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Abstract

Nonlinear optics enables the manipulation of the spectral and temporal features of light.
We used the tailorable guidance properties of photonic crystal fibres to control and
enhance nonlinear processes with the aim of improving nonlinearity based optical sources.
We utilised modern, high power, Ytterbium fibre lasers to pump either single photonic
crystal fibres or a cascade of fibres with differing properties. Further extension of our
control was realised with specifically tapered photonic crystal fibres which allowed for a
continuous change in the fibre characteristics along their length.

The majority of our work was concerned with supercontinuum generation. For con-
tinuous wave pumping we developed a statistical model of the distribution of soliton
energies arising from modulational instability and used it to understand the optimum
dispersion for efficient continuum expansion. A two-fold increase in spectral width was
demonstrated, along with studies of the noise properties and pump bandwidth depen-
dence of the continuum. For picosecond pumping we found that the supercontinuum
bandwidth was limited by the four wave mixing phase-matching available in a single
fibre. A technique to overcome this by using a cascade of fibres with different dispersion
profiles was developed. Further improvement was achieved by using novel tapered PCFs
to continuously extend the phase-matching. Analysis of this case showed that a key role
was played by soliton trapping of dispersive waves and that our tapers strongly enhanced
this effect. We demonstrated supercontinua spanning 0.34-2.4 ym with an unprecedented
spectral power; up to 5 mW/nm.

The use of long, dispersion decreasing photonic crystal fibres enabled us to demonstrate
adiabatic soliton compression at 1.06 ym. From a survey of fibre structures we found
that working around the second zero dispersion wavelength was optimal as this allows
for decreasing dispersion without decreasing the nonlinearity. We achieved compression

ratios of over 15.
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1 Introduction

Nonlinear optics encompasses a wide range of fascinating phenomena which can occur
when intense light interacts with matter. In this thesis we use some of these phenomena
to achieve the transfer of power from a narrow range of frequencies emitted by our pump
lasers to an extremely broad continuum of frequencies spanning from the ultra-violet
to the mid-infrared; this process is known as supercontinuum generation. We also use
solitons, which arise due to the balance between nonlinear and linear propagation effects,
to compress optical pulses.

Although it is nonlinear optics which opens up the possibility for these processes to
occur, the linear optical effects of dispersion and attenuation remain dominant in the
interaction of light and matter; and it is dispersion, in particular, which determines which
nonlinear effects can occur and how strongly. Thus control of dispersion allows us to

tailor the observed nonlinear phenomena.

Optical fibres can confine light at high intensity over long distances, and hence nonlin-
ear effects are readily observed. Importantly, the influence of the optical fibre structure on
the dispersive properties of the fibre is large and thus control of the nonlinear processes is
available. This is especially so since the introduction of photonic crystal fibres (PCFs) over
the last decade. These fibres have a cladding made from the inclusion of different mate-
rials, often in a periodic pattern. Usually the inclusions are simply air holes in the silica
background structure. Such structures have a wide range of exciting guidance properties
and enable far greater control of the confined light than conventional fibre. In particular,
if the inclusions have a very large refractive index difference from the background (as is
the case in air-silica structured fibres) then the waveguide dispersion can be tailored very
precisely and strongly and hence great control of nonlinear processes can be achieved.

This thesis is concerned with using the novel dispersion tailoring properties of photonic
crystal fibres (PCFs) to control nonlinear effects in advantageous ways. We look especially
at extending the bandwidth of high average power pumped supercontinuum generation
either to longer wavelengths in the case of continuous wave (CW) pumped supercontinua
or to blue and ultra-violet (UV) wavelengths in the case of picosecond pump pulses.

We also use dispersion decreasing photonic crystal fibres for soliton pulse compression.

13



1 Introduction

While the fundamental physics of nonlinear fibre optics has been known for some time,
photonic crystal fibres and modern fibre laser technology have enabled a qualitative

enhancement of the effects and the ability to move into new spectral regions.

1.1 Overview

This thesis is organised as follows. In Chapter 2 we make use of the enhanced nonlinearity
of PCF to generate supercontinua with CW fibre lasers as pump sources. We study the
mechanism of the CW continuum generation process and look at ways to optimise it. We
present experimental results on overcoming the water loss, the relative intensity noise
of the supercontinuum and the influence of pump bandwidth. In Chapters 3 and 4 we
look at generating extreme broadband supercontinua, concentrating on generating blue
and UV light, from a high power picosecond duration fibre laser source. We discuss
how optimising the dispersion for four wave mixing processes is critical to the spectral
expansion, and the role of solitons and the soliton trapping of dispersive waves in the
UV extension process. Experimental results with a cascade of PCFs or using long lengths
of tapered PCF are shown to significantly enhance the short wavelength edge of the
supercontinuum and also generate long wavelengths into the mid-infrared region. Finally
in Chapter 5 we use longer lengths of tapered PCF to achieve adiabatic soliton compression
in dispersion decreasing fibres, in a wavelength region where the use of conventional fibre

for such compression is impossible.

