take place and the power conversion is maximised. From

what has been discussed so far, it is clear that an optimum feedback ratio should

exist for each FOPO under each pump condition.

Figs. 4.3.9 ∼ 4.3.12 show the development of the signal pulse as the round trip

number increases for different feedback ratios. The simulation results show an inter-

esting behaviour of the development of the single pulses. The signal pulses emerge

from noise with a slightly lower frequency for the first few passes compared with the

steady state. This is because the phase-matching condition changes slightly once
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the signal achieves enough power to begin to deplete the pump power. For feedback

ratios below 0.35, it can be seen in Fig. 4.3.9 that the initial increase in signal pulse

power is slow and unstable. For this particular FOPO, a feedback ratio of 0.3 is

the threshold. When the feedback ratio larger than 0.3 the signal starts to build up

stably. Once the feedback ratio exceeds 0.3 but below 0.8, as in Fig. 4.3.10 & 4.3.11,

the signal power rises rapidly, overshooting the eventual steady-state value, and then

converges to that steady-state value after a period of fluctuation. Further increases

in the feedback ratio lead to the situation where the output power fluctuates reg-

ularly (feedback 6 0.95 Fig. 4.3.93 & 4.3.12) and then irregularly (feedback = 1.0

Fig. 4.3.12). This behaviour is due to pulse spectral broadening followed by BPF

filtering. This broadening-filter loop leads to the oscillations of the output power.

The high-feedback case in Fig. 4.3.12 also corresponds to the situation where the

signal pulses behave like supercontinuum generation. Due to the complex nature of

SC generation, the spectrum transmitted by the BPF is different for each pass.
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(a) Feedback ratio = 0.1
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(c) Feedback ratio = 0.2
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(d) Feedback ratio = 0.25
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(e) Feedback ratio = 0.3

Figure 4.3.9: The evolution of the temporal (left column) and spectral (right column)

intensity profiles of signal pulses as a function of pass number at different feedback

ratio. Each figure is normalised to its maximum intensity.
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(a) Feedback ratio = 0.35
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(b) Feedback ratio = 0.4
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(c) Feedback ratio = 0.45
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(d) Feedback ratio = 0.5
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(e) Feedback ratio = 0.55

Figure 4.3.10: Continuation of Fig 4.3.9.
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(a) Feedback ratio = 0.6
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(b) Feedback ratio = 0.65
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(c) Feedback ratio = 0.7
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(d) Feedback ratio = 0.75
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(e) Feedback ratio = 0.8

Figure 4.3.11: Continuation of Fig 4.3.10.
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(a) Feedback ratio = 0.85
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(b) Feedback ratio = 0.9
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(c) Feedback ratio = 0.95
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(d) Feedback ratio = 1.0

Figure 4.3.12: Continuation of Fig 4.3.11.

Figures 4.3.13a and 4.3.13b show the peak power and TBP for different feedback

ratios with the temporal offset fixed to 0.55 ps. In Fig. 4.3.13a, one observes a

threshold of the feedback ratio of 0.3, with the output peak power reaching a max-

imum at 0.5. For feedback ratios larger than 0.5, the peak power decreases slightly.

This results from the temporal broadening of the signal pulse as the feedback ratio

increases and the BPF filters more power beyond its pass band. For feedback ratios

greater than 0.8, the average output peak power starts to change irregularly from
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pass to pass. This effect will be discussed later in this section.
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Figure 4.3.13: Peak power (a) and TBP (b) of output pulses averaged over the last

20 passes as a function of feedback ratio and 0.55 ps offset.

The corresponding TBP curve is shown in Fig. 4.3.13b. As the feedback ratio

increases, it can be seen that the TBP reaches a local minimum of 0.42 at a feedback

ratio of 0.4. The TBP then increases to a maximum of 0.77 at a feedback ratio of

0.75. After reaching a maximum it also starts to behave irregularly due to SC

generation.

It is clear from Fig. 4.3.9 ∼ 4.3.12 that for a stable FOPO system the feedback

ratio should be kept at or below the threshold of generating SC (in this case 0.8).

The unstable FOPO may have some potential use, such as a modelock mechanism,

since the maximum peak power is much larger than the stable case. For our proposed

system, the best choice of a feedback ratio which combines high output peak power

(43% conversion efficiency) and small TBP (≈ 0.43) is ∼0.5.

The proposed system is simulated incorporating the optimised synchronisation

of 0.55 ps offset time, and the optimised feedback ratio of 0.5. The stable output

pulse shape and spectrum of the fiber and the FOPO are shown in Fig. 4.3.14 and

4.3.15, respectively. The pulse is Gaussian on top of a small pedestal. The peak

power exceeds 2 kW and the FWHM is ∼200 fs. The conversion efficiency of this

FOPO is not the highest but it managed to output femtosecond nearly transform
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limited pulses which is the first design of such a FOPO.
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Figure 4.3.14: Pulse shape (a) and spectrum (b) of a globally optimised FOPO at

the fiber output.
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Figure 4.3.15: Output pulse shape (a) and spectrum (b) of a globally optimised

FOPO
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4.4 Summary

Here in this chapter, for the first time a GA is used to optimised a fiber structure for

a particular nonlinear application: FOPO. Based on the understanding of how to

apply GA to MOF design, the key physical properties of FOPO are analysed and a

fitness function is defined according to design requirements. The output of the GA

is surprising. Firstly, the highest fitness in each generation saturates at a lower level

than the target. Secondly, high fitness individuals appeared as early as the second

generation. Through analysis, it is found that the two points mentioned here are

due to the nature of the problem. The large population size increases the chance to

hit high fitness structure and the nature of the fiber material, material dispersion,

limits GA to achieve higher fitness.

The difficulties encountered in fibre design stage do not influence the further

study of FOPO. The highest fitness structure in the last generation is chosen and

its nonlinearity and dispersion profiles are calculated. During the calculation, it is

discovered that as a result of optimisation, an ultra-broad gain bandwidth (approx-

imately 7 µm wide) is expected. The cause of this result is due to the need of a

phase match across a large frequency span, which lead to the enhancement of the

effects of high-order dispersion and the need of decreasing beta2.

Using a pulse propagation model, a FOPO was numerically simulated. Synchro-

nisation and feedback ratio as two important feature of a FOPO were then studied

separately. Synchronisation studies revealed that algin seed and pump pulses peak

to peak is not the best synchronisation condition. Due to walk-off effects, there exist

a relative velocity between seed and pump pulses. The best scenario is to set the

seed slightly ahead the pump pulse if the pump pulse propagates faster than the

seed pulse and vice versa. In this way, as the walk-off happens, the seed can walk

through the highest average intensity region of the pump pulse so that achieve the

maximum gain. The feedback ratio study showed that to achieve best output, high

peak power and good pulse quality, the feedback ratio cannot be too low or too high.
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If the feedback ratio is too low, there is not enough peak power been generated. If

the feedback ratio is too high, SC generation can take place and degrades the pulse

quality.

After analysing the simulation data, it has been found that the best parameter

for our FOPO, which allows the FOPO to provide approximately 43% peak power

conversion with only relatively little pulse quality degradation (TBP ≈ 0.43). Such

a system would be very attractive for many applications that require wavelength

tunable femtosecond-pulses from the near- to mid-IR.

There are some limitations of the analysis. Firstly, the Sellmeier equation used

here for tellurite glass may not be valid for the entire wavelength range because

the experimental data used to generate the coefficients is ranging from 600 ∼

1050 nm [145]. The ultra-broad bandwidth is calculated based on the Sellmeier

equation, which implies that the actual bandwidth of a real fiber may not be as

large as predicted. Secondly, the loss of the fiber is not included in the simulation,

although the transmission losses through 3 mm of fiber will be small. Even for the

idler wavelength (6.8 µm), which is beyond the edge of the transmission window for

tellurite glass (normally 4–5 µm [145]), it is expected that the transmission losses

after 3 mm of propagation is less than 10 dB. However, in practise, one should ex-

pect to see a difference in the generation of the signal and idler pulses. The purpose

of this work is to combine GA with beam propagation simulation to design a FOPO.

To achieve a fully optimised FOPO, a few iterations of design and fabrication will

be required. Once fabricated, these fibers will allow one to gather more information

about the fiber’s absorption spectrum, Raman spectrum and nonlinear response as

a function of wavelength to refined the predictions. Note that simply due to the

Fresnel reflection, the maximum coupling efficiency is around 89%. Other optics

within the FOPO system, such as mirrors beam splitters and filters, contribute ad-

ditional losses such that not all the feedback ratios are accessible. The analysis in

this work is relevant for bulk cavities which exhibit high losses as well as all fiber

configurations which can greatly reduce intra-cavity losses.
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In this chapter, a relative narrow band light source is designed and analysed. In

the next chapter, a similar fibre designed approach is applied to design a MOF for

a broadband supercontinuum light source.





Chapter 5

Supercontinuum Generation

5.1 Background

In literature, a number of methods have been used to tailor the SC spectrum,

such as shifting the zero dispersion wavelength (ZDW) [146], flattening dispersion

slope [147], tuning pulse chirp [148], modification of the pulse shape [149] and con-

necting multiple piece of fibres with different dispersion [150]. All of these methods

can tune the generated SC. However, because of the lack of degrees of freedom (free

parameters), their usefulness in the design of SC generation is usually limited, and

in general, large parameter space searches are required. For example, shifting the

ZDW with respect to the pump wavelength can vary the SC output dramatically.

However by doing this, higher order dispersion and nonlinearity also change, which

also influences the generated SC.

A more advanced dispersion design method was using in Ref.[147]. This method

was based on a mathematical model that assumes the total fibre dispersion is

the linear summation of material dispersion and waveguide dispersion (Dtotal ≈

Dmaterial +Dwaveguide) [132, 151, 152]. This method is quite efficient after the nec-

essary parameter spaces are mapped out. However, the pre-calculation could take

very long time depending on the number of free parameters of the structure which

91
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does not necessarily be efficient. Also, this method does not include nonlinearity

optimisation and the assumption of simple addition of D’s is inaccurate.

In the previous chapter, a GA was used to optimise a fibre structure for a specific

nonlinear parametric process. With the initial structure provided, the GA has been

proven efficient for tailoring dispersion profile of a fibre. With this experience, a GA

is used to design a fibre for SC generation with large bandwidth and high coherence.

However, different to the work in Chapter 4, the evaluation of SC generation is more

computational intensive. Modifications to the GA fibre design approach are needed.

To understand this, a brief explanation is provided.

One way to study and evaluate SC generation is to simulate them numerically.

Accurate predictions of SC generation can be made using general forms of nonlinear

Schrödinger equations Eq. 2.1.17.

∂A(z, t)

∂z
+

α

2
A(z, t)−

∑
n>2

in+1

n!
βn

∂nA(z, t)

∂T n
=

iγ(1 + iτshock
∂

∂T
)

(
A(z, t)

∫ ∞

−∞
R(T ′)× |A(z, T − T ′)|2 dT ′

)
. (2.1.17)

The bandwidth of a SC can be calculated using the output of the numerically sim-

ulation. However the coherence of a SC spectrum cannot be obtained through a

single-step evaluation. As described in Section 2.4.4, the coherence of a SC repre-

sents the ability for two SC generated pulses to interfere. It can be defined as the

cross-correlation of two fields∣∣∣g(1)12 (λ, t1 − t2)
∣∣∣ =

∣∣∣∣∣∣ ⟨E∗
1(λ, t1)E2(λ, t2)⟩√

< |E1(λ, t1)|2 >< |E2(λ, t2)|2 >

∣∣∣∣∣∣ , (5.1.1)

where E1 and E2 are the electric fields, λ is the wavelength, t1 and t2 are the time.

Now consider E1 and E2 are the fields from two independent SC generation and

the difference in the optical path between the two field is zero, so t1 = t2, then g
(1)
12

is the mutual coherence of the two electric fields. During SC generation, random

noise in the pump pulse triggers random jitters in both time and phase of the pulses
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which can result in significant differences in the output pulses. When this happens,

coherence g
(1)
12 will decrease. Thus, this definition of coherence reflects the stability

of SC generation and it can be experimentally measured in a modified Young’s two

sources experiment [110].

Sometimes, for convenience, a concept of average coherence,

< |g(1)12 | >=

∫
|g(1)12 (λ, 0)||E(λ)|2dλ/

∫
|E(λ)|2dλ, (5.1.2)

is also used to describe the overall coherence of a pulse across the spectrum [55].

The coherence of SC generation is a statistical concept. To calculate the co-

herence of SC generation, random noise is introduced into the input pulses. Using

Eq. 5.1.1 in Chapter 2, the coherence is calculated from pairs of pulses. To perform a

reasonable average on the calculated coherence, 10 pairs of pulses are needed which

lead to 20 pulse propagation simulations [55].

The way that SC coherence is calculated is very time consuming. Each propaga-

tion simulation takes approximately 20 minutes on a 2.66 GHz quad-core computer

with 800 MHz DDR2 memory. Assuming there are 1000 structures and GA needs

10 iterations to get the required result, then by calculating the coherence itself will

take approximately 7.6 years and this does not include the time to calculate the

nonlinearity and dispersion profiles of the fibres. It is thus not feasible to apply a

GA to this fibre design job with pulse propagation simulations included as a whole,

which is referred as a “Full Genetic Algorithm Approach” (dashed blue arrows) in

Fig. 5.1.1.

Simplified ModelGenetic Algorithm

(Full Genetic Algorithm Approach)

(Hybrid Approach)

Fiber Properties

Nonlinearity & Dispersion Pulse Propagation MethodFinite Element Method

Target SC Properties

Bandwidth & Coherence
Fiber Design

Figure 5.1.1: Schematics of full and hybrid GA approach. Dashed blue arrows form

the full GA loop, solid red lines form the hybrid GA loop.
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One approach to avoid doing pulse propagation simulation within the GA is to

use a “Hybrid Approach”. As the red solid arrows shown in Fig. 5.1.1, instead of

using the full GA approach, this problem is solved with a two-step approach and

apply GA only on one of the steps. The first step of the “Hybrid Approach” is to

design an idealised dispersion and nonlinearity profiles that can result in SC genera-

tion with large bandwidth and high coherence that match the design requirements.

This step can be achieved through a simplified model which uses abstracted dis-

persion and nonlinearity profiles to link the SC bandwidth and coherence to fibre

dispersion and nonlinearity (see details in Section 5.2). In the second step, a GA is

applied to optimise a fibre structure to let its dispersion and nonlinear profiles to

approach the idealised dispersion and nonlinearity profiles constructed in the first

step. Using the “Hybrid Approach”, pulse propagation simulations are only invoked

in the simplified model with which the total amounts of calculations are much less

than in a “Full Genetic Algorithm Approach”.

5.1.1 Chapter outline

In this chapter, the simplified model is firstly introduced and through the simplified

model, a fitness function is defined for a GA model. Next, the GA model is used

to optimised the structure. Nonlinearity and dispersion profiles are then calculated

and inserted into the pulse propagation model to simulate the SC generation in the

optimised structure. SC generation is simulated with a range of pumping wave-

lengths and the simulation outputs are then analysed and discuss. Finally, the SC

generation in the optimised structure is compared to some other cases to find the

keys to achieve both large bandwidth and high coherence in practice.

5.2 Simplified Models

SC generation can always be predicted numerically when all required initial condi-

tions are provided. The main parameters that determine a SC generation are the
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nonlinearity and dispersion profiles of the fibre as well as the parameters of the

pulses themselves. Although the broadening process has random factors, noise, a

basic understanding of the relations among fibre nonlinearity, dispersion, SC band-

width and coherence still can be built up by exploring different combinations of

nonlinearity and dispersion profiles. However, this exploration process is too com-

plicated to be practical. That is why simplified models are required to explore the

physics of combined linear and nonlinear processes involved in SC generation.

The simplified model will be used to provide guidelines for defining the fitness

function for the GA. While the choice of a simplified model is not unique and it

influences the accuracy of predicting the output SC in the final fibre. Because of

this, it may require a few iterations before an appropriate simplified model can

be decided for practical use. For example, nonlinearity and dispersion profiles are

considered in terms of Taylor series, and take limited terms for the simplified model.

The more terms are taken, the more accurate the model will be. Basically, this

process trades accuracy and time for simplicity.

As a starting point, dispersion and nonlinearity are approximated to the first

order, i.e. constant dispersion and nonlinearity are used. Noticing that although the

group velocity dispersion D is constant, there still are high order β′s (such as β2 =

−2πc
ω2 D, β3 = πc

ω3D), which indicates high-order dispersion effects still exist in this

simplified model. Therefore, this simplification of the model is more realistic than

to consider β2 as a constant for dispersion which removes all high-order dispersion

related effects. Raman response function is included in the model since it is a key

parameter for soliton-related dynamics. But this term is material related so that it

is not a free parameter here. (Note that the model Raman response is determined

by glass material and overlapping of the mode fields between pump, Stokes and

anti-Stokes. However, the overlapping is considered as a constant in this work.)

In this simplified model, the UV cutoff and IR cutoff are set at 0.4µm and 6µm

respectively. The loss around the cutoffs is interpolated with exponential functions

and the loss between these cutoffs is assumed to be zero. Loss is a linear effect
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to the pulse propagating in the fibre. The loss profile is idealised in the simplified

model since it is a linear effect. Further study of the loss on the SC bandwidth and

coherence is given at the end of Section 5.4.3.

In the simplified model, SC spectra are simulated and bandwidth and coherence

are calculated correspondingly for a range of constant dispersions and nonlinearities.

Figs. 5.2.1 and 5.2.2 show the bandwidth (defined as the width at 20dB of the

maximum point in the spectrum) and coherence variation of the SC generation of

a 100 fs, 10 kW peak power pulse propagating along the fibre from 0 to 50 mm for

values of D = -5 to 5 (ps/nm/km) and γ = 100 and 200 (W−1km−1). The basic

trends of the spectral broadening and coherence degradation as shown in the figures

can be summarised as follows:

1. The coherence decreases as either nonlinearity or dispersion increases, and it

mainly happens in the anomalous dispersion regime,

2. The bandwidth increases as either nonlinearity or dispersion increases and it

increases dramatically in the anomalous dispersion regime.

The explanations of the observation match previous report [55]. They can be con-

cluded as

1. In the normal dispersion region, SPM dominated broadening maintains the

coherence

2. In the anomalous dispersion region, MI and soliton fission are the main source

of losing the coherence but they assist spectral broadening dramatically.

3. Large nonlinearity amplifies all nonlinear processes regardless of dispersion

regimes.

It can be inferred from the results shown here that a broad bandwidth SC that

is only limited by the transmission window of that fibre can readily be obtained
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Figure 5.2.1: 20dB Bandwidth, in µm, of generated SC output with different con-

stant dispersion D and nonlinearity γ at different propagation length.
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Figure 5.2.2: Coherence < |g(1)12 | > of the outputs of SC generation with different

constant dispersion and nonlinearity at different propagation length. < |g(1)12 | > = 1

is maximum value associated with perfect coherence

from SC generation based on fibres with the anomalous dispersion and large non-

linearity (Fig. 5.2.1). However, the coherence reduces dramatically in this regime.

On the other hand, although the spectral broadening happens gradually in the nor-

mal dispersion regime (Fig. 5.2.2), a broad bandwidth can still be obtained with

large nonlinearity and small absolute values of dispersion (for comparatively long
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propagation lengths). Furthermore, no obvious coherence degradation is observed

for small absolute values of dispersion. Therefore, for the purpose of designing a

large bandwidth and highly coherent SC source, fibres with high nonlinearity and

flat small absolute values of dispersion are preferred. It is worth mentioning that

the conclusions obtained here are based on the definition of the simplified model.

In reality, both nonlinearity and dispersion are wavelength dependent, and thus

the broadening of pulses differs from the simplified model. However, this simplified

model provides important information (at least to the first order) about the relation

between SC bandwidth and coherence and fibre nonlinearity and dispersion, which

forms the criterion for GA to design the fibre structure.

5.3 Fibre Structure Design with GA

5.3.1 The fitness function

With the information from the simplified model, the other half part of the ”Hybrid

GA” approach (Fig. 5.1.1), the GA optimisation, cab be carried on. As in Chapter 4,

a the fitness function is needed to be defined for the problem. To do so one need to

look at the conclusion of the simplified model; a low flat dispersion across a large

wavelength range and as high as possible nonlinearity at the pump wavelength. A

straightforward definition of the fitness function can be,

F = γpump × (
∑
i

|Di|)−1 (5.3.1)

where γpump is the nonlinearity at pump wavelength and Di are the dispersion values

at several wavelengths across the wavelength region for which one can strive for flat

dispersion. The reason for taking the summation in Eq. 5.3.1 instead of integrating

is to reduce the number of points used in the calculation to speed up the modelling.

This fitness function is consistent with the results of our simplified model in Sec. 5.2

that large nonlinearity and small absolute values of dispersion are required for large
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bandwidth highly coherent SC generation, since both large nonlinearity and small

dispersion will result in large fitness. This is not the only definition for the fitness

function that could be used. Other choices can also be used as long as the fibre

structures converge as the fitness increases (or decreases).

There are some things to be concerned. In a real fibre, the material dispersion

always exhibits large negative values at short wavelengths and large positive values at

long wavelengths. The waveguide dispersion cannot cancel the material dispersion in

those regimes unless the fibre structure is operating in the extreme sub-wavelength

regime (when the core size is much smaller than the wavelength). In such cases,

both material and waveguide dispersion are insensitive to the fibre structure. For

fibres with relatively large core diameters, the cutoff wavelength of glass transmission

is usually reached before the dispersion at that wavelength becomes insensitive to

the structure. Therefore, in the dispersion profile of a non-sub wavelength fibre,

there still are large negative and large positive values at short and long wavelengths

respectively. Only in the middle region, where waveguide dispersion values can have

similar magnitude of material dispersion, that the total dispersion can be effectively

manipulated via the choice of the fibre structure.

In order to map out this region, a simple model is applied on a range of Tellurite

suspended-core fibres (also referred as Wagon-Wheel (WW) fibres) with different

core diameters. Fig. 5.3.1 shows the dispersion profiles of these fibres with the

core diameter from 0.3 to 1.1 µm. The thick black curve in the figure shows the

difference in between maximum and minimum dispersion values among these fibres.

This curve indicates the dynamic range (|Dmin −Dmax|) that a waveguide can alter

the dispersion with these core diameters. The thick black dashed curve in the figure

represents the material dispersion of the glass. As mentioned earlier, the wavelength

region of interest lays in the region where the dynamic range is larger than the value

of material dispersion. It can be seen from the figure that the black solid curve

becomes larger than the material dispersion for wavelengths longer than 750 nm.

Therefore, 750 nm is the lower limit for dispersion control. On the long wavelength
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side, material dispersion of Tellurite glass increases slowly with only 260 ps/km/nm

at 6 µm which is well within the range of the dynamic range. Therefore, wavelengths

longer than 750 nm are the wavelength range of interest of the fibre design work.
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Figure 5.3.1: Dispersion profiles for a range of Tellurite WW fibres with different

core diameters. Thick black line shows the max difference in D, which indicates how

much fibre dispersion can be altered through waveguide effects. Thick black dashed

line shows the material dispersion of Tellurite glass.

For simplicity and to make the numerical calculation viable, only three disper-

sion values at wavelengths λ = 2000 nm, 2500 nm and 3000 nm are used for the

summation on the denominator of Eq. (5.3.1). To calculate the second derivative of

effective refractive indices, at least three points around each wavelength are needed

which results in 9 wavelengths to be solved for eigenvalues. Totally 1000 samples

are used for the population. To avoid the explosion of the fitness value as the de-

nominator approaches 0, limits are set to the dispersion values: the minimum values

of |Di| is 1.
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5.3.2 The results of GA

GA started with the same initial structure (Fig. 4.2.2) as used in Chapter 4. GA

converged smoothly and after 6 iterations the output structures looked like Fig. 5.3.2.

Fig. 5.3.2 shows the structures with highest fitness values which are larger than 90%

of the maximum fitness. By comparing these structures, one can find that the cores

of these structures are almost identical. The variations in the outer structure (the

outer ring) indicate that the outer ring of glass is not sensitive to the dispersion and

nonlinearity profiles in the wavelength region from 2 to 3 µm.
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Figure 5.3.2: Fibre geometries in last generation whose fitness values are larger than

90% of the maximum fitness in that generation
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Figs. 5.3.3a&b show the dispersion and nonlinearity profiles of the structures in

Fig. 5.3.2. All of the dispersion profiles (Fig. 5.3.3a) show low flat region between

2 ∼ 3 µm shown in Fig. 5.3.3b. Within this wavelength region, the maximum

dispersion value is 2.5 ps/nm/km and the minimum is -2 ps/nm/km, the range of

nonlinearity at 2 µm is from 161 ∼ 193 (W−1km−1) and the nonlinearities decrease

as wavelength increases due to the increase of mode areas.
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Figure 5.3.3: The optimised structures with fitness values larger than 90% of the

maximum fitness of the whole population (a) Dispersion (b) Nonlinearity.

The fitness values of these structures are larger than 90% of the maximum fitness

of the whole population are plotted in Fig. 5.3.4. Within 10% variation in fitness

values, a maximum variation of 1.5 ps/nm/km in dispersion and 33 W−1km−1 in

nonlinearity at 2 µm can be found.

The variations of each parameter of the structures are listed in Table 5.3.1.

There are only 9 structures that have fitness values within the 10% variation of the

maximum fitness. To obtain more representative results, we also did the calculation

with samples whose fitness is larger than 75% of the maximum.

The relative errors Err90% and Err75% in Table 5.3.1 show the relative change of

each structural parameter within the subset, which indicates the relative importance

of each parameter to the fitness. From this table, it can be noticed that the position
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Figure 5.3.4: The relative difference in nonlinearity and dispersion profiles among

the optimised structures shows in Fig.5.3.2 (a) Dispersion (b) Nonlinearity.

Table 5.3.1: Statistics of the structure parameters

Avg
(µm)
90% Std

(nm)
90% Err

(%)
90% Avg

(µm)
75% Std

(nm)
75% Err

(%)
75%

R1 1.64 7.42 0.45 1.64 8.03 0.49

r1 0.40 11.6 2.88 0.40 10.1 2.49

r2 0.32 8.91 2.81 0.32 8.14 2.57

R3 3.20 9.46 0.30 3.20 8.50 0.26

R4 6.14 782 12.7 6.24 654 10.48

L1 1.20 83.9 6.97 1.17 176 15.02

of the six holes in the central region (R1) and the amount of glass around these holes

(R3) are particularly critical (smallest relative error Err
(%)
90% and Err

(%)
75%). The size

of the centra six holes are also important parameters. The standard deviations of r1

and r2 are smaller than the difference between them, which means r1 and r2 need

to be different in order to have fine control of dispersion and there are at least two

localised solutions around the average radius of these two since the symmetry of the

fibre geometry shows they are exchangeable. The influence of the outer ring (R4)
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and its thickness (L1) is clearly less. These results shows that, in fabrication, more

attention needs to be paid to the central structure rather than outer parts, which

is unsurprising. Later in Chapter 6, when the fabrication of the fibre is considered,

the designed structure is simplified. The outer-most ring of glass is removed in the

fibre preform. According to the study shown here, the modification in the preform

should have limited influence to the dispersion and nonlinearity profiles of the fibre.

5.4 SC Generation

As discussed in Section 5.3, unlike the ideal constant dispersion cases, any practical

fibres always have a large negative (normal) and positive (anomalous) dispersion

for short and long wavelengths respectively. The fibre nonlinearity is also wave-

length dependent. Nonlinearity decreases as wavelength increases as results of the

decrease of nonlinear refractive index and the increase of effective mode area. These

wavelength dependencies make the choice of pumping wavelength critical for SC

generation (in practice, one should choose the pumping wavelength before designing

and optimising the fibre). To investigate this in detail, the optimised fibre structure

developed in the previous section is used and predictions of SC generation with 10

kW peak power and 100 fs pump pulses are shown for pump wavelengths ranging

from 1500 to 3500 nm.

5.4.1 Spectrograms

Fig. 5.4.1 shows the spectrograms of the SC output of a 5 cm fibre with different

pump wavelengths from 1500 to 3500 nm with 100 nm interval. The spectrograms

provide an intuitive view of the SC output in both temporal and spectral domain and

the correlation between them. From the figure, one can see that 1) large bandwidth

(beyond 4 µm) are easily achieved almost for all pumping wavelengths, 2) there

are no significant walk-off between different wavelengths in the spectra (all spectral

components are around the centre of the pulse, Time t = 0) and 3) soliton dynamics
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especially soliton fission process are not dramatic (in the figure, the solitons are

corresponding to the parts between 3 ∼ 6 µm which move away from t = 0 towards

t > 0) and only happen for pumping wavelengths longer than 2.5 µm.
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Figure 5.4.1: Spectrogram of SC generation in an optimised fibre.
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5.4.2 Bandwidth and Coherence

Figure 5.4.2 shows the bandwidth and coherence of the pulses propagating along

the fibre. Recall that the fibre design developed in previous section is optimised for

SC generation in the spectral region of 2 ∼ 3µm (region between the dashed lines).

In this region, as indicated in Fig. 5.4.2, the bandwidth initially increases as pump

wavelength increases. However, this is then followed by a decrease and an increase

as the pump wavelength increases towards the end of the spectrum (∼ 3µm). On the

contrary, the coherence first decreases and then increases as the pump wavelength

increases.
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Figure 5.4.2: Simulated bandwidth (left) and coherence (right) of SC outputs with

different pump wavelengths in the optimised fibre. Between the vertical dashed lines

is the region of optimisation.

According to the results of the simplified model, large values of nonlinearity or

dispersion result in large bandwidth and low coherence, small values of nonlinearity

or dispersion result in small bandwidth and high coherence. The changes in the

bandwidth and coherence in Fig. 5.4.2 are due to the increase of dispersion and

decrease of nonlinearity at long wavelengths. For a certain propagation length, e.g.

20 mm, the pulse spectrum moves into the flat near-zero dispersion region when

the pump wavelength moves from 2 to 2.2 µm, and then moves gradually into the

anomalous dispersion region when the pump wavelength from 2.2 to 3 µm. However,
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during this process, the nonlinearity drops more than a half as the pump wavelength

increases from 2 to 3 µm. This is the reason why the bandwidth decreases for pump

wavelengths around 2.5µm and the coherence increases slightly around the same

region.

Figs. 5.4.3∼5.4.6 show the details of the evolution of the pulse intensity and

coherence spectra at different pump wavelengths. From these figures, we can learn

the cause of coherence degradation in these examples and understand SC generation

to a more fundamental level.

When the pump wavelength is in the normal dispersion region and far from the

first ZDW (1500 ∼ 1700 nm), it is known that the main broadening mechanism is

through SPM as one can see in Fig. 5.4.3, which is a highly coherence process. The

FWM process accompanied (from 25 ∼ 50 mm length at 4 µm in Fig. 5.4.3top) also

becomes coherence since it is seeded by spectra generated through SPM. These are

the main reasons highly coherent output is observed.
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Figure 5.4.3: Normalised intensity (left) and coherence (right) spectrums of pulses

propagating along the optimised fibre pump at 1.5, 1.6, 1.7 µm from top to bottom

respectively.
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As the pump wavelength moves towards the flat zero dispersion region, FWM/MI

starts to kick in earlier and eventually the noise initialised parametric sidebands,

which are not coherent, start to interfere with the SPM broadened spectrum. This

can be seen in Fig. 5.4.4 ∼ 5.4.5.

Noticing the growth of the sideband around 4∼6 µm from 5 cm length, once

these sidebands merged into the central spectra, the coherence starts to decrease.

However, these sidebands appear to be important for achieving large bandwidth.
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Figure 5.4.4: Normalised intensity (left) and coherence (right) spectrums of pulses

propagating along the optimised fibre pump at 1.8, 1.9, 2.0, 2.1 and 2.2 µm from

top to bottom respectively.
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Figure 5.4.5: Normalised intensity (left) and coherence (right) spectrums of pulses

propagating along the optimised fibre pump at 2.3, 2.4, 2.5, 2.6, 2.7, 2.8 and 2.9 µm

from top to bottom respectively.
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Figure 5.4.6: Normalised intensity (left) and coherence (right) spectrums of pulses

propagating along the optimised fibre pump at 3.0, 3.1, 3.2, 3.3, 3.4 and 3.5 µm

from top to bottom respectively.

Further shifting the pump wavelength into the anomalous dispersion region, the

MI sidebands disappear again within the propagation length due to the decrease of

nonlinearity. The soliton-related processes, for these cases, were not dramatic, which
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result in high coherence as seen in Fig. 5.4.6. Noticing that, although the wavelength

spans in these cases are larger than the ones pumped in the flat dispersion region

(2 ∼ 3 µm), the frequency spans in these cases are not.

5.4.3 Comparison and Discussion

In order to show the improvement of bandwidth and coherence that can be achieved

with the optimised structures, the SC outputs of the optimised fibres are compared

with that of a 10µm diameter tellurite glass rod surrounded by air which also has

zero dispersion around 2µm. The dispersion (un-tailored) profile of the rod calcu-

lated using the same Sellmeier equation as we used for our new design, is shown in

Fig. 5.4.7.
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Figure 5.4.7: Dispersion and nonlinearity of a 10µm diameter Tellurite rod sur-

rounded by air (Blue), and the optimised fibre (Red)

Fig. 5.4.8 and Fig. 5.4.9 shows the comparison of the SC bandwidth and coher-

ence of three cases: a) the optimised structure, b) 10 µm rod and c) an artificial

case of a 10 µm rod with the nonlinearity of the optimised structure. Fig. 5.4.8

is the evolution of the intensity and coherence spectra of SC generation along the

propagation direction. The pump wavelength is 2 µm. Case b) does not display

much spectral broadening although the coherence is high due to relatively low non-

linearity of the rod (47.3 W−1km−1 at 2 µm). Recall the optimisation of our design
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is to achieve high coherence as well as large bandwidth. So case b) is not ideal. Case

c) has a larger bandwidth than case b) due to higher nonlinearity. Comparing c) to

a), the bandwidth of c) broadens at a shorter propagation length than a) but the

final bandwidth of c) is not as large as a) and its coherence is also lower than the

one of a). Fig. 5.4.9 shows the same conclusion in a different form. These compar-

isons show that the fibre structure optimised by the hybrid GA approach does have

better SC performance in terms of both large bandwidth and high coherence than

conventional fibre designs.

W
av

el
en

gt
h 

(µm
)

Propagation Length (mm)

 

 

0 10 20 30 40 50

0

2

4

6

8

−40

−20

0

W
av

el
en

gt
h 

(µ
m

)

Propagation Length (mm)

 

 

0 10 20 30 40 50

0

2

4

6

8 0

0.5

1

(a) Optimised structure
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(b) 10 µm diameter rod
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(c) 10 µm diameter rod with the nonlinearity profile of optimised structure

Figure 5.4.8: Intensity (left) and coherence (right) spectra of a pulse propagating

along the fibre with different dispersions and nonlinearities. a) For dispersion and

nonlinearity profiles of optimised structure, b) for dispersion and nonlinearity profiles

of 10 µm diameter rod, shown in Fig. 5.4.7, c) for dispersion profile of 10 µm diameter

rod with nonlinearity profile of the optimised structure.
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Figure 5.4.9: 20dB bandwidth (left) and coherence (right) of SCG with dispersion

and nonlinearity profiles of optimised structure, 10 µm diameter rod and 10 µm

diameter rod with nonlinearity profile of optimised structure.

From the results above, it can be concluded that the cause of coherence degra-

dation is mainly due to the spontaneous (noise initialised) FWM/MI sidebands. If

these nonlinearity processes can be suppressed then coherence can be maintained.

The key to achieve this is to further tailor the anomalous dispersion tail from 3µm.

To prove this point, the coherence of the SC with the dispersion profile of the

optimised fibre is compared to the ones from a couple of artificial dispersion profiles

as shown in Fig. 5.4.10. The dispersion profile MOD1 is modified based on profile

ORIG where the flattened region is extended from 2 ∼ 3µm to 2 ∼ 4µm. The

dispersion profile MOD2 is obtained by inverting the tail of ORIG profile from the

point when the derivative is zero. The third artificial dispersion profile MOD3 is also

obtained by inverting the tail of MOD1 profile. Fig. 5.4.10b shows the behaviour

of coherence as a function of propagation length for all the profiles. The behaviour

of coherence in MOD1 is similar to ORIG, i.e., it decreases after a certain length of

propagation, but the degradation happens at longer lengths compared to ORIG. In

contrast, MOD2 and MOD3 do not show any obvious loss in coherence.

In practice, MOD2 and MOD3 dispersion profiles are very difficult to achieve

due to the nature of material dispersion. However, MOD1 is practical. From these
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Figure 5.4.10: Dispersion curves and corresponding coherence of the SC outputs.

Curve ORIG is the original dispersion curve calculated from GA modelling, MOD1

to MOD3 are the artificial dispersion curves

results, it can be summarised that better SC coherence can be achieved in fibres

with a wider flat region than the current design. The coherence of SC generation

can also be improved by taking advantage of the fibre loss. A flat dispersion profile

similar to ORIG with the anomalous dispersion region locates beyond the IR loss

edge of the fibre can effectively suppress the effects of anomalous dispersion to the

SC generation and therefore enhance the coherence of the SC.

Fig. 5.4.12a shows the SC intensity and coherence spectra with an artificial loss

profile Fig. 5.4.11. The artificial loss has UV cutoff at 500 nm and IR cutoff at 3 µm

right before the anomalous dispersion appears. Comparing to the same case without

loss in Fig. 5.4.12b, the increase of coherence is significant. It worth mentioning that

the fibre we fabricated for this work (see Chapter 6) has IR cutoff around 3 µm which

is preferred for maintaining high coherence.
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Figure 5.4.11: Artificial loss of the fibre.
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Figure 5.4.12: The comparison of the intensity (left) and coherence (right) spectra

for fibre with artificial loss (a) and without (b).

5.5 Summary

Building on the previous chapter, the GA was developed for design and optimising

fibres for a more complicated nonlinear process, SC generation, and target for SC

generation with both large bandwidth and high coherence. Unlike the parametric

process, the complex nature of SC generation cannot be characterised using simple
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analytic expressions. An indirect approach has to be used to help define the fitness

function. A simplified model is then developed.

The simplified model trades time and accuracy for simplified relations between

fibre dispersion/nonlinearity and SC bandwidth/coherence. With approximating

the nonlinearity and dispersion profiles to the first order, it can be summarised that

to obtain SC with large bandwidth and high coherence, a fibre with near zero and

flat dispersion across as large as possible wavelength range and as large as possible

nonlinearity at the pumping wavelength is needed.

With the help of the simplified model, a fitness function was defined for the GA

and by considering the material dispersion and our target, SC generation in mid-IR,

the fitness function is chosen to flatten and zero the dispersion from 2 ∼ 3 µm and

maximised the nonlinearity at 2 µm. The GA used 6 generations to produce the op-

timised structures and the statistic study shows nonlinearity and dispersion profiles

corresponding to these structures are very sensitive to the structural parameters,

which indicates special cares need to be taken in fibre fabrication.

The SC generation in the optimised structure shows interesting results. It can be

summarised as following points: (1) For all pumping wavelengths from 1500 to 3500

nm, a minimum spectral span of 4 µm can be obtained at 5 cm length of propagation.

(2) No coherence degradations were observed for pumping wavelength below 2 µm

and beyond 3 µm. Within the region of interest, 2 ∼ 3 µm, coherence degrades

starting from 2 cm of propagation, however signs of coherence improvements are

also observed. (3) Because of the small dispersion over a wide wavelength range,

these is no significant walk-off across the whole pulse spectra been observed after

the propagation.

To prove the coherence and bandwidth of the SC for the pumping wavelength

between 2 ∼ 3 µm, comparisons are made between the optimised SC to SC gener-

ation in non-optimised structures. The comparison results indicated that the GA

balanced the bandwidth and coherence of the optimised structure and produced an

overall better SC than a non-optimised structure.
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From the simulation, it can be noticed the cause of coherence degradation is due

to the incoherent noise initialised FWM/MI sideband interferes with the coherent

pump pulse. And it is found that the key to improve coherence is to effectively

remove the anomalous dispersion tail by design fibres so that the anomalous disper-

sion tail locates beyond the IR transmission edge. The numerical simulation with

an artificial loss profile proves the concept and shows tremendous improvement of

coherence for the case the pumping wavelength at 2.5 µm which used to have poor

coherence at 5 cm propagation length. The IR edge of the artificial loss profile

approximates the glasses we used for the fabrication. This promises possibility of

producing fibres for SC with large bandwidth and high coherence in practice.

In the next chapter, the fabrication of the optimised fibre is presented.



Chapter 6

The fabrication of the designed

fiber

6.1 Background

In Chapter 4 and 5, structures were designed for two nonlinear applications, a fem-

tosecond OPO and a coherent SC source. The fabrication of a structured fibre with

a specified design needs multiple trials which require a significant mount of resources

and time. To accomplish our research within limited time and resources, we choose

one structure among our designs for fabrication.

To determine which structure should be fabricated, we first review all the opti-

mised structures of FOPO and SC generation applications. For the SC application,

the structural variations between the optimised structures (Fig. 5.3.2 & Table 5.3.1)

are relatively small compared to typical fabrication distortion, which indicates the

margin of error for fabrication is small and there is no room in the structural param-

eters to compromise for the FOPO application. However, on the other hand, the

FOPO application, the study shows that more than one structure can achieve the

same outcome (Fig. 4.2.6) and it is difficult to distinguish which one is significantly

better than the other. Furthermore, among the optimised structures for the FOPO

119
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application (Fig. 4.2.6), there are structures similar to that of the SC application,

which indicates the structure designed for SC application may also be used for the

FOPO. Therefore, we decided to use the structure optimised for SC generation as

the candidature for fabrication.

The statistical study in Chapter 5 Table 5.3.1 shows the averaged value of the

structural parameters, we will use these parameters for the fabrication with two

modifications. From the modelling, we realise that the outer-most-ring of glass in

the design has relatively small effects to fibre’s nonlinearity and dispersion profiles

but its existence greatly increases the fabrication challenges. Hence, this ring of

glass is removed from the design (see Fig.6.1.1). Apart from this ring, the holes of

the inner-most ring have two sets of sizes. If we apply the typical 10% fabrication

distortion onto the parameters, the difference in the size of the inner holes can be

ignored. Therefore, we will use an average size for all six holes. Once the structural

parameters are determined, R1 = 1.64, r1 = 0.36, r2 = 0.36, R3 = 3.20, R4 = 6.14

and L1 = 1.20 µm (refer to Chapter 5), the fabrication process can be proceeded.

Figure 6.1.1: The modified structure for fabrication.

In this Chapter, all fibre drawing procedures were performed by colleague Mr.

Roger Moore, other fabrication steps including die design and preform extrusion

were preformed by myself.
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6.2 Trial one

To fabricate structured fibre, a structured preform must be fabricated first. An

extrusion fabrication method was used to fabricate the fibre preforms [153]. The

extrusion fabrication method uses a die which resembles an engraved image of the

preform structure. During the extrusion procedure, the heated and softened glass

billet is extruded through this die. The glass will be divided and re-fuse inside the

die. The key of design such die is to make the glass flow through the die smoothly

and fully merge before exit. Also it is necessary to consider the inevitable distortion

during the fibre pull where surface tension of the glass and gas pressure within the

holes will play a significant role in modifying the preform structure. Ultimately,

it will be necessary to reverse design a structure in the preform that when it is

stretched it will match the desired structure in the fibre.

6.2.1 Die design: Version 1

The first die design consists of three parts, jacket (Die-Jacket), strut (Die-Strut)

and core (Die-Core) parts. The reason of separating the die into three parts is for

the convenience of the die fabrication. Fig. 6.2.1, 6.2.2 and 6.2.3 show the drawings

of the Die-Jacket, Die-Strut and Die-Core respectively and Fig. 6.2.4 shows the

computer illustrated effect pictures of die from different view angles.

In the die, the preform core was designed as a hexagon in shape. I predicted

based on prior experience that when the preform is finally pulled into fibre, the six

struts around it will pull the six corners of the hexagon away under the surface

tension of the glass. Eventually, the edges of the hexagon will merge with the struts

and form parabola-like curves.

The glass billet initially sits on top of the die. When it is extruded through the

die, the main funnel in the core part provides smooth transition for the glass to flow

into the 6 holes. The 6 holes align with the gaps of the six struts in Die-Strut. In

Die-Strut, apart from the thin strut gaps, the horizontal funnels allow the glass to
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Figure 6.2.1: Drawing of the die jacket part (Version 1).

Figure 6.2.2: Drawing of the die struts part (Version 1).

flow towards both centre and outer side of this die part. The glass flow towards

the centre to merge with the glass from Die-Core and form the inner six holes of
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Figure 6.2.3: Drawing of the die core part (Version 1).

the preform, and the glass flow towards the outer side is confined by Die-Jacket and

form the cladding.

The die was fabricated in stainless steel as shown in Fig. 6.2.5. Due to an error

in the fabrication, the pins were rotated by 30 degrees compare to their original

designed positions. Fortunately the die can be rotated to realign the pins but the

six feeding holes will no longer be aligned with the struts. Apart from this, the rest

parts of the die were produced as per the design specifications.

6.2.2 Preform fabrication: Tellurite glass billet with Die V1

To extrude a glass billet through a die, the glass billet needs to be heated close to

its softening temperature [153], which is the temperature the glass starts to deform

under its own gravity force, but not too soft so that its structure deforms significantly

once it exits the die. The temperature used for extrusion depends not only on the
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Figure 6.2.4: Effect pictures of the die with different view angles (Version 1).

Figure 6.2.5: The fabricated stainless steel die parts separated and assembled (Ver-

sion 1).

softening temperature of the glass but also the force required for extruding the glass

through the die. Since this is the first attempt, only guess of the temperature can
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be made based on the previous extrusions of the same glass with other dies. The

glass used in this extrusion was a 50 mm diameter 25 mm tall tellurite billet. Based

on previous experiences, 360 degrees Celsius was used for the extrusion.

The glass billet and the die were heated up together inside a resistance furnace

in two steps. They were first heated up from room temperature to 345 oC with

10 oC/min ramp rate and then heated up to 365 oC with 1 oC/min ramp rate

to avoid over heat due to the delay response in the temperature control system.

Once the target temperature was reached, an automated extrusion procedure was

performed with a constant extrusion speed 0.05 mm/min. The extrusion force was

automatically increased to match up with the required speed.

The extruded preform is shown in Fig. 6.2.6. The preform was severely tapered

and stretched under gravity as one can see in Fig. 6.2.6a. The preform is 114 cm

in total and its diameter varies from 2.3 to 11 mm (also labelled in the Fig.6.2.6).

Reference to the die drawing, the core part (Fig. 6.2.6b exited the die earlier than

the rest of the preform indicates fast glass flow in the centre of the die. Fig. 6.2.6c

is the break point that was connected to the main preform at Fig. 6.2.6d. The main

preform contains the full structure to the very end (Fig. 6.2.6e).

The cross-section of the preform is shown in Fig. 6.2.7. The structure in the

preform deformed due to the uneven flow of glass in the die and severe taper of the

preform. However, as the first fabrication attempt, the cross-section of the preform

shown remarkably good match with the design. This promising result proved that

it is practical to fabricate the preform required for making this complex structured

fibre.

To improve the fabrication for later work, the fabricated structure was compared

to the ideal structure by overlaying the two on top of each other. From the figure,

two important differences can be identified. 1) The struts in the preform is much

thinner than the ideal one, 2) the inner six holes are stretched to elliptical shape

towards the preform centre. The deformation may be reversed to a certain degree

during the fibre drawing process through active control of drawing tension and the
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(a) Overview of the preform. The right hand side is end exited the die first. The preform diameter

reduces quickly due to tapering effects.

(b) (c) (d) (e)

Figure 6.2.6: Tellurite preform fabricated die V1. (a) overview of the preform,

severely tapered. The centner of the preform partially dropped out and broken off,

put below the main preform. (b) The partially dropped out core part of the preform.

(c) The broken point of the dropped out part. (d) The end of the main preform that

firstly exited the die. The shape indicates the glass flew faster on one side than the

other. (e) The end of the main preform connect to die after the extrusion.

Figure 6.2.7: The cross section of the first tellurite preform with an overlay with the

die structure on the right.

gas pressure inside the holes.
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6.2.3 Fibre drawing: Tellurite preform

To pull the preform into fibres with a target core diameter (6.4 µm) and a reasonable

outer diameter, i.e. 120 to 200 µm, so that the fibre is strong enough to be handled

during experiments, the preform needs to be jacketed with a tube to increase the

preform diameter. For the first extrusion trial, the outer diameter of the relative

uniform part of the preform was around 4.5 mm. The core-to-outer-diameter ratio

was approximately 47%. A core diameter of 6.4 µm and an outer diameter of 120

µm cannot be achieved in one jacketing step, which require a preform with an outer

diameter of 350 mm. To achieve the target size, we need to jacket the preform with

a 15 mm outer diameter and 4.5 mm hole tube twice, and then the preform can be

pulled down to approximately 145 µm outer diameter, which lays well in the 120 to

200 µm region.

Unfortunately, the first jacketing process failed, the preform structure could not

be preserved during the process. Fig. 6.2.8 shows some of the cross sections as the

drawing progresses. It is clear that the fibre drawing parameters (temperature and

speed) led to surface tension related collapse of fibre’s internal structure.

Figure 6.2.8: The cross sections of the jacketed preform along the drawing process

from left to right.

To summarise this fabrication trial, the main courses of the failure are the im-

perfection of the preform and ignorance of the suitable drawing conditions for this

preform. The struts of the preform are too thin to support the inter structure dur-

ing fibre pulling process. And the size of the preform led to the requirement of

two jacketing steps, which leads to complications in the fibre drawing processes. A
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preform with an outer diameter of at least 10 mm is preferred for future trials. The

glass flow in Die-Core needs to be balanced to reduce the structural distortion. One

possible cause of the thin struts may be the false alignment of the 6 feeding holes

due to the rotation of the pins and the unbalanced glass flow in the die.

6.3 Trial Two

Based on the experiences of trial one, Die-Core was redesigned to balance the glass

flow. The aim of this modified die design is to reduce the structural distortion in

the preform and increase the thickness of the struts.

6.3.1 Die design: Version 1.1

Different from the first design, this time multiple small feeding holes were used to

supply the glass for the core structure of the preform. The sizes of the feeding holes

are calculated such that the glass flow rate (volume per unit area) is the same in

the core area.

Apart from the feeding mechanism, the base where the pins set from the old

design was removed and replaced with longer pins so that there is more room for

the glass to re-merge before it exits the die.

The new design of Die-Core is shown in Fig. 6.3.1. The original designs of Die-

Strut and Die-Jacket are to be used.