The rest of this introduction is intended to provide the background material required in
later chapters. In the next section we consider how light is guided in a fibre and look specif-
ically at the properties of photonic crystal fibres. In Section 1.3.3 we look at Ytterbium
fibre amplifiers and lasers which were used exclusively as the pump sources in this work.
Following that, in Section 1.3.4 we briefly discuss splicing between fibres, particularly
to PCE Section 1.4.1 provides a detailed overview of dispersion, the calculation of PCF
modes and how structural changes to the fibre can manipulate the dispersion curves.
This leads us to Section 1.4.4 where we describe the simulation code used in the analysis
of our results. Following that, in Section 1.5 we provide a phenomenological review of
the propagation of optical pulses in fibres, looking at some of the linear and nonlinear
processes. Finally, in Section 1.6 we review the early development of supercontinuum

generation up to the time that the work on this thesis began.
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1.2 Motivation from applications

1.2 Motivation from applications

A large part of this thesis was focused on generating enhanced and extended bandwidth
supercontinua. This was partially motivated by the numerous applications such sources
could be used for. The primary properties of supercontinua include broad bandwidth,
high spectral power, spatial coherence, and often short pulse duration. One obvious ap-
plication is as a replacement for conventional laboratory lamps (i.e. tungsten filaments).
Even for this simple, but essential role, numerous advantages are to be found. The orders
of magnitude higher spectral power allows for more sensitive measurements, the spatial
coherence provides much easier handling of the optics and the short temporal duration
allows for time-resolved experiments to be performed. In addition, depending on the
pump and fibre parameters, supercontinua can have high coherence properties making
them useful, for example, to frequency metrology. Indeed in 2005, the Nobel Prize in
Physics was awarded to J. L. Hall and T. W. Hansch for work on supercontinuum based fre-
quency metrology [Jon00; Hol00]. Alternatively, some applications make explicit use of the
lack of coherence in some pump schemes, notably optical coherence tomography (OCT)
[Hsi04; Pov05; Har01]. Supercontinua have also been applied to: telecommunications
[Smi06], fluorescence lifetime imaging [Dun04], coherent anti-Stokes Raman scattering
microscopy [Kan05], gas sensing [ET03], dispersion measurements [Mor95a; GHO03], op-
tical communications [Tay87; Mor93; Mor95b], spectroscopy [Lin76; Fre98] and sensors
[Kel99].

The last chapter of this thesis concerns soliton compression at 1.06 um to a pulse
duration of less than 50 fs, with potential for even higher compression. Such short pulse
sources can be used for a wide variety of applications, for example: the pumping of
coherent supercontinua, or the study of ultrafast processes using femtosecond pulses, for
which A. H. Zewail was awarded the 1999 Nobel Prize for Chemistry.

1.3 Optical fibres

The fundamental optical element in our work is the optical fibre. This invention was one

of the most successful of the 20"

century, impacting the lives of many people as well as
leading to new and interesting avenues of scientific inquiry.

Total internal reflection, the basic mechanism of light guidance, was first demonstrated
in water jets by D. Colladon and J. Tyndall in the mid 1800s [Hec04], but it took another
century for glass optical fibres to be experimentally investigated and most of the early
work was dedicated towards image transmission. This work led to the idea of adding a
cladding to a fibre by van Hell and L. Curtiss, which paved the way for low loss optical

fibres. Telecommunications companies only became interested when the enhanced
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1 Introduction

bandwidth available at the high optical carrier frequencies was realised [Jr.64]. Pioneering
efforts in the 1960s [Kao86], eventually motivated intense research. Over the previous
three decades optical fibres have revolutionised communications [Hec04], and in the
present decade they are in the process of revolutionising high power laser systems. Their

usefulness and success can be attributed to a number of properties, including:
» Extremely low attenuation: when high purity silica is used.

Good material properties: chemical stability, resistance, and strength.

Optical confinement over very large distances (~ 100 km).

Compactness: fibre is small, can be coiled and packed.

Y Y VY Y

Robustness: all-fibre systems do not require alignment and are robust against

movement.

\

High power handling: this stems from the transparency and low intrinsic nonlinear-

ity of silica.

» Efficient laser format: rare earth doped glass fibres are a highly efficient gain

medium.

The central focus of optical fibre research since the 1960s has always been for telecom-
munications but the demands of this field have also led to extensive research efforts in
nonlinear fibre optics [Agr01], and fibre lasers and amplifiers. It is the latter two areas
which form the basis of this work, but the inheritance from telecommunications in terms

of quality optical fibres and high performance packaged technology is significant.