6.3.2 Preform fabrication: Tellurite glass billet with Die

V1.1

The extrusion procedure was similar to trial 1. A tellurite glass billet with almost

the same volume was used. Considering the severe taper in trial 1, the extrusion

temperature was reduced by 5 oC to 360 oC with the aim of reducing the tapering

effects.
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Figure 6.3.1: Drawing of the die core part (Version 1.1). The changes to the first

version is the feeding holes in the centre area and prolonged pins

The fabricated preform was more than one metre long. Obviously, the tapering

effects were still significant, which indicated the extrusion temperature was still too

high. Due to the taper, the later part of the preform structure became thin and

broken into pieces when it was out of the die. Different from trial 1, the taper was

formed from the part of the preform that was close to the exit of the die. This part

of the preform was left at a relative high-temperature environment comparing to

the rest of the preform, and the taper was mainly caused by the gravity pull on the

preform after the majority of the preform had exited the die.

Fig. 6.3.2a shows the remaining of the preform and Fig. 6.3.2b is the place that

broken from the rest of the preform. The core part still extends about 4 cm out

of the rest of the preform which indicates faster flow of the glass in this area. But

tapering of this part was less than the first trial due to lower extrusion temperature.

The preform was cut to reveal the cross section (Figs. 6.3.2c&d). In the core
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(a) (b) (c) (d)

Figure 6.3.2: The second tellurite preform. (a) the overview of the preform. (b) the

broken point of the preform. It can be seen that the outer wall of the preform is

extremely thin. (c) the cross section of the preform close to the starting end. (d)

the cross section overlaid with the ideal die structure

area, the structure is closer to the ideal one than the first trial which indicates better

glass flow balance in the new design. However, the struts are still too thin. The

gaps for the struts in the die must be expanded.

The useful portion of the preform is too short to be made into fibre. The current

die design left a significant amount of glass inside the die. Considering the volume

of tellurite glass billets available, it is desirable to reduce this ‘dead’ volume within

the die. For this reason, a new die design was considered. As a way of doing this

effectively, a choice was made to use SF57 billets because the large volume (50 mm

diameter × 60 mm tall) SF57 glass billets are available commercially. Thus, the

next step was to make minor modifications to the current die and try again with a

SF57 glass billet.

6.4 Trial Three

6.4.1 Die design: Version 1.2

The major problem of the die in trial two was the strut thickness which is too small.

The modifications need to be made in the die are straight forward. Fig. 6.4.1 shows

the drawing of the revised die. The only change is the strut gap width. It was
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changed from 0.78 to 2 mm.

Figure 6.4.1: Drawing of the die struts part (Version 1.2).

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

A SF57 glass billet was used in this extrusion trial. The SF57 glass billets were

supplied by Schott AG and had been used for other extrusions in my group before,

which provides necessary information and experiences for extruding this glass with

the new die.

The SF57 glass has higher softening temperature than the bismuth glass. For

the extrusion, the glass was heated up together with the die in two steps. The first

step is to 490 oC at 10 oC/min and then to 510 oC at 1 oC/min. Once the final

temperature was reached, the glass was extruded through the die at a constant speed

of 0.05 mm/min.

The extruded preform is shown in Fig. 6.4.2. The overview of the preform shows

significant improvement from the previous trials. The taper (Fig. 6.4.2a) was minor

and did not hamper the next stage of the process, fibre drawing. The glass flow was
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more balanced comparing to previous trials such that the glass from the full cross-

section of the preform exited the die approximately the same time with the core

part just slightly ahead (Fig. 6.4.2b). The break-off point of preform (Fig. 6.4.2c)

directly connected to the die, which faithfully shows the reproduction of the structure

as designed. However, due to thermal expansion, the extruded preform shrank

somewhat when it cooled from 510 oC to room temperature. After the two ends of

the preform were cut, the cross section was pictured and shown in Fig. 6.4.2d with

the designed structure overlay on top of it.

(a) (b) (c) (d)

Figure 6.4.2: The first SF57 preform. (a) the overview of the preform. (b) the view

of the starting end of the preform. (c) the view of the finish end of the preform. (d)

the cross section of the preform overlaid with the ideal die structure

The structure of the extruded preform was close to the design. The shortened

struts could be caused by the thermal shrinking as explained. According to the

statistical study in Chapter 5 Tab. 5.3.1, this distortion is not critical. The most

important feature is the size of the core (R3) and the position of the inner holes

(R1) regarding to the core. As one can see that the core was scaled and aligned to

the ideal structure, the positions of the inner holes are almost right except the sizes

are approximately 22% smaller. From previous experiences, the inside structure can

be altered during the fibre pulling process through pressure control.
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6.4.3 Preform caning and fibre drawing: SF57 preform

Unlike the one in trial 1, this preform can be made into 1 mm diameter canes to fit

into 10 mm diameter jacket and then pulled into fibres with a required core diameter.

The cane making (caning) process is similar to a fibre pull except for targeting a

larger diameter.

Ideally, the cane will contain exactly the same structure as the preform. How-

ever, distortion is inevitable. The cross-section of the fabricated cane is shown in

Fig. 6.4.3a. When comparing the cane structure to the ideal structure (Fig. 6.4.3b),

one can find that the cane nearly preserved the structure in the preform except the

inner holes. The size of the inner holes was further reduced to 46% of the original

design. But apart from that, the majority of the structure was good.

Figure 6.4.3: The cross section of the SF57 cane with an overlay with the ideal die

structure on the right.

The inner holes of the cane are likely to expand during the fibre drawing process

through either active pressure control or under self-pressurisation. Self-pressurisation

approach was used in this trail. Once the cane was inserted into the jacket tube,

the two ends of the cane were molten and sealed using flame so that pressure can

build up through the air trapped in the holes. Using this pressure, the holes can be

kept open during the drawing process. Meanwhile, vacuum was applied on the gap

between the tube and the cane to help the two to merge together. These techniques

are standard techniques for drawing microstructured fibre.

SEM images were taken for fabricated fibre. The structure of the fibre varies

along the fibre. Fig. 6.4.4a is one example of the cross-section of the fibre with ideal
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die structure (Fig. 6.4.4b) and ideal fibre structure (Fig. 6.4.4c) overlay on top of it.

(a) (b) (c)

Figure 6.4.4: The SEM image of (a) the cross section of SF57 fibre. (b) the cross

section overlay with the die structure. (c) the cross section overlay with the ideal

fibre structure.

The actual fabricated structure in the fibre was closer to the target structure

than both preform and cane. After the fibre drawing process, the inner holes were

expanded close to the designed size, and the six struts were pulled and formed

parabolic curves that nearly matched the curves of the outer ring of holes in the

design.

There are also some distortions in the structure, such as the variations in the

diameters of the inner holes (standard deviation: 6%) and the symmetry of the

struts. These distortions also existed in the preform and cane. To eliminate these

distortions, it is necessary to improve the quality of fibre preform and cane.

6.5 Trial Four

At the end of trial two, we discovered two problems with the die design. The first one

is the strut thickness which has been solved in trial three with slight modifications

to Die-Strut. However, the second problem remains. That is the waste of glasses

due to internal volume of the die. With the available tellurite glass billet, which

is around 25 ∼ 30 mm tall, the length of the preform can be fabricated is rather

short. The fabricated Tellurite preform in Trial Two was less than 10 cm long and
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the useful preform length was less than 5 cm. Even with 60 mm tall SF57 billet,

the total preform length was 35 cm and the useful length is approximately 25 cm

which can be used once for caning. Therefore, new die design is pursued.

6.5.1 Die design: Version 2

The prime directive of this new die design is to minimise the die’s internal volume

so that when an extrusion finishes only minimal glass remains inside the die. To do

also, the original die design was abandoned. Instead, a thin plate with small holes

was used to feed the glass through the die. Fig. 6.5.1 and 6.5.2 are the drawings for

the new design.

Figure 6.5.1: Drawing of the die jacket part (Version 2).

In this new die design, the preform diameter outer was also reduced from 36 to 18

mm, which will greatly increase the preform length. Furthermore, the preform outer

wall thickness was increased, so that even if there will be severe tapering occurs, the

preform will still be able to be handled unlike the case in trial 2.

The computer illustrated and fabricated die are shown in Fig. 6.5.3. The plates

were drilled and cut from a single piece of metal except for the pins. The pins for
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Figure 6.5.2: Drawing of the die plate part (Version 2).

the inner holes were fabricated separately and inserted into the plate afterwards for

the convenience of fabrication.

6.5.2 Preform extrusion: SF57 glass billet with Die V2

Based on the success of SF57 glass billet extrusion in trial 3, we decided to use SF57

glass billet again with our new die.

The extrusion temperature was increased by 5 degree Celsius to compensate the

increase in extrusion force due to the increase of friction related to the number of

feeding holes. The glass was firstly heated up to 495 oC with 10 oC/min and then to

515 oC with 1 oC/min. Surprisingly, the fabricated preform showed severe tapering

(Fig. 6.5.4a) and changes in glass. After a few centimetres from the beginning of the

preform, defects appear in the form of bubbles in the preform (Fig. 6.5.4b). From

previous experience, these bubbles may relate to the crystallisation of the glass.

The exact cause is still unclear at the moment, but this phenomenon appears often

when the die consists many small feeding holes which usually require slightly higher
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Figure 6.5.3: The computer illustrated effect picture (top) and fabricated (bottom)

die version 2.

extrusion temperature too.

The extrusion process terminated prematurely due to excess of force limit (80

kN). Only approximately 1/3 of the glass was extruded through the die. The ex-

truded preform length is 71 cm with taper.

Apart from the taper and bubbles, the preform structure is good. Comparing

the preform cross section to the ideal structure, the outer wall of the preform (outer

most ring of glass) is thicker than the design. It can be explained as the fast flow

of glass in this area due to the big empty area presented caused less friction to the

glass and the swell of glass when it exited the die.

The major defect in the core part of the preform is the inner ring of holes. The

positions of the holes are close to the target dimensions, but the sizes are 40% smaller

than the design. However, from our previous experience in trial 3, the sizes of holes

are very likely to be restored during the fibre drawing process.

Unfortunately, after cut the preform end to reveal the cross-section the whole
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(a) (b) (c) (d)

Figure 6.5.4: The second SF57 preform fabrication die version 2. (a) the overview

of the preform. (b) first half of the preform. The diameter at different position

along the preform are labelled in the picture. The preform in the middle of the

picture appears to be opaque due to bubbles in the glass. (c) the cross section of

the preform. (d) the cross section overlaid with the ideal die structure.

preform is found to be covered with bubbles. Even the rest of the fabrication process

proceeds seamlessly, the fibre will not be able to transmit light due to the extensive

scattering caused by the bubbles. Therefore, this trial was terminated.

6.6 Trial Five

In the trial 4, extrusion temperature was increased by 1% which I did not expect to

see such dramatic changes to the glass. However, the result indicates, either the 1%

increase in the temperature or the die itself might have contributions to the final

result. The new die design increased significantly more internal interfaces into the

preform which could greatly increase the chances to form glass bubbles than the old

designs.

Considering the lack of knowledge about the tellurite glass extrusion temperature

for this die and risk another die (dies are for one-time use only), I decided to use a

bismuth glass billet instead of tellurite. On one hand, the bismuth glass has very

similar optical properties to tellurite glass. The main difference is the transmission

window of the glass. The transmission window of the bismuth glass used in this work
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extends to approximately 3 µm which is narrower than that of tellurite glass [50].

Other than that, the differences in the refractive index (1.98 for bismuth and 2.00

for tellurite at 1550 nm) and nonlinear refractive (index 5.9e-19 m2/W for bismuth

glass [154] and 5.5e-19 m2/W tellurite glass (measured with Z-scan method [155]))

are negligible. On the other hand, the thermal mechanical properties of bismuth

glass are similar to SF57 glass than tellurite, and there is enough information from

previous in-house extrusion experience for us to estimate an extrusion temperature.

6.6.1 Preform fabrication: Bismuth glass billet with Die V2

The bismuth glass billet (provided by Asahi Glass Co. LTD.) was 45 mm tall and

50 mm in diameter. The heating process was also performed in two stages. In the

first stage, we heated the glass to 470 oC with 10 oC/min ramp rate. In the second

stage, the temperature was increased to 490 oC with 1 oC/min ramp rate. Once

the setting temperature was reached, the glass was extruded through the die at a

constant speed of 0.036 mm/min.

The preform was tapered, though less severely than in previous trials. The

extrusion went well until the preform became too long, and its tip touched the

ground. After that, the preform was bent, distorted and broken as one can see in

Fig. 6.6.1a (Left side). The straight part of the preform is more than 58 cm long.

(a) (b) (c) (d)

Figure 6.6.1: Bismuth Preform. (a) the overview of the preform. (b) the view of

the starting end of the preform. (c) the cross section of the preform. (d) the cross

section overlaid with ideal die structure.
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In this trial, the preform exited from the die nearly the same time with approx-

imately 1 cm delay for the core (Fig. 6.6.1b). This indicates the flow of the glass is

more balanced for bismuth than tellurite in trial 4.

Fig. 6.6.1c&d show the cross-section of the preform and an overlay with the ideal

structure. From the picture, one can see that the sizes of inner holes of this preform

are closer to (3% larger) the design than previous trials. However, the positions of

this ring of holes are slightly offset by 4% with respect to the core diameter. The

cause of this can be attributed to the uneven flow of glass inside the die, and the

defect in the die since the pins were separately manufactured and manually installed

into the plate, there is no guarantee the pins were absolutely straight. Nevertheless,

the preform fabrication was a success.

6.6.2 Preform caning and fibre drawing: Bismuth preform

The preform in this trial is thick enough to be made into 1 mm diameter canes with

a cross section shown in Fig. 6.6.2a. In the canes, the inner holes came smaller than

in the preform and the design (Fig. 6.6.2b). One possible cause of this result could

be the temperature during cane making process was too high or the tension of the

pull was too low so that the holes started to close due to its own surface tension.

From previous experiences, this defect can be compensated during the fibre drawing

process.

Once the cane was available, it was inserted into another bismuth glass tube

with 10 mm outer and 1 mm inner diameters, and drew them together into fibre.

During this fibre drawing process, the two ends of the cane were flame sealed to

establish self-pressurisation inside the cane to keep the holes open. Also a vacuum

environment was applied on the cane and the tube to seal the gap between them.

The cross-section of the final fibre was shown in Fig. 6.6.3. Comparing to the

die structure (Fig. 6.6.3b) and ideal fibre structure (Fig. 6.6.3c), the figure shows

certain distortion, mainly in the inner hole positions which appear to be similar in



Chapter 6 The fabrication of the designed fibre 141

(a) (b)

Figure 6.6.2: The cross section of the bismuth cane (a) with an overlay with the

ideal die structure (b).

the preform and the cane. Apart from that, the inner hole sizes are slightly larger

than the design, and outer hole sizes are much bigger than the design, where the first

one is crucial according to Chapter 5 Table 5.3.1 and the later one is not important

and even better since they will provide better confinement.

(a) (b) (c)

Figure 6.6.3: The cross section of the bismuth fibre (a). (b) overlaid with ideal die

structure. (c) overlaid with ideal fibre structure.

6.7 Summary

In this chapter, the processes of fabricating the fibre designed in Chapter 5 were

described and the evolution of the die design was showed.
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The first die design focussed on resembling the design fibre structure and the

easiness of the glass flow. The die consisted three parts. Large holes and gaps were

used for reducing the friction between steel die and glass. The extrusion was done

with a tellurite glass billet. Due to the lack of the knowledge of temperature needed

for the extrusion, the fabricated preform suffered severe taper. Besides that, the

glass flow speed in the core region appeared to be much faster so that the core came

out of the die before the rest of the preform. Despite all the defects, the preform

consists of useful structure. However, due to the severe taper, the preform could

not be made into fibres with one jacketing step. Instead, we attempted to jacket

the small end of the preform twice to reach the required core and outer diameters.

Unfortunately, the attempt ended in failure. The structure was not survived after

the first pulling process.

Modifications were made in the second die to reduce the flow rate in the core

region. Instead of on big feeding hole, multiple small feeding holes were used this

time. The second extrusion also used a tellurite billet. To reduce the tapering effect,

the extrusion temperature was reduced by 5 degrees Celsius. The taper effect was

reduced in the initial part of the preform, but the later part was still tapered under

its own weight and broken due to its thinness. The core part of the preform still

exited the die earlier than the rest of the preform but less in length. After cutting

the preform to reveal the cross section, it is found that the struts in the preform

was very thin, which indicated they might not be able to sustain the weight of the

core for next fabrication processes as well as large friction force in these areas which

caused the early exit of the core part of the preform.

In the next trial, expanded the strut width from 0.78 to 2 mm in the current

die design and extruded a SF57 glass billet. I had much more experiences with

SF57 glass than tellurite. And SF57 glass was a commercial product which had

better stability. The extrusion with the SF57 glass was a success. Minor taper

was observed in the preform and cross-section almost retained the die structure.

the preform was successfully made into canes and drew into fibres. Only minor
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distortion was observed in the final fibre. This result proved that the modified die

design was successful and as long as the right temperature for extrusion could be

found for tellurite glass, preforms with same quality can be produced.

The version 1 die design can successfully produce good SF57 preform but it has

a large internal ‘dead’ volume which causes waste of glass. The SF57 billet glass

was more than twice the volume of tellurite glass billet. The version 1 die cannot

produce sufficient long preform with tellurite glass billet. For the reason, new die

design was considered.

The version 2 die drew on experience from version 1 die. It consists only two

parts with all the structural features assembled onto a thin plate with an output of

half the diameter as version 1 die.

Following the success of SF57 glass fabrication, the new die design was tested

with a SF57 glass billet first. But the trial was a failure. The preform not only

greatly tapered but also shown bubbles inside it. The cause of this failure in un-

sure at the moment but it could be related only to the glass. Despite the defects

mentioned here, the cross-section of the preform was quite close to the die structure.

Instead of risk the last die with tellurite glass billet, a bismuth glass billet is

used instead. The bismuth glass has very similar optical properties to tellurite glass

and similar thermal mechanical properties to SF57 glass. In general, the fabrication

was a success. There was some distortion in the fabrication, especially the inner six

holes, and the distortion was carried into the final fibre. However, the distortion

was believed due to the pins in the die and can be fixed in the future.

Two fibres were successfully produced during these fabrication trials, SF57 and

bismuth fibres. These fibres were the first microstructured fibres been intensional

designed and fabricated with holes of significantly different sizes. In the next chapter,

simulations based on the fabricated fibres are performed.





Chapter 7

Simulations of fabricated fibers

In Chapter 6, the transverse cross-sections of the fabricated fibers were compared

with the initial design. Apart from the use of different types of glass, there also are

significant distortions in the fabricated fiber structure. Changes in nonlinearity and

dispersion profiles are therefore expected. The actual dispersion and nonlinearity

profiles of the fabricated fibers will lead to different outputs. It is important to

redo the simulations with actual dispersion and nonlinearity profiles to compare the

outputs and understand the impact of the structural distortion on the nonlinear

processes of interest here. The simulated result will help guiding the experimental

work.

In this chapter, the FOPO and SC generation were simulated in the fiber fabri-

cated in the previous chapter. First of all, the dispersion and nonlinearity profiles

of both fabricated bismuth and SF57 HWW fibers were calculated base on their

SEM images using a finite element method. Once these dispersion and nonlinearity

profiles are obtained, simulations of FOPO and SC generation can be carried on by

using the profiles, and results can be compared with the designed ones.

145
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7.1 Dispersion and Nonlinearity Profiles

To calculate the nonlinearity and dispersion profiles of the real structure, an accurate

measure of the fiber cross section needs to be taken. A scanning electron microscope

(SEM) image of the fibre cross-section was taken. It is shown in Fig. 7.1.1a. The

image was processed to remove the cracks and dirt on the fibre tip, and the contrast

of the image was enhanced so that the boundaries of air holes could be easily detected

by the modelling software (COMSOL Multiphysics). The processed imaged is shown

in Fig. 7.1.1b. The imported geometry (Fig. 7.1.1c) was then scaled to its actual

size by using the scale bar on the SEM image. The error accumulated in the import

process is at order of 10 nm. This error includes the error from taking the SEM

image, which is approximately 10 nm, and the error from plotting the contour of

the fibre geometry edges in the SEM image.

(a) (b)
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Figure 7.1.1: (a) SEM image of the fabricated fiber, (b) processed image, remove

cracks and dirt, (b) structure imported into COMSOL.

Once the geometry is loaded into COMSOL, nonlinearity and dispersion profiles

were calculated in the same way as they were done with the ideal structure.

7.1.1 Bismuth HWW fiber

Fig. 7.1.2 shows the dispersion (a) and nonlinearity (b) profiles of the actual fiber.

Due to fabrication distortion, the fibre became birefringent, which is presented in the
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form of the splitting of the dispersion and nonlinearity curves of the two polarisation

modes. The distortion also caused other changes in dispersion and nonlinearity

profiles. In the dispersion profile, the wavelength spread of the three ZDWs is wider

than it was for the ideal fibre. They shifted from approximately 2, 2.5 and 3 µm

to 1.7, 2.7 and 3.6 µm. Secondly, the maximum variation of the dispersion value

between the first and third ZDWs increased from approximately 5 ps/nm/km to 23

ps/nm/km with 16 ps/nm/km for the maximum and -7 ps/nm/km for the minimum.

The nonlinearity of the fibre increased approximately 40% for all wavelengths due

to the increase of the inner hole diameters which reduces the effective mode area of

the guided modes.

The fabricated fiber was also found to be multimode as well as the designed fibre.

49 core-guided modes were found in the modelling. Fig.7.1.3 shows the dispersion

and nonlinearity of 2 fundamental, 6 first high order and 8 further higher order

modes. As one can see, the dispersion and nonlinearity profiles of the high-order

modes are a significantly different from that of the fundamental modes. The exis-

tence of the inner ring of holes causes significant difference in the confinement con-

dition between fundamental and high-order modes. Fundamental mode is mainly

confined inside the inner ring of holes where high-order modes distribute evenly

across the core area. There is only one ZDW for each high-order mode at approxi-

mately 1.3 to 1.5 µm. The nonlinearity of the high-order modes are all lower than

that of the fundamental mode because of the higher order of the mode, the larger

the effective mode area.

7.1.2 SF57 HWW fiber

The material dispersion of SF57 glass is different from that of the bismuth and tel-

lurite glass (Fig. 7.1.4). It is no surprise that the nonlinearity and dispersion profiles

of the SF57 fibre are different from the design. Fig. 7.1.5 shows the dispersion and

nonlinearity profiles of the SF57 fibre. The dispersion of the SF57 fibre increases
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Figure 7.1.2: (a) Dispersion and (b) nonlinearity profiles of the fabricated Bismuth

HWW fiber. (c) Dispersion and (d) nonlinearity profiles of the best 9 GA optimised

structures in Chapter 5

monotonically with the increase of wavelength. There is only one ZDW at approxi-

mately 1.6 µm in the dispersion profile. The nonlinearity of the fiber is 60% lower

than that of the bismuth fibers due to both lower linear and nonlinear refractive

indices of SF57 glass (n = 1.8 and n2 = 4.1× 10−19m2/W at 1550 nm).

The changes in dispersion and nonlinearity profiles alter the behaviour of the

parametric process and SC generation. In the following section, these nonlinear

processes in the fabricated fibre are studied.
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Figure 7.1.3: Nonlinearity and dispersion profiles of the fiber modes. The thick sold

lines correspond to fundamental modes, dashed lines correspond to the 6 first high

order modes, dotted lines correspond to 8 further higher order modes
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Figure 7.1.4: The material dispersion of SF57 (red solid line), Tellurite (blue solid

line) and Bismuth (green dashed line) glass

7.2 Parametric Gain and FOPO

The target fibre that had been fabricated was designed for SC generation. Due to

the similarity in the structures of the fibre designed for SC generation and FOPO, it
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Figure 7.1.5: (a) Dispersion and (b) nonlinearity profiles of the fabricated SF57

HWW fiber.

is believed that the fabricated fibre can be used to confirm the behaviour of FOPOs.

7.2.1 FOPO with bismuth HWW fiber

Recall from Chapter 4, at a fixed power level, the parametric gain of a fibre is a

function of nonlinearity at pump wavelength and the phase match between pump,

signal and idler wavelengths. The parametric gain map of the fabricated bismuth

fibre is shown in Fig. 7.2.1.
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Figure 7.2.1: (a) Parametric gain map of bismuth HWW fiber with 5 kW pump (b)

zoom up the region around pump 1560 nm.
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The most significant difference in the parametric gain of the fabricated fibre is

that the bandwidth of the gain at the target wavelength (880 nm) is much narrower

than the original design. The narrow bandwidth limits the tunability of the FOPO.

According to the gain map (Fig. 7.2.1b), if the fiber is still to be pumped at 1560 nm

with 5 kW peak power, the gain will exist around 840 nm. However, by increasing

the pump wavelength, 880 nm output can still be obtained.

Having the gain map, simulations of the FOPO is performed. In this simulation,

the pump wavelength was kept at 1560 nm and a 20nm band-pass filter was set at

840 nm. Based on the previous study in Chapter 4, this time we only look at cases

where the feedback ratio is 0.5. The change in the dispersion also caused changes

in the pump-signal walk-off time. A range of offset time were scanned through and

the following outputs were obtained. Figs. 7.2.2 ∼ 7.2.5 show the evolution of the

FOPO output as the pass number increases for a range of offset time from 534 to 824

fs. The main trend of the development of the signal pulses is very similar to the case

discussed in Chapter 4 except that the spectral purity in this simulation is worse

than the ideal case, which can be quantified through the time-bandwidth product

(see Fig. 7.2.6). One possible cause of this phenomenon is the SPM of the pump

which modulates the shape of the pump pulse and this modulate is transferred into

the signal pulse through FWM.
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(a) Offset Time = 534 fs
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(c) Offset Time = 565 fs
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(d) Offset Time = 580 fs
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(e) Offset Time = 595 fs

Figure 7.2.2: The evolution of the temporal (left column) and spectral (right column)

intensity profiles of signal pulses as a function of pass number with different offset

time. Each figure is normalised to its maximum intensity.
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(a) Offset Time = 610 fs
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(b) Offset Time = 626 fs
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(c) Offset Time = 641 fs
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(d) Offset Time = 656 fs
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(e) Offset Time = 671 fs
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(f) Offset Time = 687 fs

Figure 7.2.3: Continuation of Fig 7.2.2.
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(a) Offset Time = 702 fs
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(b) Offset Time = 717 fs
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(c) Offset Time = 732 fs
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(d) Offset Time = 748 fs
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(e) Offset Time = 763 fs
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(f) Offset Time = 778 fs

Figure 7.2.4: Continuation of Fig 7.2.3.
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(a) Offset Time = 794 fs
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Figure 7.2.5: Continuation of Fig 7.2.4.

The characteristics of the FOPO with the fabricated fibre can be summarised

in terms of the peak powers and the time-bandwidth products of the signal pulses,

which are plotted in Fig. 7.2.6. Through tuning the offset time between signal and

pump pulses, a maximum output peak power of 1.8 kW and TBP of 0.8 can be

obtained. Comparing this output to the designed one, one can find that with the

fabricated bismuth fibre, the FOPO conversion efficiency is reduced by 15%, and

the pulse quality is dropped from 0.5 to 0.8 (TBP). However, the overall peak power

conversion with the fabricated fibre can still reach 36%.

7.2.2 Parametric gain of SF57 HWW fiber

The predicted parametric gain of the SF57 fibre with 5 kW pump is shown in

Fig. 7.2.7a. Different to the bismuth fibre, the SF57 fibre does not have three ZDWs

and its ZDW appears at approximately 1.6 µm. This ZDW is closer to the pump
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Figure 7.2.6: Peak power (a) and TBP (b) of output pulses as a function of offset

time with a fixed feed-back ratio of 0.5

wavelength 1560 nm which indicates that this fibre has a broader gain bandwidth

than that of the bismuth fibre (see Eq.4.1.16 in Chapter 2). Furthermore, as one

can see in Fig. 7.2.7b, the gain band at the pump wavelength 1560 nm is shifted 150

nm to 1030 nm, while for the bismuth fiber, the shift is only 40 nm. However, it is

still possible to achieve 880 nm output if the pump wavelength is changed to 1475

nm. Another difference of comparing with the bismuth fiber is that the parametric

gain of SF57 fiber at 880 nm is approximately 800 m−1 while for bismuth fiber is

around 2000 m−1, which matches their difference in nonlinearity.

7.3 SC generation

SC generation involves many nonlinear processes, including FWM process, which

makes SC generation process more sensitive to the changes in the dispersion and

nonlinearity profiles than FWM process. The fabricated fibres have shown differ-

ences in dispersion and nonlinearity to the ideal fibre due to the fabrication distor-

tions. It is important to know how these fabrication distortions could influence our

previous prediction of SC generation.
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Figure 7.2.7: (a) Parametric gain map of SF57 HWW fiber with 5 kW pump (b)

zoom up the region around pump 1560 nm.

7.3.1 SC generation in Bismuth HWW fibers

The predicted SC generation of the fundamental mode of the fabricated bismuth

fibre is shown for different pump wavelengths (Fig. 7.3.1). Similar to the optimised

case, the SC generation in the fabricated fibre does not show significant soliton

formation, and the spectral span of the continuum covers the whole transmission

windows of the glass (assuming the transmission window is from 0.4 to 6 µm). Due

to the flat dispersion design of the fibre, the spectrogram of the SC outputs are all

similar for all pump wavelengths from 1200 to 4100 nm.
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Figure 7.3.1: Predicted spectrogram of SC output of fabricated Bismuth HWW

fibre. Pump wavelengths are labelled inside the plots
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Fig. 7.3.2 shows the evolution of the bandwidth and coherence of the continuum

as the pulse propagates for a range of pump wavelengths. Different to the SC genera-

tion in the optimised fibre, in this fiber, the maximum SC bandwidth happens when

it is pumped around 2 µm at which the coherence decreases most quickly. Due to

the anomalous dispersion at this pumping wavelength, spontaneous FWM/MI helps

the fast increase of spectral span (refer to the parametric gain map in Fig. 7.2.1) but

also lead to the fast decrease of coherence. According to our analysis in Chapter 5,

spontaneous MI is the major causes of coherence degradations in this case.
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Figure 7.3.2: Simulated bandwidth (left) and coherence (right) of SC outputs with

different pump wavelengths in the fabricated bismuth fiber.

Fig. 7.3.3 and 7.3.4 show the evolution of the spectrum and coherence of a 2 µm

pulse. Each row represents the pulse at a specific propagation distance from 0 with

2 mm interval. As one can see, the coherence of the pulse remains high before the

sidebands rise. Those sidebands are MI sidebands which are incoherence as can be

seen in the corresponding coherence plots (red arrows in Fig. 7.3.3). As the pulse

broadens, the incoherent MI sidebands merge into the coherent central band and

degrade its coherence.
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Figure 7.3.3: Simulated intensity (left) and coherence (right) spectra of pulse along

the propagation from top to bottom with 2 mm intervals.
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Figure 7.3.4: Continuation of Fig. 7.3.3.

Unlike the optimised case in Chapter 5, the anomalous dispersion between the

first and second ZDWs is responsible for the degradation of the coherence of the

continuum. This indicates that, to maintain the coherence of the continuum, the

dispersion of the fibre has to be kept below 16 ps/nm/km to avoid MI.

Although, the fabricated fiber did not achieve the designed coherence qualifica-

tion, its outputs at least have proven two important points of our model. Firstly,

low and flat dispersion is a way to achieve broadband SC. Secondly, anomalous

dispersion could lead to coherence degradation. The first point is preferred for ap-

plications that they only require large bandwidth, while the second point is more

difficult to overcome. In the future studies, it will be useful to find out an approach

to avoid MI when anomalous dispersion presents. Also, refining GA’s fitness func-

tion to design fiber with no anomalous dispersion will be a way to achieve highly

coherent SC generation.

Up to this stage, the simulations are for single mode propagation. However,

as discussed in Section 7.1.1, the fabricated fibre is multimode. The multimode

pulse propagation simulation is computational intensive and requires solving many

of coupled nonlinear Schrödinger equations [156, 157]. Here, to facilitate comparison

with experimental data later in this thesis, an alternative approach is considered in

which two assumptions are made. Firstly, in experiments, the alignment of the

laser beam and the fiber is optimised such that the majority of the light is coupled



Chapter 7. Simulations 162

into the fundamental mode along one of the principle axes. Therefore, the nonlinear

pulse broadening is dominated by the fundamental mode. Secondly, nonlinear cross-

talks between the modes are ignored, including cross-phase modulation and coherent

coupling. With these assumptions, the total electric field at the fiber output is

written as a superposition of the electric fields of all modes. The fraction of pulse

power in each mode is then determined by the coupling between the input beam

and that mode. The coupling efficiencies between an input beam, and the modes

based on the mode field pattern calculated from COMSOL are calculated. The

coupling efficiency can be described by Eq. (7.3.1) which is a simplified form derived

based on Ref. [158]. Approximations that are implicit within this definition include

the assumption that the modes are purely transverse and there is no coupling to

radiation modes. The Fresnel reflection does not need to be considered here, since

only the relative ratios of the coupling efficiencies of the modes are needed.

ηn =

∣∣∫ Ein · E∗
nda
∣∣2∫

|Ein|2 |En|2 da
(7.3.1)

In Eq.7.3.1, ηn is the coupling efficiency of n-th mode, Ein is the electric field of

the input beam and En is the electric field of n-th mode inside the fiber. Assuming

the input field distribution is Gaussian, the coupling efficiencies from the input field

to the different modes can be found for a range of input beam diameters (focal spot

size in experiments) as shown in Fig. 7.3.5a.

These calculations indicate that the first 16 modes contain the majority (∼94%)

of energy of the launched beam (as shown in Fig. 7.3.5b). The pulse propagation

for each of these modes were simulated independently with power determined by

the coupling coefficients and for a range of input beam diameters. Following this,

the electric fields of all the modes at the output of the fiber are superimposed. The

superimposed electric fields interfere with each other, resulting in changes in the

generated spectra.

Such simulations were carried out for a range of different pump wavelengths. The

following wavelengths are chosen by considering the dispersion profile of the funda-



Chapter 7. Simulations 163

2 4 6 8 10 12 14 16
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

Beam diameter (µm)

C
ou

pl
in

g 
ef

fi
ci

en
cy

High Order Modes

Fundamental Mode

(a)

0 10 20 30 40 50
0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

Mode order

A
ve

ra
ge

 c
ou

pl
in

g 
ef

fi
ci

en
cy

(b)

Figure 7.3.5: (a) Coupling efficiencies for different modes vs. beam diameter of the

incident Gaussian beam. (b) Average coupling efficiencies for a range of modes.
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Figure 7.3.6: Simulations of SC generation. Spectra are normalised to their peak

level and offset vertically for easier viewing. (a) Spectra of multi-mode pulse propa-

gation simulation pumped at 1300 (blue), 1550 (green), 1650 (red) and 1800 (cyan)

nm with 100-fs 10-k peak power pulses, (b) SC spectra of the fundamental mode for

the same range of pump wavelengths.

mental mode: a pump wavelength of 1300 nm is in the normal dispersion region,

pump wavelengths of 1550 and 1650 nm are in the normal dispersion region but

close to ZDW, and a pump wavelength of 1800 nm lies in the anomalous dispersion
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region. The output of the pulse propagation model is shown in Fig. 7.3.6a.

The spectral broadening in these simulations is dominated by the fundamental

mode as it contains most of the energy. Therefore, despite the multimodeness of the

fiber, the single-mode-based design directives of this fiber are still valid. Fig. 7.3.6b

shows the spectral output of the fundamental mode only. The most significant dif-

ferences between multimode (Fig. 7.3.6a) and single-mode (Fig. 7.3.6b) simulations

are the peaks around the pump wavelengths [the highest peaks at 1300 (blue), 1550

(green), 1650 (red) and 1800 (cyan) nm]. These peaks are contributions from high-

order modes. Apart from that, the rest of the spectra are similar to the spectra

generated by the fundamental mode alone.

7.3.2 SC generation in SF57 HWW fiber

The SC generation in the fabricated SF57 fibre was also modelled. As one can

see from the spectrograms of the SC outputs with different pump wavelengths in

Fig. 7.3.7, when the fibre is pumped far in the normal dispersion regime (pump

wavelengths much shorter than 1600 nm, such as 1200∼1400 nm, refer to Fig. 7.1.5),

the broadening is dominated by SPM. Therefore, the spectra broadening are limited.

When the fibre is pumped close to the ZDW (1600 nm) and in the anomalous

dispersion regime (pump wavelengths longer than 1600 nm), soliton formation and

soliton fission take place. Depending on the nonlinearity and dispersion at the pump

wavelength, the number of solitons that will split from the pump pulse is determined

by the soliton order. In our SF57 HWW fiber, the soliton order is small (6 3), and

decreases as pump wavelength increases. Correspondingly we see soliton formation

and fission as pump wavelength increases while the number of soliton reduces from

initially three to only one (from pump wavelength of 1900 to 4100 nm in Fig. 7.3.7).

In this fiber, large bandwidth is obtained only when pumping around its ZDW.
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Figure 7.3.7: Predicted spectrogram of SC output of fabricated SF57 HWW fiber

for different pump wavelengths.



Chapter 7. Simulations 166

Interestingly but not unexpectedly, the predicted coherence of the SC generation

in this fiber is good except for the ones pumped around the ZDW. But this is mainly

due to the low nonlinearity of the fibre and small spectral broadening of the SC in the

high coherence pump wavelength region. Fig. 7.3.8 shows the overview of bandwidth

and coherence of the SC generations along the propagation for different pumping

wavelengths. Comparing to the bismuth fiber, the bismuth fibre provides broad

spectra for a much larger pump region than the SF57 fibre.
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Figure 7.3.8: Simulated bandwidth (left) and coherence (right) of SC outputs with

different pump wavelengths in the fabricated SF57 fiber.

7.4 Summary

In this chapter, FOPOs and SC generation were simulated with the fabricated fibers.

The fabrication distortions alter the dispersion and nonlinearity profiles of the fi-

bres from what they were designed to be. The distortions result in the decrease

of conversion efficiency and output pulse quality of the FOPO and the decrease of

bandwidth or coherence of SC generation. However, through analysing the simula-

tions result in those fabricated fibers, one can estimate what should be expected in

the experiments as well as to understand the physical processes better. FEM calcu-

lations show the actual dispersion and nonlinearity profiles of the fabricated fibers.
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The dispersion profile of the bismuth fiber still shows three ZDWs. The values of

these ZDWs are changed from approximately 2, 2.5 and 3 µm to 1.7, 2.7 and 3.6

µm. The span of the low flat dispersion regime is therefore expanded by nearly

100%. However, the maximum difference of value in the dispersion curve within this

wavelength region becomes bigger than the design. In mean time, the nonlinearity

of the fabricated bismuth fiber is approximate 40% higher than the design in average

for wavelengths from 1 to 4 µm. Dispersion and nonlinearity profiles of the SF57

fiber are much different to the design due to their difference in material. There is

only one ZDW around 1.6 µm and the nonlinearities are around 40% lower than the

design in average for all wavelengths.

In FOPO simulations, the changes in the dispersion profiles cause significant

changes in the parametric gain. However, we found gain bands near the original

design pump wavelength 1560 nm with both fibers. The gain band of bismuth fiber,

at 1560 nm, is narrow but fairly close to, 40 nm shorter than, our designed target

880 nm. For the SF57 one, the bandwidth is relatively larger but the wavelength

shift is bigger, 150 nm longer than 880 nm. For both, it is still possible to obtain

880 outputs with different pump wavelengths.

The bismuth fibre based FOPO was also simulated. The signal build-up be-

haviour is quite close to the one described in Chapter 4. But the walk-off between

pump and signal pulses is bigger than the that of the design, which caused two side

effects to the FOPO. Firstly, the increase in the best offset time (Fig. 7.2.6) which

caused the decrease of maximum conversion efficiency. Secondly, the decrease of the

TBP of the output pulses by a factor of 2 (Fig. 7.2.6).

In SC simulations, the results clearly show the superiority of the optimised fiber.

In bismuth fiber, the small positive dispersion increase between the first and second

ZDWs and causes a distinct increase in SC bandwidth and decrease in coherence.

Different from the optimised fiber, the coherence degradation caused by this disper-

sion regime originated from MI and cannot be effectively removed through the loss

profile of the fiber and therefore indicates it is crucial to keep low dispersion in the



Chapter 7. Simulations 168

flat dispersion regime for maintaining high coherence.

Simulation of SC generation in SF57 fiber shows clear soliton-related dynamics.

Due to low nonlinearity of the fibre, the coherence of SF57 fibre remained high for

most of the pump wavelengths away from the ZDW. However, the SC bandwidth in

this case is smaller than that of the bismuth fibre. Similar large SC bandwidth was

only achieved for pumping around the ZDW.

Based on the simulation results, it can be predicted that extensive pulse broad-

ening can be easily observed in both Bismuth and SF57 fibres when they are pumped

with femtosecond pulses. The outputs of the two fibres should be distinguishable

from at least two aspects that indicate the characteristics of the fibre dispersion and

nonlinear properties. Firstly, at same input power levels, spectral broadening in Bis-

muth fibre should be broader than in SF57 fibre regardless of pumping wavelength.

Secondly, at the same pump wavelength, more high intensity solitons and their re-

layed dispersive waves should be observed in SF57 fibre than in Bismuth fibre when

they are pumping in their anomalous dispersion regimes. Both of the two points

indicate the benefits of optimised dispersion and nonlinearity profiles of the Bismuth

fibre to the SC generation. Since the outputs of SC generation in these cases are

equivalent to the single pass output of a FOPO, the benefits of optimised dispersion

and nonlinearity profiles of the Bismuth fibre also apply to FOPO applications too.

In the next chapter, experiments of short pulse broadening are performed to

demonstrate the SC generation in the fabricated fibres and prove the improvement

of optimised design for SC generation and FOPO applications.



Chapter 8

Femtosecond pulse broadening

experiments

8.1 Background

In the previous chapters, fibers with low and flat dispersion were designed and

fabricated for generating highly coherent broadband SC and constructing high effi-

cient near-IR femtosecond FOPOs. Calculations based on the SEM images of the

fabricated fibres indicate that the fibre fabricated in Bismuth glass has a low flat

dispersion profile with three ZDWs at 1.7, 2.7 and 3.6 µm and a variation of 15

ps/nm/km around 0 across 1.7 to 3.6 µm. This nonlinearity of this fibre at 2 µm is

predicted to be 175 W−1km−1. The calculations also indicate that dispersion profile

of the fibre fabricated in SF57 glass is not as flat as that of the Bismuth fibre and

there is only one ZDW at 1.6 µm. The nonlinearity of the SF57 fibre is also lower

than the Bismuth fibre by 40% in average for wavelengths ranging from 1 to 4 µm.

Simulations based the Bismuth and SF57 fibres indicate that although the coherence

of SC generation in the optimised fibre (Bismuth) does not remain high due to the

increased variation in dispersion, broad SC generation should be observed in both

Bismuth and SF57 fibres. Simulations also indicate that through comparison and

169
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analysing the outputs of SC generation in these fibres, significant differences in SC

bandwidth and soliton-related nonlinear processes can be identified. The differences

show the characteristics of the dispersion and nonlinearity of the two fibres.

In this chapter, short pulse broadening experiments are performed with both

Bismuth and SF57 fibres to demonstrate the SC generation in these fibres and com-

pare the experimental results to the simulations in Chapter 7 to help understanding

the nonlinear processes and prove the advantages of the fibre design.

8.1.1 Chapter outline

In this chapter, the femtosecond laser source are firstly characterised to obtain infor-

mation on pulse’s spectral content, noise level and power stability. These information

are used in Chapter 7 for simulating the pulse broadening in the actual fibre which

provides insight into the nonlinear processes that occur as the pulses travel along

the fibres. After characterising the laser source, pulse broadening in SMF28 fibre

were first measured. The single modeness of SMF28 and well known dispersion and

nonlinearity profiles enable us to check both the experimental setup and that the

simulation program is working as expected.

During the experiments, the signal obtained from the photon detector was found

to be weak. To overcome this, a signal processing step was added to extend the

detection sensitivity. Spectral outputs of the bismuth and SF57 fibres were measured

for a range of pumping wavelengths and power levels. The outputs of bismuth fibre

were also compared to the numerical simulations from Chapter 7.

8.2 Characterisation of the pump laser source

A tunable femtosecond pump source is chosen for this work to provide the peak

pulse intensity required for SC generation and to match the specification of fibre

design. The femtosecond laser source includes a Millennia Prime pump laser, a

Spectra Physics Tsunami ultrafast Ti:Sapphire laser, a Spitfire Pro XP Ultrafast
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Ti:Sapphire amplifier and a TOPAS automated ultrafast OPA (see Fig.8.2.1). The

Ti:Sapphire laser is pumped with 8 W 533 nm CW laser and outputs 800 nm 100

fs pulses at 80 MHz. The repetition rate is reduced to 8 MHz and about 400 mW

power is sent to the amplifier. The amplifier amplifies the pulses to 1 W and at this

time the repetition rate is reduced to 1 kHz. The output of the amplifier is then

used to pump the OPA to provide mW-level tunable output from near- to mid-IR

with the help of a linear polariser (Thorlabs LPNIR) to pick the signal or idler

wavelengths.

Spectra Physics

Tsunami Ultrafast Ti:Sapphire Lasers

Spitfire Pro XP Ultrafast Ti:Sapphire Amplifier TOPAS Automated Ultrafast OPA

Agilent DSO6102 Oscilloscope

Acton Monochromators

Beam Splitter

Mirror
Mirror

Polarizer
Polarizer

Fibre Under Test

Goodrich SU320M-1.7RT

IR Camera

PC

DET10D

InGaAs Detector

Millennia Prime Pump Laser

Frequency

Reducer

Lens Lens

1/2

Waveplate

Figure 8.2.1: The illustration of experimental setup. Red lines: optical passes, blue

lines: electrical connections

The OPA is seeded with a white light SC source generated from the same input

source. The spectra of generated signal and idler pulses of the OPA is influenced by

the seed. Knowing the stability and spectral content of the pump pulses is necessary

to support the analysis of the nonlinear processes.

Figure 8.2.2 shows the spectra averaged over 1000 pulses at OPG output with

different wavelengths. Those spectra were measured using a long-pass filter (to
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remove the pump); a linear polariser (for separating signal and idler pulses whose

polarisations are perpendicular to each other); a few neutral density (ND) filters (for

limiting the pulse power); a broadband half-wave plate (for rotating polarisation)

and two pairs of gold-coated mirrors. Nonlinear effects in these optical components

are not obvious.

As it can be seen from the Fig. 8.2.2, the spectral content varies significantly

with wavelength. As the wavelength becomes longer, the bandwidth of the output

spectrum becomes broader. The spectral shape of the OPA outputs also varies with

wavelength which could attribute to the change of alignment of the pump and seed

beams inside the OPA crystal as it rotates to for different wavelengths.

The stabilities of the output power of the OPA at different wavelengths are also

measured and shown in Fig. 8.2.3. The fluctuation in the power varies with wave-

length over time. In Fig. 8.2.3(a)∼(g), each red point in every plot is the measured

power averaged over 1 minute, with 10 such measurements performed sequentially.

The error bar represents the standard deviation of 1-minute measurements. The

green and blue dots represent the minima and maxima power within each minute

slot. Each plot shows two distinct types of power instability: a high speed pulse to

pulse instability and a slow power drift.

The pulse to pulse instability, indicated by the standard deviation of each wave-

length shown in Fig. 8.2.3(h), is most severe around 1600 nm. The slow power

drifting over time, such as the power fluctuation in Fig. 8.2.3(a), could be caused

by the temperature fluctuation of the nonlinear crystal in the OPA.
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Figure 8.2.2: Averaged spectra of the pump pulses from the TOPAS OPA at different

wavelengths
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Figure 8.2.3: Power fluctuation of the pump pulses at different wavelengths. Powers

are normalised to the mean value. (a)∼(g): red: average, error bar: standard

deviation, green: minimum, blue: maximum. (h): Variation of standard deviation

with wavelength

The power fluctuation of the system limits the quality of experimental work,

hence averages of 10,000 pulses are taken for each measurement in the experiments

described here. With the knowledge of the pump source, nonlinear broadening

experiments can be carefully carried out.
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8.3 Spectral broadening in SMF-28

Before characterising the fiber designed and optimised in Chapter 5, pulse broaden-

ing in standard single-mode SMF-28 fiber was firstly explored to verify the experi-

mental setup and the simulation programs. In the experimental setup (Fig. 8.2.1),

the beam from the OPA was linearly polarised. After that a half wave plate (Thor-

labs AHWP05M-1600) was used to tune the polarisation angle of the input beam.

The beam was coupled in and out of the fibre using an aspheric lens (Thorlabs

352260-C). Three different pumping wavelengths were chosen to estimate the in-

fluence of the noise of the pump source on the generated SC. The three pump

wavelengths selected are 1200 nm, 1300 nm and 1500 nm which are in normal, near

zero (ZDW of SMF-28: 1310 nm) and anomalous dispersion regimes respectively for

this fiber.

Figure 8.3.1 shows the experimental and simulation results of pulse broadening

in a 1 metre long SMF-28 fiber pumped at 1200 nm, 1300 nm and 1500 nm. Ob-

servations made in these experimental match well with our simulation results. In

the normal dispersion regime, SPM dominates the broadening. Smooth and narrow

spectra can be observed as the pump power increases. For wavelengths near the

ZDW, the broadened spectra are more noisy but wider and flatter than the ones in

the normal dispersion regime. Once the pump wavelength moves into the anoma-

lous dispersion regime, clear soliton dynamics are observed: two solitons are evident

around 1650 nm and 1750 nm in the cases of pump power 5.2 and 8.2 µW, respec-

tively. Simulations shown in right column of the plot matches with the experimental

results. In the simulations, the pump pulses were ideal hyperbolic secant pulses with

peak powers corresponding to the ones used in the experiments.

By comparing the experiments with simulations, one can find the best agreement

was obtained in the normal dispersion regime. The influences of power fluctuation

and spectral impurity are negligible when sufficient averaging are taken since the

dominate nonlinear process in this dispersion regime is SPM which can be accurately
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Figure 8.3.1: Comparison of experiments and simulations of spectral broadening in

1 metre of SMF-28 pumped at normal (1200 nm), zero (1300 nm) and anomalous

(1500 nm) dispersion regions
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predicted. As the pump wavelength move towards anomalous dispersion region,

more complicated nonlinear processes such as modulation instability and soliton

fission take place. These processes are sensitive to the noise in the input. Small

fluctuation in the input can trigger significant changes in the output spectra. For the

case of power level at 8.2 µW in Fig. 8.3.1(e), spectra averaged over 10,000 pulses is

not enough to show a smooth spectrum of the soliton(s) between wavelengths 1600 to

1900 nm even the soliton order of this fiber is low (≈ 3, indicates 3 solitons will form

during the fission process). Usually with low soliton orders, soliton fission processes

are relatively stable. In addition to solitons, MI and XPM will also modulate the

spectra randomly which could not be identified here.

Despite the source fluctuations, the agreement between simulations and experi-

mental results confirms 1) the experimental setup can be used to measure the pulse

spectrum. 2) The simulation tool can accurately predict nonlinear processes during

pulse propagation.

8.4 Fibre alignment

The fibre designed in Chapter 5 is known to be multimode. The modal content of

light in the fibre is sensitive to the way in which light is launched into the fibre.

Variations in the modal content within the fibre can be expected to change the

generated SC significantly since the modes differ significantly in their dispersion

and effective nonlinearity (see Chapter 7 Fig. 7.1.3).

As a starting point, for simplicity, it is preferred to compare generated SC of

fundamental mode only. Therefore, a careful fiber alignment was preformed to

preferentially launch the pump power into the fundamental mode.

To do so, a IR camera (GOODRICH SU320M-1.7RT, wavelength ranging from

0.9 µm to 1.7 µm) is used to image the output of the fiber. Fig. 8.4.1a shows the

mode profile of the output of 6 mm of SF57 fibre. The wavelength of the beam

is 1550 nm. The bean is linearly polarised and its polarisation direction is aligned
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to one of the principle axes of the fibre. The coupling is optimised by maximising

the intensity of the peak in the centre of the fibre core. Fig. 8.4.1b is the mode

profile of the same output after a linear polariser whose polarisation direction is

perpendicular to that of the input beam. The fiber is polarisation maintaining

according to our calculation based on SEM image (Fig. 6.4.4a) of the fibre as a

result of the slight asymmetry within the structure. Therefore, one would expect

that the fundamental mode should mostly be removed after the polariser. However,

as one can see, Fig. 8.4.1b still shows a complex pattern, which indicates the possible

excitation of other modes as predicted in Chapter 7. An M2 measurement with the

fabricated Bismuth fibre was performed in Appendix A.2, which experimentally

confirm multimodeness of the fibre.

(a) (b)

Figure 8.4.1: (a) Output mode profile of the SF57 fibre aligned to one of the principle

axes. (b) Same output filtered with a linear polariser with polarisation aligned

perpendicular to that principle axis.

Since the response of the IR camera only extends to 1.7 µm, the alignment for

pump wavelength longer than 1.7 µm cannot be done using it. An indirect approach

was taken to bypass this difficulty: firstly, using a 1.7 µm beam to align the fibre

and then increase the wavelength until the beam can barely be been on the camera.

Now refine the alignment and increase the pump power to make the beam clearly
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shown on the camera again. Repeat this process until the demanded wavelength

is reached. As the pump power been gradually increased, SC was generated in the

fibre and part of its spectrum extended into the operational wavelength range of

the detector which allows one to observe the beam on the camera. However, this

approach has its limitations. Although by optimising the detectable part of the

spectrum, the alignment of the pump beam is also optimised in some sort. There

is no guarantee that coupling is optimised for the fundamental mode; instead this

process will optimise for the modal distribution that generates the best SC in the

observable wavelength range.

8.5 Signal processing

The spectra in Section 8.3 were measured using a monochromator and a photon de-

tector. The dynamic range of the detector (Thorlabs PDA10D 1.5 mV typical noise

∼ 10 V) limits the sensitivity of the measurement (maximum 38 dB). Meanwhile the

femtosecond laser system provides 100 fs pulses with 1 kHz repetition rate. To ob-

tain pulses with peak power in the range 1 ∼ 100 kW, the average power of the laser

output needs to be in the range of 1 ∼ 10 µW which is difficult to measure using this

detector. The detection dynamic range of the light from the monochromator is only

approximately 20 dB for a 10 kW peak power pulse. Although the bandwidth of SC

can be defined as the spectral width at 20 dB below the maximum, it is still better

if the details below 20 dB of maximum power can be seen. It can help analysing

the spectrum. To maximise the use of the dynamic range of the detector, a signal

processing algorithm was developed.

As shown in Fig. 8.5.1, a PC is used to control both the monochromator and

the oscilloscope. A script was developed to scan across the spectrum by setting the

wavelength on the monochromator and reading data from the oscilloscope in turn.

To ensure the maximum dynamic range of the detector and maximum resolution

of oscilloscope are used, the script also automatically re-scaled the oscilloscope to
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accommodate the pulse voltage. If the maximum and minimum readings from the

oscilloscope exceed 90% or below 10% of the current scale, the current scan was

discarded and a new one performed with a revised scale. In this manner, a voltage

from a minimum of 0.1 mV to a maximum of 50 V on the oscilloscope can be read.

Monochromator

Photon

detector

Oscilloscope

Set wavelength on monochromator

PC

Do a scan on oscilloscope

Checking
Re-set

oscilloscope

Record data

Fail

Pass

Input

Figure 8.5.1: The flow chart of the automated signal detection system.

At first, individual pulses are measured in time and integrated to obtain the

power for each wavelength. Fig. 8.5.2a shows an example of such measurements.

Due to the noise in the detection system and the weak signal that reaches the

detector, only approximately 20 dB below the maximum power of the signal can be

detected. To improve this, a different approach can be taken.

The duty cycle of the laser is rather small (1 over 10 billion). If one takes a train

of pulses such as the blue curve of Fig. 8.5.3(bottom plot), the pulses are simply

spikes sitting on a noisy background. If a Fourier transform is applied to this pulse

train, a spectrum like Fig. 8.5.3(top plot) can be obtained. In this plot, the spikes

can be easily identified and separated from the background noise, where the signal

is represented by the red dots. If everything except the red dots in Fig. 8.5.3(top

plot) are filtered out and transformed back to the temporal domain, a clear signal

of the pulses as the red curve shown in Fig. 8.5.3(bottom plot) can be obtained. If

one integrates the pulse train after performing this transformation, spectrum can be

obtained with much better signal to noise ratio. As a matter of fact, the detectable
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Figure 8.5.2: Comparison of measured spectra. (a) Without data process. (b) With

data process, the detection range increased by more than 5 dB.
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Figure 8.5.3: Signal process of the input pulse train. (top) The Fourier transform

of the pulse train in the bottom plot. (bottom) The pulse trains before (blue) and

after (red) filtering.
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range is increased to approximately 30 dB.

8.6 Bismuth HWW fibre

The experiments were carried on in bismuth HWW fibres using only approximately

2 cm of the fibre. The reason of choosing this length is as following. From modelling,

it is clear that the most significant pulse broadening is achieved in the initial few

millimetres of the fibre (see Fig. 7.3.2). By comparing the spectra with simulations,

one can identify and understand key features in the spectra. To do this, the fibre

length chosen for the experiments should be short to limit uncertainties (including

fabrication distortions, multimodeness, etc.) as much as possible but long enough

to achieve a significant SC broadening. The simulations indicate that with 2 cm of

fibre, one should see the initial stages of the SC as the power gradually increases

as well as generated spectrum that covers the whole detection region as the pump

power reaches higher levels.

8.6.1 Experimental Data

The broadened spectral outputs of the fibre for different input wavelengths are shown

in Fig. 8.6.1&8.6.2. Each plot shows the spectral broadening from bottom to top as

pump power increases. Using the dispersion plot in Fig.7.1.3 as a reference, one can

estimate what nonlinear processes were taking place.

The main trend of spectral broadening of these measurements agree with the

predictions. In the normal dispersion region and away from ZDW (1300 nm), the

spectral broadening is dominated by SPM and develops smoothly. As pumping

wavelength moves towards the first ZDW, part of the spectrum extends beyond the

first ZDW during the broadening process. This part of the spectrum experiences

different nonlinear phenomena. It can be seen from Fig. 8.6.1b that when the pulse

spectrum extends into anomalous dispersion region, soliton-related dynamics begin

to play a role in the features of the generated spectra. As a consequence, the red-



Chapter 8. Femtosecond pulse broadening experiments 183

1000 1200 1400 1600 1800
−40

−20

0

20

40

60

80

100

120

Wavelength (nm)

P
ow

er
 (

a.
u.

)

 

 

4µW
2.1µW
1.3µW
0.55µW
0.26µW
0.2µW
0.1µW

(a) 1300 nm

1200 1400 1600 1800 2000
−40

−30

−20

−10

0

10

20

30

40

50

Wavelength (nm)

P
ow

er
 (

a.
u.

)

 

 

2.3µW
1.0µW
0.6µW
0.3µW
0.2µW
0.1µW

(b) 1400 nm

1000 1200 1400 1600 1800 2000 2200 2400
−40

−30

−20

−10

0

10

20

30

40

50

60

Wavelength (nm)

P
ow

er
 (

a.
u.

)

 

 

6µW
3µW
2µW
1µW
0.5µW
0.2µW
0.05µW

(c) 1550 nm

1000 1500 2000 2500
−40

−30

−20

−10

0

10

20

30

40

Wavelength (nm)

P
ow

er
 (

dB
)

 

 

0.99µW
0.71µW
0.45µW
0.36µW
0.26µW
0.18µW

(d) 1650 nm

Figure 8.6.1: Experiments of spectral broadening in 2 centimetre of Bi-HWW fiber

pumped at different wavelengths (1300 to 1650 nm).

shifted solitons form the sidebands at 1.6 and 1.75 µm in the 1.0 and 2.3 µW curves

respectively.

Moving the pumping wavelength further towards the first ZDW, the broaden-

ing mechanism becomes more complicated, with more features starting to appear

in the spectra. The cause of this difference can be explained by considering two

aspects. Firstly, FWM/MI is likely to take place when the fibre is pumped close

to the ZDW. Secondly, during the spectral broadening, the pump pulse can extend
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Figure 8.6.2: Experiments of spectral broadening in 2 centimetre of Bi-HWW fiber

pumped at different wavelengths (1700 to 2000 nm).

into the anomalous dispersion region leading to soliton related nonlinear processes.

Furthermore, small GVD around this wavelength region leads to reduced temporal

walk-off in the pump pulses, and thus different wavelength components overlap in

time, allowing them to interact with each other. In the plots, due to the fact that

the bandwidth is limited by the detection range of the detector used in the exper-

iments, only part of the spectrum is shown. However, later when one look at the

simulations, it can be found that the spectral broadening around this wavelength
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region is predicted to be extensive, extending beyond the range measured here. As

the pump wavelength moves far into anomalous dispersion region, the bandwidth of

the spectra keeps expanding under the influence of MI and soliton-related processes.

8.6.2 Comparison with simulated data

The parameters used in the multimode pulse propagation simulations performed in

Chapter 7 were chosen to mimic the conditions found in this sets of experiments.

Comparing these simulations to the experimental results helps extent our under-

standing of the broadening process under realistic environment and further helps

refining the models and fibre design for future work.

Figure 8.6.3 shows a comparison of the simulation and experimental results. The

following wavelengths are chosen by considering the dispersion profile of the funda-

mental mode: a pump wavelength of 1300 nm is in the normal dispersion region,

pump wavelengths of 1550 and 1650 nm are in the normal dispersion region but

close to ZDW, and a pump wavelength of 1800 nm lies in the anomalous dispersion

region.

The spectra match better at shorter pump wavelengths than longer ones. This

can be interpreted as being due to the anomalous dispersion at the long wavelength

side, which causes more randomised nonlinear processes such as MI and soliton

fission. At pump wavelength 1300 nm, the spectra are almost overlapped. The

existence of normal dispersion ensures the SPM dominated broadening which can

be accurately predicted when the input conditions are certain.

The pump wavelengths 1550 and 1650 nm are close to the ZDW of this fiber,

and due to this property, the spectral features of SC pumped at these wavelengths

are more sensitive to pumping wavelength than other normal dispersion pumped

SC but still relatively stable to noise. This is the reason why spiky SC spectra are

observed but there are still peaks can be identified.

The clear exception occurs for the pump wavelength 1800 nm. There are at
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Figure 8.6.3: Measured spectra (thick blue curves) overlaid on the simulation results

(thin red curves). Thick blue curves represent measured data and thin red curve

represent simulation results

least two possible explanations for these results. Firstly, the anomalous dispersion

allows MI and soliton-related dynamics to dominate the broadening process. These

nonlinear effects are sensitive to the noise in the pump as well as other conditions

that could not be fully anticipated in the simulation such as pulse chirp, modal

interaction, polarisation interaction, Raman effects, etc. Secondly, the alignment

of the beam. As described in Section 8.4, the alignment of the fibre to the laser

beam is performed using an indirect approach. The light is likely to be coupled into

the high order modes instead of fundamental one. For these reasons, the simulation
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is deviated from the experimental results but in general, the experimental results

match simulations well.

8.7 SF57 HWW fibre

The same fiber structure as in the Bismuth fiber was also fabricated in SF57 glass.

This fibre is a test product during the fabrication progress. It is not designed to

have special properties for SC generation. The SF57 glass has different material

dispersion and nonlinear refractive index to Bismuth glass, which leads to different

fibre dispersion and nonlinearity profiles (Fig. 7.1.5). But because it has different

dispersion and nonlinearity profiles as the design, it can be used as a comparison to

the Bismuth fibre. This fibre shows only one ZDW at approximately 1.6 µm and

keeps increasing (reaches 50 ps/km/nm at 2.3 µm), and lower value of nonlinearity

(100 W−1km−1 at 2 µm) compared to the Bismuth fibre (250 W−1km−1 at 2 µm)

whose first ZDW is at 1.7 µm and dispersion values keep low and flat until 3.6 µm

with maximum value of 16 ps/km/nm at 2.1 µm.

Experiments of SC generation in this fiber were done with three typical pump

wavelengths. Each pump wavelength represents nonlinear broadening in a distinct

dispersion region. The three wavelengths are 1300 (normal and far from ZDW), 1650

(close to ZDW) and 2000 (anomalous and far from ZDW) and their corresponding

spectral outputs are shown in Fig. 8.7.1.

The SF57 fibre has nearly the same core size and structure as the Bismuth fibre

except minor difference due to fabrication distortions. The differences between the

SC generation in these two fibres can be considered as a result of different glass

materials used for constructing these fibres. However, from a fundamental point of

view, it is the difference in dispersion and nonlinearity profiles that caused these

changes.

In general, the differences can be concluded in the following points. Firstly, at a

similar power level, pulses in the Bismuth fibre broaden more than in the SF57 fibre
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Figure 8.7.1: Experiments of spectral broadening in a 2 centimetres length of SF57

fiber (Fig. 6.4.4a) pumped at different wavelengths

in the normal dispersion regime and near the ZDW due to higher nonlinearity and

lower dispersion in the Bismuth fibre than the SF57 fibre. In the anomalous dis-

persion regime, the amount of spectral broadening can not be determined using the

experimental setup available due to the operation wavelength range and sensitivity

of the detector.

Secondly, the soliton-related processes in SF57 fibre contribute more significantly

to broadening processes than the one in Bismuth fibre. This is concluded from the

degree of asymmetry in the spectral density around the pump wavelength in SF57

fibre which is caused by soliton fission and red shifting processes. Also SF57 fibre has

smaller soliton order then Bismuth fibre at same pump wavelengths based on their

nonlinearity and dispersion values, which result in higher energy but fewer solitons

as indicated by the right sidebands (see Fig. 8.7.1b). One more evidence for more

intensive soliton related processes in SF57 can be obtained by comparing the left-

most side bands in spectra of pump wavelength longer than 1700 nm. The location of

these sidebands is seen to be essentially independent of the pump wavelength. There

are called Cherenkov radiation (dispersive waves) which couples to solitons on the

long wavelength part of the spectrum [159, 160]. At similar power levels, spectra

of the SF57 fibre shows more significant Cherenkov radiation sidebands than one of
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the Bismuth fibre, which confirms that more intensive soliton related processes in

the SF57 fibre.

Finally, the asymmetry in the spectra also indicates the bandwidth of FWM/MI

gain in Bismuth fibre is wider than SF57 fibre. As the solitons split from the

main pulse (fission), they constantly shift towards the long wavelength side of the

spectrum. During the process, if FWM/MI phase is matched, corresponding Stokes

and anti-Stokes side bands will be generated. Since the low and flat dispersion of

Bismuth fibre, the FWM/MI gain of the Bismuth fibre is much wider than the one

of SF57 fibre and almost covers the whole spectral range leads to more balanced

spectra around the pump wavelength in the Bismuth fibre than SF57 fibre.

In comparison to the dispersion properties of the Bismuth fiber, the dispersion

profile of the SF57 fiber leads to more intensive soliton related dynamics. Apart

from that, the Bismuth fibre generates SC more efficiently in terms of power and

bandwidth than the SF57 fibre. This is the result of the combination of low disper-

sion and high nonlinearity. For the purpose of generating large bandwidth SC, both

fibres are capable of achieving the target when enough pumping power is giving.

But the SC spectra generated in the Bismuth fibre is more even than the SF57 fibre

due to the low and flat dispersion of the Bismuth fibre. It can be concluded that,

to further improve the smoothness and suppress soliton-related dynamics as well as

MI for maintaining coherence of the spectra, it is better to design dispersion to be

low, flat and keep the values in the normal dispersion regime as well for future work.

8.8 Summary

In this chapter, SC generation in soft glass MOFs is demonstrated experimentally

with spectra spanning one octave from 1 to at least 2.5 µm for both fabricated

bismuth and SF57 fibres.

The experiments started with characterising the femtosecond laser source which

shows 10% power fluctuation in average for wavelengths from 1.3 to 1.8 µm. This
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information and the information of the spectrum of pump pulses become important

references for the simulations in Chapter 7 and the pulse broadening experiments.

The short pulse broadening experiment with SMF-28 fibre shows results match-

ing closely with simulations for all power levels. Good agreement between experi-

mental results and simulations validates the simulation program used in this work,

which enable us to work towards developing MOFs for mid-IR SC generation.

In the main experiment part, the details on how the test fibre was aligned are

described. This work shows that coupling conditions cannot be guaranteed for wave-

lengths longer than 1700 nm, and this information is used later when the spectral

outputs of the bismuth fibre are discussed.

Pulse broadening in Bismuth fibre for different pumping wavelengths and power

levels were presented and discussed. For most pump wavelengths, the Bismuth fibre

can generate SC extends an octave. The experimental results match the key features

from the prediction in large scale, which means, despite the multimodeness, the fibre

is capable of generating spectral output as simulated.

Another sets of experiments based on SF57 fibre was performed. The SF57 fibre

has similar structure but different dispersion and nonlinearity profiles. It is used for

comparison to the Bismuth fibre. The SC generation in the SF57 fibre was com-

pared in three different prospects, including bandwidth, soliton-related dynamics

and FWM/MI gain, from which the direction of improvement fibre design for future

work is derived, which is a high nonlinearity and low flat dispersion, but the dis-

persion profile of the fibre should remain in the normal dispersion regime to avoid

soliton-related dynamics and MI.



Chapter 9

Summary of Part I

In the first part of the thesis, the advantages of soft glass materials and microstruc-

tured optical fibres are combined for new frequency light generation and explore the

potential of applying soft-glass microstructured optical fibres for constructing a fem-

tosecond fibre optical parametric oscillator with nearly transform limited outputs

and a highly coherent broadband supercontinuum generation source in the mid-IR.

The background theory of this part of work is based on the scalar nonlinear pulse

propagation model which is derived using the weak guidance approximation.

The work begins with a literature review on the development of FOPA/FOPO

and SC generation. For these two areas (FOPO and SC generation), the existing

work has shown that microstructured optical fibre’s ability of tailoring dispersion en-

ables FOPOs and SC sources to be constructed with higher efficiencies with respect

to pump power, pulse duration, wavelength span and fiber length.

The use of soft glass in SC generation also demonstrated that using highly non-

linear material as the base material of the fiber is a straightforward and efficient

way to increase the overall fiber nonlinearity, thus enhances the efficiency of SC

generation (generation of broad SC spectrum with low power and short length of

fiber). Soft glass is also a good candidature for mid-IR applications due to its good

transmission property in that wavelength region.

Soft glass fibres have not been used for making FOPOs before. But the success

191
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of applying soft glass to SC generations indicates its strong potential for FOPOs,

especially when it is combined with MOFs. Also the development of soft glass

MOFs for SC generation was mainly focused on spectral span. The potential of

enhancing the coherence of the SC spectra has not been fully explored. Therefore,

after reviewing the literature, a concept of design and optimise structures of soft

glass MOFs for these two aspects of nonlinear application was formed.

Design fiber structures for dispersion and nonlinearity control, especially over a

large wavelength span, is a challenging task. Previous studies have only achieved

it to a certain level with a simplified system such as optimising zero dispersion

wavelengths and slope of dispersion at pump wavelengths. Most of the optimisa-

tion in the previous studies did not take account the optimisation of nonlinearity

either. The reason of doing so is because the complicated relations between non-

linear processes and fiber properties. The dispersion and nonlinearity profiles of a

fiber are entangled together, and one profile cannot be changed without altering

the other. Furthermore, the material dispersion also limits the degree of freedom of

optimisation.

To bypass these difficulties in fiber design, we employed genetic algorithms to

help design the fibers. The GA can be employed without simplification of the

physical model and it optimises a system in a statistic manner. The GA was applied

to optimising fibers for parametric processes. Unlike previous studies, a complete

dispersion profile was using in the model. Nonlinearity, phase matching and walk-off

between signal and pump were all considered to optimise the overall efficiency of the

parametric process. After the designing step, numerical simulations were performed.

The numerical simulation also involved a novel procedure. A beam propagation

model used for simulating SC generation was used instead of coupled equations

that were conventionally used for FWM. In this way, not only FWM processes were

simulated, but also other important nonlinear processes such as Raman and cascaded

effects were also included in the model to estimate the process more accurately. The

output of this part of the work has indicated an impressive result. A femtosecond
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pulse pumped FOPO capable of providing approximately 43% peak power conversion

with only little pulse quality degradation (TBP≈ 0.43) was theoretically constructed

with only 3 mm of fiber. Such a system can also provide tunability from the near-

to mid-IR due to both design and the property of the soft glass.

The success of using GA for optimising FWM gave confidence in optimising SC

generation with large bandwidth and high coherence. However, the same GA model

cannot be directly applied to SC generation due to the fact that a SC generation is

much more complicated than a FWM process and there is no analytic expression in

any sort to express the efficiency of a SC generation. To avoid including the pulse

propagation model into the GA, a simplified model was developed. The simplified

model sacrifices time to map out the relation between different orders of dispersion

and nonlinear profiles to the SC bandwidth and coherence. Then a GA was applied

to the simplified model. This approach was called a hybrid GA approach. The

accuracy of this optimisation approach depends on the complexity of the simplified

model. However, numerical results showed that even taking the first order approx-

imations for both dispersion and nonlinearity profiles, the outcome was still good

for this work. The simplified model suggested that to obtain broadband coherent

SC output, a flat and zero dispersion across a large wavelength region is required.

The GA generated a structure with corresponding properties: a nonlinearity value

around 175 W−1km−1 and a relatively flat dispersion profile from 2 to 3 µm with a

maximum variation of 2.5 ps/km/nm around zerp. The SC generation simulation in

such fiber showed a transmission window limited spectrum with complete coherence

in only a few centimetres.

In next part, fabrication of the fiber designed for SC generation was attempted.

Extrusion fabrication method was applied to fabricate the fiber preform. After a

few attempts with different die designs and different types of glass, a close structure

to the design was fabricated in Bismuth glass with limited distortion.

Numerical modelling was once again applied to the fabricated fiber to analyse the

influence of distortion to the dispersion and nonlinearity profile as well as SC gen-
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eration. The analysis -indicates that although the structural distortion was minor,

the change in the dispersion profile is not negligible. The variation in the dispersion

profile increased from 2.5 ps/km/nm to 16 ps/km/nm for which the SC coherence

cannot be maintained.

SC experimental work followed. The capability to accurately measure the SC

spectrum was firstly confirmed with 1 m of SMF-28 fiber despite of experimental

drawbacks such as laser power fluctuations. The low dispersion and multimodeness

of the fiber cause difficulties in measuring the dispersion profile directly. An alter-

native approach was then taken. SC spectra of the fiber output were measured for

multiple wavelengths. Through comparing the measured SC spectra with numerical

predictions, it can be concluded that the fabricated fiber has reasonable close disper-

sion and nonlinearity profiles as predicted in the detectable range. Apart from that,

broad SC spectra can be easily obtained in this fiber for a large pump wavelength

region and variety pump power level.

The theories and calculations in this part of the thesis are based on weak guid-

ance approximation (see Chapter 2). However, in MOFs, especially soft-glass based

MOFs, high index contrast and sub-wavelength features are commonly exist. The

weak guidance approximation used in the current pulse propagation model starts

to break down. As the development of novel waveguides requires more and more

of these features, a full vectorial nonlinear pulse propagation model is needed for

accurate prediction and better understanding of the nonlinear processes in these

high-index-contrast sub-wavelength-scale (HS) waveguides. In the second part of

the thesis, a VNPP model is used to study the pulse propagation in HS waveguides.



Part II

Kerr and polarisation effects in

the full vectorial model

195





Chapter 10

Background of Part II

In the first part of the thesis, fibre optical parametric oscillators (FOPOs) and

supercontinuum (SC) generation have been studied for fibre design using theories

based on a scalar pulse propagation model (see Chapter 2), which assumes:

1. The dielectric constant ϵ is independent of the spatial coordinates (the waveg-

uide has a homogenous cross-section),

2. A weak guidance approximation is applied to the guided mode fields (the

guided fields are transverse),

3. A slowly varying approximation is applied to the guided modes.

These theories work well with large core and low index contrast waveguides. How-

ever, with the development of highly nonlinear optical waveguides, high index con-

trast and sub-wavelength features (features smaller than the wavelength of the light

propagating in these waveguides) start to appear. These waveguides, including

silicon, chalcogenide and soft glass optical waveguides, have formed the base for

three highly active field of studies; silicon photonics [161–164], chalcogenide photon-

ics [165, 166], and soft glass microstructured photonic devices. The high index con-

trast and sub-wavelength scale features of these waveguides indicate that the weak

guidance approximation based scalar model is no longer suitable [167]. Significant
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differences in nonlinear coefficients were discovered in Ref.[167] including a factor

of 2 difference in Kerr nonlinearity with sub-wavelength scale high-index-contrast

nano-wires. For accurate predictions of FOPO and SC generation but also other

nonlinear phenomena in these waveguides, a vectorial nonlinear pulse propagation

model, which does not based on the weak guidance approximate, is needed.

Over the past few years, work on the development of vectorial nonlinear pulse

propagation models were performed by many groups (for details, see Ref. [167] and

the references within). Among them, a full vectorial nonlinear pulse propagation

model (VNPP) was developed [167], which derived directly from Maxwell’s equa-

tions without making the assumptions that the scalar model used. Based on this

new model, significant differences in pulse propagation behaviours were discovered

between this model and the scalar model, especially for high-index-contrast sub-

wavelength-scale (HS) waveguides. That includes (refer to Section 10.1) new linear

interactions between different modes, new definitions for nonlinear coefficients and

new high order nonlinear terms (Eq. 10.1.19). Later, following this work, further

development on the VNPP model, including vectorial Raman effects, were per-

formed [168, 169]. With the VNPP model, we now cannot only predict the nonlinear

pulse propagation more accurately, but also study new nonlinear phenomena in HS

waveguides and the influence of these new phenomena to classic nonlinear processes

such as FWM parametric processes and SC generation.

In the second part of the thesis, the study is focused on Kerr nonlinearity and

novel nonlinear polarisation behaviours within the full vectorial framework.

10.1 The theory of the full vectorial nonlinear

pulse propagation model

Before the detailed differences between the VNPP and the scalar models are dis-

cussed, the theory of the VNPP model is reviewed first. The VNPP model uses
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Maxwell’s equations as the starting points. The Maxwell’s equation in the Fourier

domain can be expressed as

∇× Ẽ(r, ω) = iµ0ωH̃(r, ω), (10.1.1)

∇× H̃(r, ω) = −iϵ0ω(r, ω)Ẽ(r, ω)− iωP̃(r, ω), (10.1.2)

where E is H are the electric and magnetic field vectors, respectively, P is the

induced electric polarisation r is spacial coordinates, ω is angular frequency, µ0 and

ϵ0 are the permeability and permittivity in vacuum, respectively, m̃eans that the

fields are in the Fourier domain.

Firstly, a function FC is defined as

FC = Ẽ0 × H̃∗ + Ẽ∗ × H̃0, (10.1.3)

where Ẽ0 and H̃0 are the fields of an unperturbed system which represents a pulse

with a narrow bandwidth (a single frequency at ω0). For this unperturbed system,

dispersion, loss and nonlinearity terms are zero. The fields Ẽ∗ and H̃∗ are belong to

a perturbed system which represents a broadband pulse whose spectrum centred at

ω0. For this perturbed system, dispersion, loss and nonlinearity terms are nonzero.

The symbol ∗ represents complex conjugates.

Using the reciprocal theorem [84], following relation between perturbed and un-

perturbed systems can be obtained,

∂

∂z

∫
FC · ẑdA =

∫
∇ · FCdA, (10.1.4)

in which ∇ · FC can be calculated using Eqs.10.1.1 & 10.1.2, as

∇·FC = −iµ0(ω−ω0)H̃
∗·H̃0−iϵ0

[
ωn2(r, ω)− ω0n

2(r, ω0)
]
Ẽ∗·Ẽ0+iω0Ẽ0·P̃∗

NL(r, ω).

(10.1.5)

Next, the fields Ẽ and H̃ are expanded according to the orthonormal basis of

the forward propagation modes of the unperturbed system [167]:
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Ẽ(r, ω) =
∑
µ

ã′µ(z, ω)
eµ(x, y, ω0)√

Nµ

eiβµz, (10.1.6)

H̃(r, ω) =
∑
µ

ã′µ(z, ω)
hµ(x, y, ω0)√

Nµ

eiβµz, (10.1.7)

Nµ =
1

2

∣∣∣∣∫ eµ(x, y, ω)× h∗
µ(x, y, ω) · ẑdA

∣∣∣∣ , (10.1.8)

where eµ and hµ are the basis modal sets of the forward propagating electric and

magnetic fields, respectively, βµ are the propagation constants, a′µ are the amplitude

coefficients and Nµ are the normalisation factor.

The fields of unperturbed system Ẽ0 and H̃0 can be considered as a special mode

(mode ν) of the Eqs. 10.1.9 & 10.1.10, i.e.,

Ẽ0(r, ω0) =
eν(x, y, ω0)√

Nν

eiβνz, (10.1.9)

H̃0(r, ω0) =
hν(x, y, ω0)√

Nν

eiβνz. (10.1.10)

Using the orthogonality condition∫
eµ(x, y, ω)× h∗

ν(x, y, ω) · (̂z)dA = Nµδµν , (10.1.11)

Eq. 10.1.4 can lead to

∂

∂z
ã′ν(z, ω) = i

∞∑
n=1

(∆ω)2

n!
β(n)
ν ã′ν+i

∑
µ̸=ν

∑
n

(∆ω)n

n!
β(n)
νµ ã

′
µ−

iωe−iβνz

4
√
Nν

∫
e∗ν ·P̃′

NL(r, ω)dA,

(10.1.12)

where ∆ω = ω− ω0, β
(n)
ν and β

(n)
νµ are coefficients of Taylor series expansion around

ω0, and

β(n)
ν =

∂n

∂ωn
β(1)
ν , β(1)

ν =
1

4Nν

∫ [
µ0|hν |2 + ϵ0

∂

∂ω
(ωn2)|ω=ω0 |eν |2

]
dA, (10.1.13)

β(n)
νµ =

∂n

∂ωn
β(1)
µν , β(1)

νµ =
ei(βµ−βν)z

4
√

NµNν

∫ [
µ0hµ · h∗

ν + ϵ0
∂

∂ω
(ωn2)|ω=ω0eµ · e∗ν

]
dA.

(10.1.14)
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To convert Eq. 10.1.12 to the time domain, one can multiply e−i(ω−ω0)t on both

sides of Eq. 10.1.12 and take the inverse Fourier transforms. After defining the

following relations,

a′ν(z, t) =
1

2

[
aν(z, t)e

−iω0t + c.c.
]
, (10.1.15)

P ′
NL(z, t) =

1

2

[
PNL(z, t)e

−iω0t + c.c.
]
, (10.1.16)

where c.c. represents complex conjugates, the time domain version of Eq. 10.1.12

can be obtained:

∂

∂z
aν(z, t) =i

∞∑
n=1

i

n!

∂n

∂tn
β(n)
ν aν + i

∑
µ̸=ν

∑
n

i

n!

∂n

∂tn
β(n)
νµ aµ

− iωe−iβνz

4
√
Nν

(
1 +

1

ω0

∂

∂t

)∫
e∗ν ·PNL(r, t)dA, (10.1.17)

and

PNL ≈ 3

4
ϵ0χ

(3)|E(r, t)E(r, t)E∗(r, t), (10.1.18)

where χ(3) is the third order susceptibility which considered as the lowest order

nonlinear terms for waveguides with isotropic materials, and it is assumed to be

independent of frequency, i.e.
∂

∂ω
χ(3) = 0.

The third order susceptibility is a fourth rank tensor. There are only 21 elements

in χ(3) tensor that are nonzero. Through expanding the term e∗ν ·PNL in Eq.10.1.17

for these nonzero χ(3) terms, a full vectorial nonlinear Schrödinger equation (VNSE)

can be obtained

∂

∂z
aν(z, t) +

∞∑
n=1

(i)n−1

n!
β(n)
ν

∂n

∂tn
aν + i

∑
µ ̸=ν

∑
n

i

n!

∂n

∂tn
β(n)
νµ aµ =

i
∑
µ ̸=ν

(γν |aν |2 + γµν |aµ|2)aν + i
∑
µ̸=ν

γ′
µνa

2
µa

∗
νe

−2i(βν−βµ)z

+ i
∑
µ ̸=ν

γ(1)
µν a

∗
µa

2
νe

−i(βµ−βν)z + i
∑
µ̸=ν

(
γ(2)
µν aµ |aν |

2 + γ(3)
µν aµ |aµ|

2) ei(βµ−βν)z

+
∑
µ̸=ν

other higher order terms, (10.1.19)
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in which

γν = (
k

4
)(
ε0
µ0

)
1

3N2
ν

∫
n2(x, y)n2(x, y)[2 |eν |4 +

∣∣e2ν∣∣2]dA, (10.1.20)

γµν = (
k

4
)(
ε0
µ0

)
2

3NνNµ

∫
n2(x, y)n2(x, y)

[∣∣eν .e∗µ∣∣2 + |eν .eµ|2 + |eν |2 |eµ|2
]
dA,

(10.1.21)

γ′
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k

4
)(
ε0
µ0

)
1

3
√

N2
νN

2
µ

∫
n2(x, y)n2(x, y)

[
2(eµ.e

∗
ν)

2 + (eµ)
2(e∗ν)

2
]
dA, (10.1.22)

γ(1)
µν = (

k

4
)(
ε0
µ0

)
1

3
√

N3
νNµ

∫
n2(x, y)n2(x, y)

[
2 |eν |2 (e∗µ.eν) + (eν)

2(e∗µ.e
∗
ν)
]
dA,

(10.1.23)

γ(2)
µν = (

k

4
)(
ε0
µ0

)
2

3
√

N3
νNµ

∫
n2(x, y)n2(x, y)

[
2 |eν |2 (eµ.e∗ν) + (e∗ν)

2(eµ.eν)
]
dA,

(10.1.24)

γ(3)
µν = (

k

4
)(
ε0
µ0

)
1

3
√

N3
µNν

∫
n2(x, y)n2(x, y)

[
2 |eµ|2 (eµ.e∗ν) + (eµ)

2(e∗µ.e
∗
ν)
]
dA.

(10.1.25)

In these equations k =
ω0

c
is the propagation constant in vacuum, c is the speed

of light in vacuum, γν , γµν , γ
′
µν , γ

(1)
µν , γ

(2)
µν and γ

(3)
µν are the effective nonlinear coeffi-

cients representing self phase modulation (SPM) (γν and γµ), cross phase modulation

(XPM) (γµν), coherent coupling between different modes (γ′
µν , γ

(1)
µν , γ

(2)
µν and γ

(3)
µν )

respectively. And we have γνµ = γµν = γc and γ′
νµ = γ′

µν = γ′
c.

Equation 10.1.19 is a general form of a vectorial nonlinear Schrödinger equation

(VNSE) that describes SPM, XPM, FWM and other linear and nonlinear coupling

of different co-propagating modes at one frequency. VNSE with Raman effects

and multi-frequency components is also developed from another work by Tran and

Biancalana [169]. But in this thesis, only single frequency is considered and Raman

effects are ignored, therefore Eqs. 10.1.19 are used.
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10.2 Discussion

Unlike the scalar model, the VNPPmodel uses the orthogonality condition Eq.10.1.11

instead of

∫
eν ·e∗µdA = 0 (or e1 ·e2 = 0 for two polarisations), which indicates that

the electromagnetic fields of the propagating modes are not transverse in the VNPP

model. In fact, there can be strong non-transverse field components for modes of

sub-wavelength scale waveguides. To demonstrate this point, the mode fields are

calculated with wavelength at 1550 nm for a range of step-index fibres with differ-

ent core diameters. Fig. 10.2.1 shows the Ez (the longitudinal component of the

field E) of the fundamental modes of two fibres made of Bismuth glass (n = 1.98,

n2 = 5.95×10−19 m/W) core surrounded by air cladding. The fibre in Fig. 10.2.1(a)

has a core diameter of 2 µm and fibre in Fig. 10.2.1(b) has a core diameter of 0.5

µm. As the figure shown, both fibre modes consist Ez components which maximises

on the edge of the core. The maximum amplitude of the Ez component of the field

for 0.5 µm core fibre is a few times larger than that of the 2 µm core fibre.

(a) (b)

Figure 10.2.1: The Ez component for the fields at 1.55 µm for fibre with different

core diameters. (a) 2 µm core diameter, (b) 0.5 µm core diameter.
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To study the strength of the Ez fields with respect to the total field E, a param-

eter call “Transversality” T can be defined as [167],

T = 1−
∫
|E2

z |dA∫
|E2|dA

. (10.2.1)

When the non-transverse field is zero, T = 1, otherwise T < 1. Transversality T is

plotted as a function of core diameter in Fig.10.2.2. Similar results as in Ref. [167]

were observed, but here in this work, the operational wavelength is selected to be

1550 nm order to guide the experimental work in Chapter 11. It can be found that

for core sizes larger than the wavelength of the field, the transversality approaches

100%, as well as for core diameters much smaller than the wavelength (.0.4 µm)

where the fields are mostly out side of the core. In both cases, T approaching 1,

the physics is rather different. For small core sizes, is guided field behaves similar

to free space propagation while for large core sizes, the field is well confined. There

is a core diameter region (around 0.6 µm) for which the transversality decreases

dramatically. For fibres with these core diameters, the longitudinal components of

the field Ez can be larger than 60% of the total field.
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Figure 10.2.2: The transversality T of fundamental modes for different core diame-

ters at wavelength of 1550 nm.
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The existence of strong non-transverse component of the electromagnetic fields is

the key to the VNPP model. Due to its existence, significant differences are also been

observed in nonlinear coefficients between VNPP and scalar models, which includes

the definitions of the coefficients and the structural dependence of the coefficients

where both of them lead to novel nonlinear polarisation behaviours.

10.3 Summary

In this chapter, following Part I of the thesis, it is pointed out that the weak guid-

ance based nonlinear pulse propagation model is no longer suitable for predicting

nonlinear processes in HS waveguides. A VNPP model should be used to describe

pulse propagation in these waveguides. The review of the VNPP model shows that

1. the derivation of VNPP model does not invoke the assumptions that are used

by the scalar model,

2. the guided modes of the guides, especially HS waveguides, have strong longi-

tudinal field components,

3. the VNPP indicates novel nonlinear polarisation behaviours.

In the following chapters, the Kerr nonlinearity is studied using the VNPP model

and the experimental confirmation of VNPP model’s prediction of the Kerr nonlin-

ear coefficients in HS waveguides is showed. After that, the nonlinear interactions

between polarisation models are studies within the VNPP model.





Chapter 11

Kerr nonlinearity with the VNPP

model

11.1 Background

In Chapter 10, we reviewed a VNPP model which shown that in high-index-contrast

sub-wavelength-scale (HS) waveguides, strong longitudinal field components are ex-

isting in the guided modes. For some cases, such as the 0.6 µm core fibre discussed

in Section 10.2, the longitudinal components can be as large as 60% of the total

field (Fig. 10.2.2). This large component of the field is having significant impact

to the value of Kerr nonlinearity of the waveguide. In this chapter, we are going

to focus on studying VNPP model’s prediction of Kerr nonlinearity and confirm its

prediction through experiments.

11.2 Numerical predictions of Kerr nonlinearity

When considering only the Kerr nonlinearity, the major difference between the scalar

and VNPP modes is in the definition of nonlinear coefficients γ in Eq. 2.1.14 and

γν in Eq. 10.1.19. Using a finite element method both scalar and VNPP versions of

γ’s can be modelled.

207
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The modelling of the nonlinear coefficients is preformed with a type of Bismuth

glass suspended core fiber whose structure is shown in Fig. 11.2.1. In this structure,

a small fiber core is suspended in air through three equally separated struts. The

struts are thin and long relative to the fiber core, they have negligible effects to the

light guidance of the core. This type of structure is the simplest implementation of

an optical nano-wire in fibre, which has the most typical features of a HS waveguide.

The example shown in Fig. 11.2.1 has a core diameter (530 nm, the diameter of an

enclosed circle) only approximately 1/3 of the operational wavelength (1550 nm).

The index contrast (∆n) of this fibre reaches 0.98 which is approximately 160 times

higher than a SMF-28 fibre.

Figure 11.2.1: An example of the cross section of a Bismuth suspended-core fiber

with core diameter (the diameter of an enclosed circle) of 530 nm.

We took the SEM image (Fig.11.2.1) and scale it to simulate structures with

different core diameters. The nonlinear coefficients of these suspended core fibers

are predicted using a finite element method and both vectorial and scalar definitions

of γ were used in the calculation. Fig.11.2.2 shows the plot of γs of the two definitions

(Eq. 2.1.15 & 10.1.20) at 1552 nm as functions of fiber core diameter (diameter of

enclosed circle).

These calculations based on the VNPP model indicate that significant deviations
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Figure 11.2.2: Predictions of γ at 1552 nm with scalar and vectorial modes for a

range of core diameters.

should exist in the nonlinear coefficients from those predicted by the scalar theory

(a factor of 1.8 difference is predicted at core diameter of 480 nm).

11.3 The experiments

The measurement is built based on the theory shown in Appendix A.3. According

to the theory, to calculate the nonlinear coefficient, two experiments are need to

measure two variables. The first one is the ratio between nonlinear phase (ϕSPM)

and input power (Pavg). The second one is the fiber loss (α). To confirm the theory,

a couple of measurements have to be performed fibers with a range of core diameters.

The experimental setup is shown in fig.11.3.1. Two CW lasers with small wave-

length a separation (0.4 ∼ 0.8 nm) are set to same power through polarisation

controllers (PC) and co-polarised using a inline fiber polariser (Pol.) which is then

amplified through an Erbium Doped Fiber Amplifier (EDFA). The amplified light
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is launched into the fiber under test (FUT) using free space optics and then send to

the optical spectrum analyser (OSA).

EDFA

Laser I
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Figure 11.3.1: Schematics of the experimental setup for nonlinear measurement.

Four sets of fibers were tested for multiple times to obtain average measurement

values of nonlinear coefficients. The four sets of fibers had core diameters of 450,

507, 530 and 554 nm.

In each measurement, we first increased the pumping power until side peaks

started to appear. Then we gradually increased pumping power and measured the

increase of the ratio between power in the pump and side bands using the peak

values read from the OSA. Fig.11.3.2 shows an example of the output spectrum of

the 530 nm core fiber. The central two peaks are the pumps and the outer pair of

peaks are generated through nonlinear interactions. The pump power coupled into

the fibre core was ranging from 20 to 60 mW.

The ratios of the power between pump and sideband peaks were converted to

nonlinear phase shift using Eq.A.3.19. According to Eq.A.3.20, the nonlinear coef-

ficient is the ratio of nonlinear phase shift (ϕSPM) and twice the product of input

power (Pavg) and effective length (Leff). The plot of ϕSPM versus Pavg is shown in

Fig.11.3.3. By applying a linear fit to the plot, the averaged ratio between ϕSPM

and Pavg can be extracted from the slope of the fitted line. The input power is the

power launched into the fiber, which is the product of measured power (just before

the input into the FUT) and a coupling efficiency. The coupling efficiency can be

obtained from a cut-back loss measurement, which will be explained in the following

paragraphs. In this case, the slope of the linear fitting line is 3.40± 0.08 rad/W .

To calculate effective length, loss of the fibre must be measured. A cut-back
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Figure 11.3.2: Spectra of the output of the FUT.

method can be used to perform this task. To start, the FUT was carefully aligned

to a probe beam and a CW light at 1552 nm were launched into the fibre. Once

the FUT was aligned, the input end the fiber was kept untouched during the whole

testing process. The power at the output of the fiber was measured using a power

meteor and the fiber was cut from the output end. The lengths of the fibre pieces

that had been cut off were measured and recorded. This process was repeated until

there was enough points for a linear fit in a logarithmic scale. As shown in Fig.11.3.4,

the linear fit of output power in dBm versus fiber length in m (Pout = aL+ b) give

a slope (a) in dB/m which is the loss of the fiber. The intercept of the linear fitted

line on the power axis (b) is the power coupled into the fibre. When it is compare

to the launching power, the coupling efficiency can be calculated.

The calculated loss of this fiber was 13.2 ± 0.2 dB/m. The fiber used in the

nonlinear measurement was 1.037 m which corresponding to effective length of

0.315± 0.006 m. Using Eq.A.3.20, the nonlinear coefficient then can be calculated,

which is 5400± 230 W−1km−1.
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Figure 11.3.3: Nonlinear phase shift versus input power of the FUT with a core

diameter of 530 nm. The two centre peaks are the two pumps, the two outer side

peaks are generated through nonlinear effects. The input power of the pump is

ranging from 20 to 60 mW from bottom to top curves.

Same experiments were also preformed on fibers with core diameters of 450, 507

and 554 nm. The measured nonlinear coefficients of these fiber are 5200 ± 620,

5480 ± 300 and 5170 ± 460 W−1km−1. Together with the measurement of fiber

with core diameter of 530 nm, the experimental data were plotted on top of the

theoretical predictions as shown in Fig.11.3.5. The experimental results match the

theoretical predictions of the VNPP model within the range of measurement errors.

It it important to notice that the accuracy of the measured loss is important

for the whole nonlinear measurement. There are two major causes of inaccuracy in

loss measurement. Firstly, due to the small core size and high core-cladding index

contrast, the fibres are multimode and there was a significant amount of power

coupled into the cladding region of the fibres in the experiments. These part of the
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Figure 11.3.4: The power change along the FUT (530 nm core diameter) as a function

of fibre length.

light must be removed before the output power was measured. In our work, we used

a deflocculated graphite fluid to coat the fiber which effectively removed all cladding

light and high-order modes (which is much more lossy than the fundamental mode).

Secondly, as the fibre core size decreases, the loss of the fibre increases exponen-

tially [170], which also indicates that small fluctuation in the core diameter can lead

to significant fluctuation in fibre loss. Fig. 11.3.6a shows the fibre loss as a function

of fibre core diameter. As one can see, not only the average loss value increases as

the core diameter becomes smaller, the error in the loss measurement also increases,

especially for the fibre with core diameter of 450 nm. Further study revealed that

for the 450 nm core fibre, the loss fluctuates periodically along the fibre. We contin-

uously cut several 1-m-long pieces of fiber and measured the loss of each pieces. The

loss along the 450 nm core fibre is shown in Fig. 11.3.6b. As one can see from the

figure, the loss fluctuates along the fibre with a period of approximately 6 m. We

suspect that this fluctuation could come from the variation of core diameter along
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Figure 11.3.6: (a) Fibre loss as a function of fibre core diameter. (b) The fluctuation

of fibre loss along the 450 nm core fibre

the fibre caused by the feedback delay of fibre drawing tower’s diameter control

system.
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11.4 summary

The VNPP model predicts the Kerr nonlinearity for SPM in HS waveguides can

be significantly larger than the predictions by the scalar model. In our example,

the VNPP predicted Kerr nonlinearity of a Bismuth suspended-core fibre with core

diameter of 460 nm is 1.8 times of that of the scalar model.

Using a CW SPM method, we managed to measure the nonlinear coefficients of

the four Bismuth suspended-core fibres with core diameters from 450 to 554 nm.

Through comparison of the measured data to both VNPP and scalar models, an

excellent agreement has been observed between the experimental results and the

predictions of the VNPP model. It confirmed the validity of the γ expression of

the VNPP model, which also indicates the validity of the VNPP model itself. In

the next chapter, we are going to study the nonlinear interactions between different

polarisation modes with the VNPP model and the new Kerr nonlinearity definition.





Chapter 12

Nonlinear interactions between

two polarisation modes

12.1 Background

The Kerr nonlinear interaction between two polarisations of propagating modes,

referred as nonlinear polarisation (NLP) in this thesis, leads to host of physical

effects significant from both fundamental and application point of views. It has

been studied extensively over the last 30 years [171–183].

Different aspects of the interaction has been investigated. Stolen et al., used

the induced nonlinear phase difference between the two polarisations to discrimi-

nate high and low power pulses [171]. In the context of counter-propagating waves,

NLP has been shown to lead to polarisation domain wall solitons [178–180, 184],

which is described as a kink soliton representing a polarisation switching between

different domains with orthogonal polarisation states. NLP can also lead to polar-

isation attraction [179, 181–183, 185, 186] where the state of the polarisation of a

signal is attracted towards that of a pump beam. For twisted birefringent optical

fibers, NLP related polarisation instability (PL) [172, 173, 175] and polarisation do-

main wall solitons [180] have been reported. NLP also induces MI which results in

217
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dark-soliton-like pulse-train generation [176, 177]. Large-signal enhanced frequency

conversion [187], cross-polarisation modulation for WDM signals [180] have also

been reported and attributed to NLP. The stability behaviour of NLP has also been

studied in anisotropic crystals [188].

The nonlinear interaction of the two polarisations can also be studied in the

context of nonlinear coherent coupling or nonlinear directional coupling (NDC) in

which the amplitudes of two or more electric fields, either the two polarisations of a

propagating mode of a waveguide or different modes of different waveguides, couple

to each other through linear and nonlinear effects [189–191]. The topic of nonlinear

directional coupling has been extensively studied over the last 30 years. NDC is

a good candidate for ultrafast all-optical switching, e.g. soliton switching [192–

196] and all-optical logic gates [197–199]. The interaction of ultrafast beams, with

different frequencies and polarisations, in anisotropic media has also been studied

and the conditions for polarisation stability have been identified [193, 200].

Previous NLP work used nonlinear models based on the weak guidance approxi-

mation and hence these models were only suitable for low-index-contrast and large-

dimension waveguides. With the development of VNPP, it is now possible to explore

NLP in HS waveguides more accurately. In 2010, pioneer work on the polarisation

effects with VNPP model was presented by Danial and Agrawal [201]. In this work,

a model was developed to describe the polarisation of the light propagating inside a

waveguide and demonstrated the self-polarisation rotation of the light as a function

of power. In this work, the waveguide under consideration was highly birefringent,

therefore, the authors neglected the term which is responsible for coherent cou-

pling (refer to the theory section of this chapter). Here, a vectorial NLP model is

developed with the coherent coupling term included. To explore novel polarisation

behaviours, the steady state solutions of the vectorial NLP model are studied. Based

on the newly discovered polarisation behaviours, applications such as optical logic

gates and optical switches are purposed.



Chapter 12. Nonlinear interactions between two polarisation modes 219

12.2 Structurally induced anisotropic nonlinear-

ity

NLP can be described by two coupled nonlinear Schrödinger equations Eqs. 10.1.19.

To proceed looking for the new nonlinear behaviours, Eqs. 10.1.19 is firstly simplified

to a form similar to the scalar model. Eqs. 12.2.1 is simplified equations.

∂aν
∂z

+
∞∑
n=1

in−1

n!
β(n)
ν

∂naν
∂tn

= i (γν |aν |2+γc |aµ|2)aν+ iγ′
ca

∗
nua

2
µ exp(−2iz∆β), (12.2.1)

where ∆β = βν − βµ. Comparing to Eqs. 10.1.19, Eqs. 12.2.1 ignores the coupled

dispersion term i
∑

µ ̸=ν

∑
n

i
n!

∂n

∂tn
β
(n)
νµ aµ and nonlinear terms related to nonlinear co-

efficients γ
(1)
µν , γ

(2)
µν and γ

(3)
µν , which are relatively small [167]. These ignored may also

have significant influences on NLP, but they are beyond the scope of this thesis.

When comparing Eqs. 12.2.1 to the scalar model [5], it can be found that in the

scalar model,

γν = γµ = γ, γc =
2

3
γ, γ′

c =
1

3
γ, (12.2.2)

where γ is defined as
2πn2

λAeff

. The relations in Eq.12.2.2 are obtained under the weak

guidance approximation which also assumes that the effective mode areas of the two

polarisation modes are equal [5].

Using the VNPP model, it can be found that in general

γν ̸= γµ ̸= 3γc ̸= 3/2γ′
c. (12.2.3)

The inequality indicates that even with isotropic materials, anisotropic Kerr nonlin-

ear effects can take place. As an example, Fig.12.2.1&12.2.2 show the γ coefficients of

a range of elliptical waveguides made of chalcogenide glass (n = 2.8, n2 = 1.1×10−17

m2/W at 1550 nm) surrounded by air. The “xAxis” and “yAxis” represent the two

axes of the ellipse.

The γ values of the two polarisation fields along the major and minor axes of

the ellipse are not equal in general except the ones on the diagonal line where the
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Figure 12.2.1: γ values for x-polarised field (left) and y-polarised field (right) of the

elliptical waveguides with different dimensions.
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Figure 12.2.2: γc and γ′
c of the elliptical waveguides with different dimensions.

ellipses become circles. This phenomena is similar to the γ values in waveguides with

anisotropic in which the anisotropy is due to the anisotropy of χ(3) tensor, but here,

the difference in γ is originated from the differences in the field distribution of the

two polarisation modes. As a consequence, these waveguides will show anisotropic

nonlinear properties even though they are made of isotropic material, which we refer

to as structurally induced anisotropic nonlinearity (SIAN).

Besides the SIAN, the highest γ values within the plots are not corresponding

to circular waveguides. Elliptical shaped waveguides have higher values of γ than

circular shaped waveguides.

The SIAN indicates that even same amount of power are launched into the
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two axes of these elliptical waveguides, unequal amount of nonlinear phase will be

accumulated for the two polarisation modes along the two principle axes. This

phenomenon indicates nonlinear polarisation behaviours of the propagating fields.

Furthermore, γc and γ′
c also responsible for the interplay between the two polarisa-

tion modes. The inequality Eq.12.2.3 provides many new degrees of freedom with

respect to the scalar model and shall provide novel nonlinear polarisation behaviours

in HS waveguides.

In next section, the NLP is studied in the VNPP framework and the focus is the

exploration of new degrees of freedom provided by the inequality Eq.12.2.3 on the

steady state solutions of Eqs. 12.2.1. To start, continuous waves are considered.

12.3 New expression of coupled wave equations

for continuous waves

To study the nonlinear polarisation behaviours with in VNPP model, continues

waves are firstly considered in lossless waveguides so that dispersion and loss of the

waveguides can be ignored. Then the coupled VNSE is rewritten in the form of

power and phase of the light in the two polarisations to help focusing on studying

the polarisation behaviours of the CW fields. After that, the steady state solutions

of the equations are found, from which one can finally identify and study different

regimes of different polarisation behaviours.

When dispersion and loss of a waveguide is not considered, Eqs. 12.2.1 can be

rewritten in the form of field power and phase of the two polarisation modes , which

is a move convenient way for study field polarisation. By defining aν =
√
Pνe

iϕν ,
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where Pν is the power of the field aν with phase ϕν , Eqs. 12.2.1 can be rewritten as,

∂

∂z
Pν =2γ′cPνPµ sin[2(ϕν − ϕµ +∆βz)] (12.3.1)

∂

∂z
Pµ =− 2γ′cPνPµ sin[2(ϕν − ϕµ +∆βz)] (12.3.2)

∂

∂z
ϕν =γνPν + γcPµ + γ′cPµ cos[2(ϕν − ϕµ +∆βz)] (12.3.3)

∂

∂z
ϕµ =γµPµ + γcPν + γ′cPν cos[2(ϕν − ϕµ +∆βz)]. (12.3.4)

From Eqs. 12.3.4, one can notice that when no loss is considered, the total power

of the polarisation modes remains constant ( ∂
∂z
(Pν + Pµ) = 0). Now, if following

dimensionless variables (Eqs.12.3.5) are defined,

v =
P1

P0

, θ = 2∆ϕ, ∆ϕ = ϕ1 − ϕ2 + z∆β, τ = 2γ′cP0z,

a = − ∆β

γ′cP0

− γc − γ2
γ′c

, b =
γ1 + γ2 − 2γc

2γ′c
, (12.3.5)

the form Eqs.12.3.4 can be simplified to,

v̇ ≡ dv

dτ
= v(1− v)sinθ,

θ̇ ≡ dθ

dτ
= −a+ 2bv + (1− 2v)cosθ. (12.3.6)

Initial values θ0 = θ(0), v0 = v(0) with 0 < v0 < 1 are chosen, where τ is

regarded as a “time” variable, and for physical reason, one must have 0 6 v(τ) 6 1

for all τ > 0 since v is the ratio of power in polarisation state 1 to the total power.

12.3.1 Steady state solutions

One way to study nonlinear polarisation behaviour is to study the steady state

solutions (SSSs) of Eqs. 12.3.6 (i.e., v̇ = 0 and θ̇ = 0). In this way, regimes of
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different polarisation behaviours can be identified. There are four classes of SSSs:

cos θ = 1, v =
a− 1

2(b− 1)
, (b ̸= 1), (12.3.7)

cos θ = −1, v =
a+ 1

2(b+ 1)
, (b ̸= −1), (12.3.8)

cos θ = a, v = 0, (|a| 6 1), (12.3.9)

cos θ = −a+ 2b, v = 1, (|a− 2b| 6 1). (12.3.10)

The SSSs Eqs. 12.3.9&12.3.10 correspond to light coupled into only one principle

axis. The SSSs Eqs. 12.3.7&12.3.8 restricts the possible values of a, b. For SSS

Eqs. 12.3.7, the initial conditions (v0 and θ0, also referred as fixed points since the

solutions are steady) only exist between a = 1 and a = 2b − 1, labelled as the red

and green regions in Fig.12.3.1a. For SSS 12.3.8, the fixed points only exist between

a = −1 and a = 2b+ 1, labelled as the yellow and orange regions in Fig.12.3.1b.

a+1=2ba=1

b=1

-1 1 2 3
a

-1

1

2

3

b

(a)

a-1=2b a=-1

b=-1

-3 -2 -1 1
a

-3

-2

-1

1

b

(b)

Figure 12.3.1: The stable and unstable regions for parameter a,b in SSSs 12.3.7 (a)

and 12.3.8. (a) red region for unstable fixed points and green region for stable ones.

(b) orange region for unstable fixed points and yellow region for stable ones.

Interestingly, numerical simulations indicate that some SSSs are very sensitive to

the initial conditions and behave unstably to the smallest numerical fluctuations in
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the calculations and exhibit periodic behaviours. A stability analysis on Eqs. 12.3.6

was done incorporate with Dr. Max A. Lohe at University of Adelaide (see Appendix

A.4). The results show that are unstable and the fixed points in the green and yellow

regions in Fig. 12.3.1 are stable but the fixed points in the red and orange regions

are unstable.

12.3.2 Periodic behaviours

Further study on the SSSs by Dr. Lohe revealed a constant of the motion Γ =

−av + bv2 + v(1 − v)cosθ exists in Eqs. 12.3.6. It follows Eqs. 12.3.6 that Γ̇ = 0.

The conserved quantity Γ enables us to perform one integration of Eqs. 12.3.6. One

can have

cosθ =
Γ + av − bv2

v(1− v)
, (12.3.11)

hence one can rewrite v̇ in Eqs. 12.3.6 as

v̇2 = v2(1− v)2 − (Γ + av − bv2)2 ≡ Q(v), (12.3.12)

in which Q is a fourth degree polynomial, provided b2 ̸= 1. It should be noted that

Q(v) can be completely determined by parameter a&b and the initial conditions v0

and θ0 since Γ is a constant of motion. Eq. 12.3.12 can be integrated to find v(τ)

as an elliptic integral of the first kind, which is a periodic function, and hence v is

a periodic function of τ , specifically one have

dv√
Q(v)

= ±dτ. (12.3.13)

Denoting the minimum and maximum values of v over one period by vmin and vmax,

with 0 < vmin 6 vmax < 1, then vmin and vmax occur when v̇ = 0, which are two roots

of Q. By integrating Eqs. 12.3.13 over half period from τ0 to τ1 where τ0 is given by

v(τ0) = vmin and τ1 is given by v(τ1) = vmax, then∫ vmax

vmin

ds√
Q(s)

= τ1 − τ0 =
T

2
(12.3.14)
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where v is an increasing function in this interval so only positive sign is chosen

and T is a complete period. This integral may be evaluated explicitly in terms of

a complete elliptic integral of the first kind. The precise formulas depend on the

relative location of the roots of Q.

Based on Dr. Lohe’s work, calculations of the periods are performed based on

elliptical waveguides mentioned early in Section 12.2. As an example, an elliptical

waveguide with two axes equal to 640 and 620 nm is considered. The parameter b

of this waveguide is calculated and b = 2.39. Considering the SSS case Eqs. 12.3.7,

the input power is set such that the initial condition close to a unstable fixed point.

A random power 843.8 W is picked, with P1(0) = 50.5 W and P2(0) = 793.3 W

determined by the condition Eq.12.3.7, such that the parameter a = 1.19 satisfies

1 6 a 6 2b+ 1.

Now considering, P1(0) is perturbed by amount of ∆P but the initial phase

remains the same (θ0 = 0). Due to this perturbation, the relations in Eqs. 12.3.7 are

no longer satisfied. As a result, the power (v) and phase (θ) are no longer steady.

Instead, they vary periodically as they propagate. Their period T can be plotted

as a function of ∆P in Fig.12.3.2. At ∆P = 0, the initial condition is at a steady

state, hence T is infinite.

The insets in Fig.12.3.2 show P1, P2 and cos∆ϕ as functions of z with ∆P = 100

W , where the periodicity of the power (v) and phase (cos∆ϕ) are evident. For

cos∆ϕ = ±1, the polarisation state of the fields are linear with an angle to one of

the principle axes, which is parallel to P2, equal to ±arctan
P1

P2

. Every time when

cos∆ϕ switch from 1 to -1 or vice versa, the polarisation state of the field switch

from negative to positive angles which lead to a overall flipping angle of 2arctan
P1

P2

which in this case is approximately 20o.
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Figure 12.3.2: The period T as a function of the perturbation power ∆P of the input

around an unstable fixed point. The insets show the oscillations in power (left) and

the cosine of phase (right) corresponding to ∆P = 50 W.

12.3.3 Application – optical logic gates

A direct application of this behaviour is the construction of an optical logic gate. In

order to construct such a logic gate, a waveguide that can lead to fast transitions

between polarisation states than the example in Fig.12.3.2 is preferred. A fast

transition can be represented as a steep slope at cos∆ϕ = 0. Searching through

different elliptical structures, a waveguide with two axes equal to 640 nm and 760

nm are chosen. The period T of this elliptical waveguide is plotted in Figure 12.3.3

as a function of the perturbation power ∆P . In this case, P1 = 1538 + ∆P W ,

P2 = 549 W .

The insets show the powers P1, P2 (left) and cos∆ϕ (right) as a functions of the

propagation length for ∆P = −1W (red circle). The power in the two polarisations

also changes periodically but with this structure, the polarisation transition is more
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Figure 12.3.3: The period T as a function of the perturbation power ∆P for the

“logic-gate” waveguide. The insets show the oscillations in power (left) and the

cosine of phase (right) corresponding to ∆P = −1 W. Circles are corresponding to

four examples considered in Fig. 12.3.4 with ∆P =-4 (Blue), -3 (Red), -2 (Yellow)

and -1 (Green)

quicker than the previous example (Fig. 12.3.2).

Now considering a train of four pulses with ∆P equal to−1 (Green), −2 (Yellow),

−3 (Red) and −4 W (Blue) (Fig. 12.3.4 top, their corresponding periods are labelled

using the same colours in Fig. 12.3.3) that propagates in the waveguide for 620 µm.

The values of cos∆ϕ of the pulses as functions of propagation length are calculated

and shown in the bottom figure of Fig. 12.3.4. We consider ∆P = −5W as the

power of the clock pulses (background), and denote 1W and 2W as binary 1 and 0,

respectively, and cos∆ϕ = 1 and cos∆ϕ = −1 as binary 1 and 0, respectively. Then

the first 3 pulses correspond to binary input pairs (0, 0), (1, 0) or (0, 1) and (1, 1),

respectively. The cos∆ϕ of the pulses at the output of the waveguide (Fig. 12.3.5

Bottom) corresponds to the result of an XOR operation denoted by the truth table
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in Fig. 12.3.5.
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Figure 12.3.4: (Top) A train of pulses corresponding to ∆P = -4 (Blue), -3 (Red),

-2 (Yellow) and -1 W (Green), whose periods T are labelled as circles in the same

colours in Fig. 12.3.3. The four pulses represents binary XOR operations 0 ⊕ 0,

1 ⊕ 0 or 0 ⊕ 1, 1 ⊕ 1 and 1 when there is only one input. (Bottom) The cos∆ϕ of

the four pulses in the top figure as a function of propagation length. The Y axis is

corresponding to the X axis in the top figure.

The proposed application is theoretical. The lack of dispersion and loss, the

high power requirement (1538 W) make the application less practical. However,

this application indicates the potential of switching high power signals using signals

with orders of magnitude lower power.

12.4 Nonlinear polarisation in asymmetric waveg-

uides

From the parameter a in Eqs. 12.3.5, one can find that the power is related to the

value of ∆β through the term
∆β

γ′cP0

. For the elliptical waveguides shown in Chapter
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Figure 12.3.5: (Top) The truth table of an XOR operation. (Bottom) The cos∆ϕ

of the pulses in Fig. 12.3.4 at the output of the waveguide. When cos∆ϕ = −1 and

cos∆ϕ = 1 are considered as binary 0 and 1, the cos∆ϕ of pulses are corresponding

to an XOR operation.

10, the values of ∆β is in the order of 105 ∼ 106 m−1 for most of the structures. If

∆β can be reduced by a few orders of magnitude or to zero, the power requirement

can be also reduced. However, with elliptical waveguide design, ∆β → 0 only exists

when the structure close to a circle. In this case, the structurally induced anisotropic

nonlinearity (e.g. γν − γµ) also becomes small. As a result, the polarisation flipping

effects become rather difficult to observe. However, if the structure of the waveguide

is not symmetric, it is possible to find a structure where nonlinear coefficients of

different polarisations are different but the linear birefringence is zero. Hence, rib-

waveguides are studied.

12.4.1 Rib-waveguides

Rib-waveguide design has been used in optical waveguide areas for many years.

A rib-waveguide has only one-fold symmetry, which cause the electric fields po-
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larised along the two principle axes have rather difference distribution patterns (see

Fig.12.4.1). This leads to different nonlinear coefficients for the two polarisation

modes. Furthermore, with the “rib” design, it is possible to achieve low ∆β at

certain wavelengths [202].

Figure 12.4.1: Mode profiles of the fundamental modes in horizontal (left) and

vertical (right) polarisations.

Fig. 12.4.2 shows the birefringence calculated as a function of the rib width and

depth for rib waveguides based on a chalcogenide glass surrounded by air. Values

for which ∆β = 0 are indicated by the white contour.
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Figure 12.4.2: Contour plot of ∆β in m−1 for a range of rib waveguide parameters.

Now one can investigate unstable nonlinear polarisation for the cases where ∆β ≈

0. For these cases, as it is clear from Eqs. 12.3.5, a can be rewritten as a′ where

a = −γc − γ2
γ′
c

≡ a′. (12.4.1)
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T is period of v(τ) and θ(τ) in dimensionless “times” τ , hence, from here on, it

is denoted as Tτ . Tτ is a function of a, b, v0 and θ0. Since P0 is no longer presented

in a, P0 has no effects on Tτ any more. However, since τ = 2γ′cP0z, then one can

show that the period in z is Tz = Tτ/(2γ
′
cP0).

When investigating the values of v, θ at the output z = L of the waveguide,

certain the rib waveguide dimensions can be chosen such that ∆β is almost zero, a

is almost independent of P0, then P1(z), P2(z), cos∆ϕ(z) and Tz are scalable through

P0.

As an example, considering light that is initially linearly polarised (θ0 = 0), with

equal power into the two polarisations (v0 = 1/2). a rib-waveguide with a rib width

of 990 nm, a rib height of 900 nm, a substrate width of 2400 nm and a substrate

height of 340 nm. We find, in units of (W.m)−1: γ1 = 81.6, γ2 = 82.2, γc = 49.6, γ′
c =

24.7, with numerical values for ∆β = 3.8× 10−4 m−1 consistent with ∆β ≈ 0. With

1 mW input power and a L = 1 m long of such waveguide, the nonlinear phase

difference ((γν − γµ)P0L) is more than 200 times larger than the linear contribution

(∆βL). With these γ values we have a = 1.320, b = 1.308, and so 1 < a < 2b − 1

is satisfied, and therefore unstable fixed points exist (Fig.12.3.1a). Fig. 12.4.3(left)

shows cos∆ϕ as a function of z at P0 = 1 W, where cos∆ϕ displays flipping between

±1 with a period 2Tz = 0.94 m. Similar behaviour is also observed when cos∆ϕ

plot as a function of input power P0 too.

12.4.2 Application – optical switches

The flipping properties of cos∆ϕ, considered as a function of either P0 or the waveg-

uide length L, enable us to construct in principle a power limiting optical device.

Considering a L metre long rib waveguide with the structural parameters of the

previous example, a linear polariser is put after the waveguide with its polarisation

aligned in parallel to the polarisation of the input beam (45% to the horizontal axis
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Figure 12.4.3: cos∆ϕ as a function of propagation length (left), cos∆ϕ as a function

of input power (right).

of the waveguide, hence v = 0.5). The power after the polariser is be calculated as

Pout(P0) = (
√

Pνe
iϕν +

√
Pµe

iϕµ)(
√

Pνe
iϕν +

√
Pµe

iϕµ)∗

=
1

2
P0 +

1

2
P0 +

1

2

√
Pν

√
Pµe

iϕνe−iϕµ +
1

2

√
Pν

√
Pµe

−iϕνeiϕµ

=
1

2
P0 +

1

2

√
vP0

√
(1− v)P0 · 2 cos(ϕν − ϕµ)

=
1

2
P0 + P0

√
v(1− v) cos

θ

2
. (12.4.2)

If L = L1 = 0.4 m is chosen, the response of the output power P
(1)
out to the input

power P0 is shown in Fig. 12.4.4a (blue). It responses linearly to P0 for P0 6 0.3

W, but falls to zero in the range 0.9 − 1.4 W due to the periodic change of the

polarisation of the light.

To extend the range over which the output power is limited, we attach a similar

waveguide and polariser but with waveguide length L2 = 2L1 = 0.8 m, with an

output P 2
out as shown in Fig. 12.4.4a (green); this plot is a compressed copy of the

plot for P 1
out, as follows from the scaling properties of Tz with respect to P0 and L.

The total output of the device as a function of P0 is given by P 2
out(P

1
out(P0)), which

is shown in Fig. 12.4.4b. The output is linear for P0 6 0.15 W, but is limited to

values 6 0.2 W for all input powers P0 6 1.7 W . The maximum power operation

range can be adjusted by varying the lengths and hence periods of the connected
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Figure 12.4.4: (a) Output versus input power for combinations of waveguides and

polarisers, (blue) L = 0.4 m, (green dotted) L = 0.8 m. (b) Total output versus

input power after connecting two waveguides and polarisers together.

waveguides, and also by adding further stages.

Although this model is time independent, it can still be applied to pulsed systems

if dispersion has an negligible effect on the pulse. Some examples of optical power

switching are shown here with pulses using the same configuration as the one of

Fig. 12.4.4b. Assuming there is no dispersion, Figs. 12.4.5a&b demonstrate power

switching of an 1 ns pulse with 2 W peak power and a train of 200 ps pulses with

peak powers ranging from 0.1 to 1.6 W , respectively. Comparing the peak power

within a pulse (Fig. 12.4.5a) or the peak power of each pulse (Fig. 12.4.5b) with the

curve in Fig. 12.4.4b, the output power of all pulses follow the curve in Fig. 12.4.4b

regardless of pulse durations, which indicates there is no latency in the switching

mechanism (since it is based on Kerr nonlinear processes). Any input pulse power

below 1.7 W is under control of the switch. Pulses with peak power lower than 0.2

W pass the switch without being affected and pulses with peak power greater than

0.2 W are cut off to 0.2 W maximum (Fig. 12.4.5b).

The assumption of no dispersion is critical for this switch to work. However,

there is a certain margin of dispersion that this switch can tolerate. The margin

depends on the dispersion value and pulse duration. Since, for most cases, dispersion
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Figure 12.4.5: Power switching with pulses using nonlinear polarisation bistability,

input power under 0.2 W remains unchanged and power larger than 0.2 W is cut off

to 0.2 W maximum. (a) Single pulse input (green dashed) and output (red solid) of

the switch. (b) A train of pulses with duration of 200 ps and peak power of 0.1, 0.2,

0.4, 0.8 and 1.6 W from left to right showing the inputs (green dashed) and their

corresponding outputs (red solid).

values are tied to β values with the condition ∆β ≈ 0, dispersion can be avoided by

through using long pulses with narrow line-widths with respect to dispersion. For

example, assuming this switch has β2 around 100 ps/nm/km for two polarisation

modes, pulses with 100 ns duration would experience negligible influence due to

dispersion in simulations.

12.5 Summary

In this chapter, a set of equations were derived based on the VNPP model to describe

of the polarisation of behaviours of pulses propagating in high-index-contrast sub-

wavelength-scale waveguides for continues waves.

The SIAN and the inequality equation Eq. 12.2.3 lead to new regimes of stable

and unstable SSSs that have never been seem before. Within the regime of unstable

SSSs and linear polarised inputs, periodic behaviours in both power and phase of the
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guided modes were discovered. These periodic behaviours in power and phase result

in periodic changes in polarisation states. The period of these changes is a function

of parameter a b and initial conditions including input powers in each polarisation

and the phase difference between them.

Since the periodic behaviours happen around unstable SSSs, they are very sensi-

tive to the initial conditions. Using this property, an application as an optical logic

gate is purposed. Three input beams are launched into a waveguide two logic inputs

and one clock. After certain length of propagation, the outputs of the waveguide

behave like a XOR logic gate. The key of this application is that the light prop-

agating inside the waveguides (gates) switches its polarisation between two states

quickly according to small changes in the input power.

There is one drawback, in practice, of using the periodic behaviour for applica-

tions. That is the high power requirement. It is related to the linear birefringence

∆β. To reduce ∆β but without reduce structural-induced anisotropic nonlinear ef-

fects of the waveguides, nonlinear polarisation behaviours in asymmetric waveguides

such as rib-waveguides were studied.

In rib-waveguides, it is possible to obtain ∆β = 0 for the two polarisation modes.

However, the asymmetry of the waveguides produces significant anisotropic nonlin-

earity to obtain periodic polarisation behaviours. Using rib-waveguides, the required

power were reduced from kilowatts level, with elliptical waveguides, to sub-watts

level. But the drawback of reducing the operation power is the extension of length

of the period. However, by increasing the power, the period can be reduced again.

An application of an optical switch is purpose using combinations of rib-waveguides.

Using this optical switch, a linear output-to-input power response can be obtained

within a range of input powers, in the example, the range is 0 to 0.2 W. For input

powers higher than the up limit of this range (0.2 W) but lower than a power level

many times higher than this limit (1.7 W in this example), the output powers are

limited to the up limit (0.2 W). The principle behind this application is similar to

the first example, the period of the change of polarisation is a function of the input
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power. But in this example, the input power was varied continuously instead of

discretely and the propagation length was also varied to change the ratio between

the input power and the period.

The work in this chapter not only demonstrated new polarisation behaviours and

new applications, the discovery of the novel polarisation behaviours also opens the

new possibilities to reassess the state-of-art theories of nonlinear processes such as

FWM and SC generation studied in Part I using the VNPP model. Based on the

results in this chapter, the influences of polarisation interactions on FWM and SC

generation in HS waveguides are possible to be significant.



Chapter 13

Summary of Part II

In this part of the thesis, a new developed VNPP model was introduced to accu-

rately describe nonlinear effects in waveguides with high index contrast and sub-

wavelength scale features. The key elements of the VNPP model was separated into

two aspects. Firstly, significant z-components of the electromagnetic field exist in

the guided modes inside these waveguides. Secondly, the orthogonality property

of the fields can no longer be expressed in the traditional form eµ · eµ which leads

to different expressions of the nonlinear coefficients referred as structurally induced

anisotropic nonlinearity (SIAN). The VNPP model predicts significant differences

in the values of these nonlinear coefficients as well novel polarisation behaviours of

the light propagating in these waveguides.

To confirm the VNPP model, experiments were performed and nonlinear coeffi-

cients of fibers with a range of core diameters are measured and compared to both

VNPP and the conventional models. The measurement used a CW SPM method.

With this method, two CW beams with small wavelength separation and equal

peak power were launched into the FUT. The wavelength separation of the two CW

beams were so small such that the dispersion between the two wavelengths could be

ignored. Through measuring the ratio between peak powers of pump and new gen-

erated wavelengths, nonlinear coefficient were calculated and plotted as a function

of fiber core diameter. The experimental plot matched with the prediction of VNPP
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model thus proved the validity of the nonlinear coefficient definitions of the VNPP

model which leads to the indication of the validity of the VNPP model itself.

Once the VNPP model was experimentally confirmed, the model was further

analysed in the content of NLP. A simplified version of VNPP model which assumes

CW operations without loss was rewrote in dimensionless forms of the power and

phase of the polarisation modes. Through study its steady state solutions, signif-

icantly differences were found between the VNPP and standard model. Further

studying the SSSs, new parameter regions are found where the SSSs were unstable

and the polarisation of the modes around these solutions exhibit period behaviours.

These results can greatly impact the applications based on NLP. An optical XOR

logic gate was proposed to demonstrate the potential of this effect and shown great

sensitivity of modulating the polarisation of a high power beam through a beam

with orders of magnitude lower power.

The analysis of the dimensionless VNPP model also revealed that the power re-

quirement for observing NLP was closely related to the value of linear birefringence.

However, in normal symmetric waveguide structure, reducing linear birefringence

lead to reducing of its nonlinear counterpart at a higher rate. Fortunately, from

the origin of SIAN, the differences in the field distribution of different polarisation

modes, NLP is possible to be observed at low power levels in asymmetric waveguides

where linear birefringence is zero or near zero.

Based this hypothesis, nonlinear coefficients and propagation constants were cal-

culated for a range of rib waveguides. For certain rib structures, it is possible to

have different nonlinear coefficients and zero linear birefringence. Such structural

discovery right away brought down the required power from kW-level to mW-level

and a corresponding conceptual application of an optical switch was proposed.

The VNPP model opens the dome of the new era of NLP in high index contrast

and subwavelength scale waveguides. The potential of this area is waiting to be

explored. At moment, the model only describes continues waves. The effects of

dispersion and short pulse waves are potential important in terms of practice. Also
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with the increasing needs of developing on chip optical nonlinear devices which fit

well in the regime of VNPP model, real life applications including on chip parametric

oscillators and SC generations will be significantly influenced by the results of the

study of VNPP model.





Chapter 14

Conclusion and future work

14.1 Conclusion

The aim of this thesis is to explore the potential of using soft-glass microstructured

optical fibres (MOFs) for nonlinear applications and advance the application of full

vectorial nonlinear pulse propagation models for nonlinear device development. In

this thesis, two distinct aspects of nonlinear processes in novel optical waveguides

have been studied. Aspect (1) is the exploration of the potential of using soft-glass

microstructure optical fibres (MOFs) for nonlinear applications as platforms for new

frequency light generation in both near- and mid-infrared wavelength regimes. A

femtosecond fibre optical parametric oscillator (FOPO) was designed as a narrow

band tunable light source, and in contrary, a supercontinuum (SC) source was de-

signed as a broadband light source. Both works were preformed using a conventional

nonlinear pulse propagation model that was based on the weak guidance approxi-

mation. Aspect (2) is the development of a full vectorial pulse propagation model

(VNPP) for studying Kerr nonlinear effects and nonlinear interactions between po-

larisation modes in high-index-contrast sub-wavelength-scale (HS) waveguides which

include soft-glass MOFs. The results from aspect (1) and aspect (2) showed promis-

ing potential of using soft glass MOFs for future nonlinear applications.
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In the first part of the thesis, a genetic algorithm (GA) based fibre structure

designing approach was applied to design fibres for (1) a femtosecond FOPO which

can be pumped using a telecomm-band pump source at 1560 nm and generate nearly

transform limited output around 880 nm with only 3 mm of fibre and a high pump

power conversion efficiency of 43%, and (2) a SC source in mid-IR with a flat and

near-zero dispersion from 2 ∼ 3 µm that can generate a glass-transmission-window

limited broadband continuum with high coherence. Soft glasses were used for both

fibres. Soft glasses provide MOFs a few orders of magnitude higher nonlinearity than

silica glass as well as good transmission in mid-infrared which beyond the capability

of silica glass. Soft glass had not been used for FOPOs before. In this work, soft

glass was used for the first time as the fibre material for a FOPO.

The designed soft-glass MOFs was successfully fabricated after a few trials. Ac-

cording to calculations based on the SEM image of the MOFs, a flat and near-zero

dispersion profile in the mid-infrared was achieved in the fabricated MOF. Due to

fabrication distortion, the dispersion profile of the fabricated fibre was deviated from

the design. But the fabricated fibre still showed three zero dispersion wavelengths

(ZDWs) at 1.7, 2.7, 3.5 µm with a relative small variation in the dispersion value,

16 ps/km/nm around zero, within the region of the 3 ZDWs. Simulations and ex-

periments of short pulse broadening were performed with the fabricated fibres. The

results showed extensive broad SC spectra and when the simulation was compared to

the experimental results, qualitative agreements were observed which indicates that

with a good structure designing algorithm, such as a genetic algorithm, soft-glass

MOFs are a good platform for nonlinear applications especially for those require

high compactness and operating in the mid-infrared wavelength regime.

In the second part of the thesis, Kerr nonlinearity and nonlinear polarisation

interactions were studied within a VNPP model. The VNPP model predicts that in

HS waveguides, larger non-transverse field components exist in guided modes. These

non-transverse field components are the sources of new types of interactions between

different modes which do not show in the scalar model. The VNPP model also
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predicts significant higher Kerr nonlinearity in HS waveguides than the prediction

of the scalar model.

To validate the VNPP model, an experiment was set up to measure the nonlinear

coefficient in a suspended core fibre which is a typical example of a HS waveguide.

A range of suspended core fibres with core diameters around 500 nm were fabricated

using Bismuth glass. A CW SPM method was used to measure the nonlinear coeffi-

cients. The measured data were compared to both VNPP and the scalar model and

good agreements were observed between experiment and VNPP model’s prediction

which indicated that the VNPP model itself is accurate.

The study of VNPP model based nonlinear polarisation interaction revealed

that HS waveguides are capable of showing anisotropic nonlinear behaviours even

when the materials of the waveguides are isotropic. This discovery opened the

possibilities of observing novel nonlinear polarisation behaviours in HS waveguides

which is crucial element polarisation dependent or sensitive nonlinear processes such

as FWM and SC generation in HS waveguides.

14.2 Future work

For future work, the following elements may be considered. First of all, the direct

measurement of fibre dispersion profiles, measurements of the pulse spectra to at

least 4 µm and measurements of the coherence of the SC spectra are the most

important works need to be done next. Dispersion measurement can be challenging

due to the multimode nature and the low dispersion value of the fibres. However,

by effectively removing the high order modes such as banding the fibres and splice

the fibres to standard single mode fibres to increase dispersion slope and dispersion

value, the dispersion of the fibres are likely to be measured. To measure the extended

spectra of the pulses requires a different detector. The low repetition rate the

pump laser used in this work limited the detector’s ability to detect the signals. A

different pump source may be considered for future work. Coherence measurement
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also requires a new detection system.

The constructions of FOPOs using the fabricated fibres are also of interest for

future work. The SC measurement made in this work indicated the existence of

FWM parametric processes in the fabricated fibres. With an external cavity, the

FWM processes in the fibres are likely to be enhanced and tune the fibres into

tunable FOPOs.

For future work, the fabrication accuracy of the designed fibre is needed to

be refined. In this work, approximately 10% average distortion were observed in

the structure. Because of this distortion, simulations showed that the coherence

of the SC generation in the fabricated fibres are reduced. The key to improve

the fabrication accuracy is to find the best temperature for the preform extrusion

process.

For fibre design, the fitness function in the GA for optimising the FOPO was

based on the small signal gain of degenerate FWM which assumes the signal power is

much lower than the pump and the pump has a narrow band and does not deplete.

However, in practice, when femtosecond pump pulses were considered, the pump

line width is around 50 nm at 20 dB below the peak. Also, as the power in the

signal pulse increases, the gain at signal wavelength and the FWM phase mismatch

change with power. In the future work, these aspects can also be considered as part

of the fitness function.

In the work of designing fibre for coherent broadband SC generation, a hybrid

GA approach was used. The quality of the final fibre design highly depends on the

simplified model used in the hybrid GA. In this work, only the first order dispersion

and nonlinearity are considered in the simplified model. Although the outcome of

the GA reached our design target, the design can still be improved. In wavelength

regimes where the material dispersion dominates the overall fibre dispersion, high

order dispersion terms are needed to be considered into fitness function to counter

the effects these terms bring into the pulse broadening process, especially the effects

on coherence degradation.
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The initial fibre structure used in GA can be simplified, which was performed

before fabrication. However, in general it is better to simplify the initial structure

before running GA. From the experience of this work, we know that the outer ring

of the initial structure is unnecessary, and the inner-most ring of holes can be set to

the same size. To modify these features for future fibre design work can significantly

improve GA’s efficiency since we reduce GA’s free parameters from 6 to 4.

For the future work of the second part of the thesis, the exploration of the

effects of high-order dispersion, loss and Raman effects on the polarisation including

those steady state solutions are important for moving the theory towards practice.

Developing a general full vectorial nonlinear Schrödinger equation will be the next

following step. When this is done, the current state-of-art nonlinear applications

including FOPOs and SC generation sources can be reassessed. It is likely there will

be new opportunities for soft-glass MOFs to perform in the nonlinear area.

On the experimental side, works with regard to the nonlinear polarisation, such

as an optical polarisation switch, can be demonstrated. Especially the power switch

purposed in Chapter 12, it does not require a stable pump laser as long as the

polarisation of the light can be guaranteed. Although the fibre fabrication required

for this work is challenging due to the need of zero birefringence, the device is still

likely to be demonstrated with a tunable laser source.
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Appendices

A.1 Nonlinear response function

The nonlinear response function R(t) in the general nonlinear Schrödinger equation

Eq. 2.1.17 is an important feature for describing Raman effects. An accurate form

of nonlinear response function is needed especially when the pump has a short pulse

duration (sub-picosecond to femtosecond). This is because that certain nonlinear

processes such as Raman effects are retarded in time, and the delays are at order of

10s of femtosecond, which are significant for short pulses. The nonlinear response

function is responsible for both spontaneous and stimulated Raman scattering as

well as Raman solitons.

The nonlinear response function can be expressed in the form [5]

R(t) = (1− fR)δ(t) + fRhR(t), (A.1.1)

where fR is the Raman fraction and hR(t) is Raman response function. The first

term represents instantaneous nonlinear effects and the second term represents de-

layed effects. Previously, in silica glass, fR is estimated by using the peak value of

the Raman gain [5]. However, this is not accurate for glasses with multiple peaks in

Raman gain. In this work, the Raman fraction fR is calculated through an integra-

tion over the Raman gain spectrum. According to Ref.[203], the complex nonlinear
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refractive index can be expressed as

N2(Ω) = fRN2(0)h̃R(Ω) (A.1.2)

where Ω = ω − ω0, N2(0) = n2(ω0). The imaginary part of the nonlinear refractive

index N2(Ω) can be expressed in terms of Raman gain [203],

Im(N2(Ω)) =
λ0g(Ω)

4π
(A.1.3)

using the Kramers-Kronig relations, we can obtain the real part ofN2(Ω) and express

N2(Ω) as

N2(Ω) = (
λ0

4π

1

π
P
∫ ∞

−∞
dΩ′ g(Ω)

Ω′ − Ω
) + i(

g(Ω)λ0

4π
) (A.1.4)

where P is the Cauchy principle value. Taking the inverse Fourier transform on

Eq. (A.1.2) and then integrate over t on both side, and recall
∫∞
0

hR(t)dt = 1,

therefore one can obtain

hR(t) =
F−1(N2(Ω))∫∞

0
F−1(N2(Ω))dt

, (A.1.5)

fR =

∫∞
0

F−1(N2(Ω))dt

N2(0)
. (A.1.6)

Notice the symmetry of the real part and the antisymmetry of the imaginary part

of N2, the outcome of the integral fR is real.

In this thesis, a type of tellurite glass (70TeO2−10Na2O−20ZnF2) [145] is used

in fibre design. Its Raman response function and Raman fraction are calculated

using the approach presented here. The Raman gain spectrum of the tellurite glass

as shown in Fig. 1.1.1. The Raman fraction fR is calculated to be 0.064 for this

composition of glass. Although this value is about 3 times smaller than that of

silica glass (0.18), the fact that the nonlinear refractive index n2 of this tellurite

glass (5.9× 10−19m2/W ) is much higher than silica glass (2.36× 10−20m2/W ) [204]

results in much higher Raman response (γfRhR(t)) for tellurite glass than silica

glass.



Appendices 249

1.08 1.1 1.12 1.14 1.16
0

0.2

0.4

0.6

0.8

1
x 10

−12

Wavelength (µm)

R
am

an
 G

ai
n 

(m
/W

)

0 0.1 0.2 0.3 0.4 0.5
−4

−2

0

2

4

6

8

10

Time (ps)

R
es

po
ns

e 
F

un
ct

io
n 

h
r(t

) 
(a

.u
.)

Figure 1.1.1: Raman gain spectrum of 70TeO2 − 10Na2O− 20ZnF2 glass, pumped

at 1060nm [145] (left) and calculated Raman response function using the maximum

Raman gain at 1155nm (right)

A.2 M2 measurement

M2 is a quantity that is commonly used to describe the degree of variation of an

actual beam from an ideal Gaussian beam at the same wavelength. An ideal TEM00

mode has M2 equal to 1. Any actual beam will have M2 greater than 1.

M2 can be measured indirectly by measuring the divergence of the beam. Fo-

cusing a collimated beam and measuring its width change across the minimum, the

width data along the propagating direction will then form a quadratic curve from

which M2 is calculated. This method also requires a beam width calculation based

on the second-moment definition. The second moment of the beam intensity profile

I(x,y) can be described by Eq. A.2.1

σ2
n =

∫∞
−∞(n− n0)

2I(x, y)dxdy∫∞
−∞ I(x, y)dxdy

(A.2.1)

where n = x or y. The second-moment-based beam width is defined as Wn =

2σn. With this definition, the beam width Wn follows the following rule during

propagation in free space.

W 2
n(z) = W 2

0n +M4
n

(
λ

πW0n

)2

(z − z0n)
2 (A.2.2)

where λ is wavelength. M2 can be extracted by fitting the polynomial Eq. A.2.2 to

the experiment data.
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The measurement setup is the same as the one shown in Fig.8.2.1. The only

change is instead of project the image of the fiber output on the camera directly,

the image plane was set approximately 30 cm away from the output lens (Thorlabs

355390-C). The measurement was performed at 1750 nm. The focal length of the

lens is approximate 2.8 mm which results in an image with approximately 0.64 cm

in diameter. During the measurement, the camera was moving along the beam from

12 cm in front of the image plane to 12 cm behind. The beam profiles were taken

for every 2 cm.

2cm 4cm 6cm 8cm

10cm 12cm 14cm 16cm

18cm 20cm 22cm 24cm

Figure 1.2.1: Beam profiles of the fiber output along the propagation direction.

Fig. 1.2.1 shows the recorded beam profiles taken during the experiment. In these

plots blue represents minimum values and red represents maximum values. As one

can see that all images show significant noise which comes from the background light

detected by the camera. The second-moment definition can be applied to arbitrary
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beams but under the influences of the noise it is difficult to determine the beam

width. To remove the background noise additional data process is required before

M2 can be calculated.

We first sample the four corners of each image (Fig. 1.2.2a) and then use the

data to interpolate the background noise (Fig. 1.2.2b). Once the DC component

of the noise is removed (Fig. 1.2.2c), a Fourier transform is applied to the image

(Fig. 1.2.2d). In the Fourier space, we manually set a threshold of 1% of the max-

imum intensity and remove any data below that threshold, which removes all high

frequency components (Fig. 1.2.2e). At last we inverse transform the image back to

the spacial domain to obtain refined images (Fig. 1.2.2f).

(a) (b) (c)

(d)(e)(f)

Figure 1.2.2: Image processing process of the recorded beam profiles. (a) Original

image. (b) Interpolated mean noise background. (c) Image with removed noise. (d)

Fourier transform of the image in (c). (e) Background noise and high frequency

components are removed in frequency domain. (f) Processed image transformed

back to spacial domain.

Fig. 1.2.3 shows the processed images in the same order as in Fig. 1.2.1. Applying

the second-moment calculation to these new images and fitting the beam width with

quadratic function, M2 values can be extracted.
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Figure 1.2.3: Processed beam profiles of the fiber output along the propagation

direction.

Fitting the beam width in x and y directions separately with quadratic functions,

we getM2 for x and y: M2
x = 15.1±0.2 andM2

y = 13.8±0.2. TheM2 values indicate

that the fibre is highly multimode and it matches our prediction in Chapter 7 which

shows 49 core modes supported in the fibre.

A.3 Theory of Kerr nonlinearity measurement

The nonlinearity of a fiber can be measured using continuous-wave (CW) self-phase

modulation (SPM) method [205]. In this method, two CW lasers are co-polarised

and launched in the fiber under test (FUT). Due to nonlinearity of the FUT, side-

bands can be generated and they increases as pump power increases. Through

measuring the intensity relation between pumps and sidebands, nonlinear phase can
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Figure 1.2.4: Polynomial fits of the 4-σ beam width in x and y direction versus

propagation distance.

be derived as well as the nonlinear coefficient.

The measurement based on two key assumptions.

1. the wavelength separation is small (< 1nm) that it allow us to ignore the

dispersion,

2. only SPM is considered during the propagation.

Based on these two assumptions, the nonlinear process in the FUT can be described

using the Eq. A.3.1.

∂

∂z
a(z, t) +

α

2
a(z, t) = iγν |a(z, t)|2 a(z, t). (A.3.1)

If we define a normalised amplitude U as

a(z, t) =
√
P0e

−αz/2U(z, t), (A.3.2)

where P0 is peak power and the exponential term count for loss, we can obtain

∂U

∂z
= iγP0e

−αz |U |2 U. (A.3.3)

Note that in this definition, U is normalised to its peak and therefore U |t=0 = 1.

This equation has a solution

U(L, T ) = U(0, T )ei|U(0,T )|2ϕSPM , (A.3.4)
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ϕSPM = γP0Leff. (A.3.5)

where Leff is a effective length when the fiber is lossy. The effective length is a

length at which the nonlinear phase of a pulse accumulated in a lossless fibre is

equivalent to the nonlinear phase of the same pulse accumulated in a lossy fibre.

Mathematically we have

P0Leff =

∫ L

l=0

P0e
−αldl, (A.3.6)

which lead to,

Leff =
1− e−αL

α
. (A.3.7)

The key to obtain the nonlinear coefficient γ is to calculate ϕSPM . When two

CW laser with different frequencies are presented, U(0, T ) = Aeiω1T +Beiω2T . Insert

U(0, T ) into Eq. A.3.4, the dual frequency solution can be written as

U(L, T ) =
(
Aeiω1T +Beiω2T

)
ei|Aeiω1T+Beiω2T |2ϕSPM . (A.3.8)

If ω0 is defined as the middle frequency between ω1 and ω2 with equal separation of

∆ω, then one can write ω1 = ω0−∆ω and ω2 = ω0+∆ω. Eq.A.3.8 can be simplified

to

U(L, T ) = ei(A
2+B2)ϕSPM · e2iAB cos(2T∆ω)ϕSPM · e−iT (∆ω−ω0) · (A+Be2iT∆ω), (A.3.9)

among which the second exponential term can be expressed in terms of Bessel func-

tions of the first kind using Jacobi-Anger expansion [206],

e2iAB cos(2T∆ω)ϕSPM =
∞∑

n=−∞

inJn(2AB · ϕSPM)e
2inT∆ω. (A.3.10)

Substituting Eq.A.3.10 into Eq.A.3.9 and expanding it according to different fre-

quencies, one can get the coefficients in front of eiT (ω0−∆ω), eiT (ω0+∆ω), eiT (ω0−3∆ω)

and eiT (ω0+3∆ω) as shown in Eqs. A.3.11∼A.3.14, which are corresponding to the

field amplitudes of two pumps and the first pair of side bands next to the pumps
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respectively.

Cω1 = [AJ0(2AB · ϕSPM) + iBJ1(2AB · ϕSPM)]e
i(A2+B2)ϕSPM (A.3.11)

Cω2 = [BJ0(2AB · ϕSPM) + iAJ1(2AB · ϕSPM)]e
i(A2+B2)ϕSPM (A.3.12)

Cω1−2∆ω = [iAJ1(2AB · ϕSPM)−BJ2(2AB · ϕSPM)]e
i(A2+B2)ϕSPM (A.3.13)

Cω2+2∆ω = [iBJ1(2AB · ϕSPM)− AJ2(2AB · ϕSPM)]e
i(A2+B2)ϕSPM (A.3.14)

From these coefficients, the power of the field at these frequencies can also be ob-

tained

Iω1 = A2J2
0 (2AB · ϕSPM) +B2J2

1 (2AB · ϕSPM), (A.3.15)

Iω2 = B2J2
0 (2AB · ϕSPM) + A2J2

1 (2AB · ϕSPM), (A.3.16)

Iω1−2∆ω = A2J2
1 (2AB · ϕSPM) +B2J2

2 (2AB · ϕSPM), (A.3.17)

Iω2+2∆ω = B2J2
1 (2AB · ϕSPM) + A2J2

2 (2AB · ϕSPM). (A.3.18)

If equal mount of power are using for the two pump lasers, and recall U is normalised

to its peak. Therefore, at T = 0, we have U = A + B = 2A = 1, A = B = 1
2
. The

ratio of pump and side band power can be expressed as

r =
Iω1

Iω1−2∆ω

=

J2
0

(
ϕSPM

2

)
+ J2

1

(
ϕSPM

2

)
J2
1

(
ϕSPM

2

)
+ J2

2

(
ϕSPM

2

) (A.3.19)

from which ϕSPM can be solved numerically. Once ϕSPM is known, γ can be calculated

through Eq.A.3.5, i.e.

γ =
ϕSPM

P0Leff

=
ϕSPM

2PavgLeff

, (A.3.20)

where Pavg is the average power measured in experiment, and P0 = 2Pavg.

A.4 Stability analysis of the VNPP model

A stability analysis of SSSs Eqs. 12.3.7&12.3.8 can be performed by applying a small

perturbation about the SSS Eq. 12.3.7. Set

v =
a− 1

2(b− 1)
+ ϵ, θ = 2nπ + η, n = 0, 1, · · · (A.4.1)



Appendices 256

then Eqs. 12.3.6 reduce to

ϵ̇ = 2(b− 1)η +O(ϵ2),

η̇ = −(a− 1)(a+ 1− 2b)

4(b− 1)2
ϵ+O(ηϵ) +O(ϵ3) +O(η3) (A.4.2)

Stability is therefore determined by the equation ẋ = Ax where x =

(
ϵ

η

)
and

A =

 0 2(b− 1)

−(a− 1)(a+ 1− 2b)

4(b− 1)2
0

 . (A.4.3)

The eigenvalues of A are

±

√
(a− 1)(a+ 1− 2b)

a(b− 1)
. (A.4.4)

If these eigenvalues are real then these fixed points are unstable saddle points, oth-

erwise these eigenvalues are imaginary and the fixed points are stable. In this case,

the fixed points in the red region of Fig.12.3.1a are unstable, the ones in the green

region are stable. Similar analysis can also be applied to SSS 12.3.8 which reveals

that the fixed points in the orange region of Fig.12.3.1b are unstable and the ones

in yellow region are stable.

The stable fixed points mean that even with fluctuations, the solutions are still

confined and remain relative steady. On the contrary, for the unstable fixed points,

even the smallest fluctuations can dramatically alter the polarisation behaviour of

the fields. Some preliminary numerical results show that the polarisation states of

unstable SSSs actually behave periodically as the fields propagate.

With the scalar model, one has γ1 = γ2 = γ γc = 2/3γ and γ′
c = 1/3γ. These

relations lead to constant b = 1 and a = −3

4

∆β

γP0

+
1

2
. For two initial conditions

(cos θ = 1 and cos θ = −1), following results can be obtained:

1. To have SSSs with linear input polarisations (cos θ = 1), b cannot be equal

to 1, which means all the parameter space for both stable and unstable SSSs

with this type of initial conditions.
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2. To have SSSs with circular/elliptical polarisations (cos θ = −1), b = 1 lead to

v =
P1

P0

=
a+ 1

2(b+ 1)
= − 3∆β

4γP0

+
1

2
, (A.4.5)

P2 − P1 =
3

2

∆β

γ
. (A.4.6)

On the contrary, with the VNPP model, the parameter space for achieving SSSs has

been greatly expanded. Furthermore, for both linearly and circularly/elliptically

polarised inputs, stable and unstable SSSs regions are found.
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