1.3.1 Conventional optical fibre

In 1873 Maxwell published one of the most important, and elegant, contributions to
physics, his Treatise of Electricity and Magnetism [Max73]. This work lead to the discovery
of electromagnetic waves which now pervade many areas of science and technology. In
this section we give a brief overview of electromagnetism in the context of guidance in
optical fibres. The purpose is to facilitate the discussion of the numerical simulations used
throughout this thesis and provide insight into the fundamental physics of dispersion and
nonlinear propagation in optical fibres.

From Maxwell’s equations it can be shown that the electric field (which dominates the
interaction of light and non-magnetic dielectrics like silica glass) obeys the wave equation
[Sny83; Buc04]:

V2E - o€od2E = o0 P (1.1
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1.3 Optical fibres

p

Figure 1.1: The refractive index structure of conventional step index fibre
(darker regions have a lower refractive index) and the definition of the propaga-
tion constants.

where P is the induced polarisation, E is the electric field, ¢ is time, g is the permeability
of free space and ¢ is the permitivity of free space. Eqn. 1.1 shows that the time varying
polarisation drives the electric field. The incident electric field drives the atomic dipoles
causing them to oscillate and re-radiate with some phase delay, through the induced
polarisation. The phase delay depends on the locations of the resonant frequencies of
the dipoles. We discuss those for silica in Section 1.4.1. For linear propagation, P = egyLE
(where y is the linear susceptibility), and by defining the relative permitivityase, =1+ y
and subsituting for P in Eqn. 1.1 we get a wave equation which describes the propagation
of the electric field with a phase velocity of c¢/n, where c is the speed of light and we
recover the definition of the refractive index n = /€. As yr is complex, so is the refractive
index. We refer to the real part by n and this defines the magnitude of the propagation
vector (or wavevector) in any medium as k = nky = nw/c. The imaginary part relates to
the absorption of the field by the medium which is very small for silica at the frequencies

we consider.

Guidance mechanism

Conventional step-index optical fibre, as shown in Fig. 1.1, has a core region, of radius a
(usually a few times larger than the wavelength), of slightly higher refractive index than
the cladding region. Usually the core is germanium doped silica and the cladding pure
fused silica glass, but other dopant combinations are used. Physically, light is guided
by total internal reflection at the core-cladding interface. To understand this in more
detail we consider the propagation vector of the electric field in the fibre. Due to the axial
invariance of optical fibre, we can write the electric (similarly the magnetic) field for a
given frequency as:

E(r,z,t) =E, (0 expl—i(wt - fz)] (1.2)

17



1 Introduction

where E,;, is the modal electric field distribution, z is the axial position through the fibre,
w is the angular frequency, r is the transverse position vector (over the fibre cross section)
and S is the axial component of the wavevector and is known as the fibre propagation
constant. The definitions of 8, along with the magnitude of the propagation vector and
the transverse propagation constant, k;, are also shown in Fig. 1.1. It is implicit in Eqn. 1.2
that B is invariant, regardless of both transverse and axial position in the fibre. In addition,
the magnitude of the propagation vector is constant in any material at kg7 where n is the
local refractive index. Therefore we have a constraint on the magnitude of the transverse

ke =/ kin? - p? (1.3)

Given that the magnitudes of the total propagation vectors are different in the core and

propagation constant [Zol05]:

cladding at koncore and kong;qaq respectively, it may be possible to choose § such that k;
is real in the core, but imaginary in the cladding. In that case the light can be guided in

the core and the field in the cladding will decay monotonically from the core.

The above choice of 3 is necessary, but not sufficient, for a mode to exist. In addition,
the field must only change by the phase factor exp[i f(z2 — z1)] between two points z; and
zy in the fibre. This can be regarded as a resonance condition. A mode can be considered
to be a standing wave of the transverse field distribution over the fibre cross section,
similar to a stretched membrane. To determine the values of § (from which the field
distributions can be found) we must solve for the eigenmodes of the fibre propagation

equation [Sny83]. We discuss how to do this in later sections.

For a conventional step index fibre, the number of fibre modes which exist can be found

from the V parameter, or normalised frequency.
V = akoy/n2gre — nilad (1.4)

The number of modes increases with the V parameter. This can be understood from the
larger refractive index difference or core size a large V value implies, indicating that it
has either tighter confinement, or can accept larger wavelengths. It turns out that for
V < 2.405 which is the first zero of Jy(x) the 0'" order Bessel function of the first kind, the
fibre is single-mode and only the fundamental mode propagates. The fundamental mode

always exists and for small enough wavelengths, all conventional fibres are multi-mode.

From the above analysis it is clear that to remain single mode the refractive index
difference must be small. However, we shall see later that to obtain strong waveguide
dispersion, the refractive index difference should be large. In fact, due to this conflict,
itis not possible to produce a conventional step index fibre which is both anomalously

dispersive and single mode at wavelengths shorter than 1.27 um - the zero dispersion

18



1.3 Optical fibres

wavelength of silica glass. This is one of the major constraints which photonic crystal

fibres can overcome, which has led to many intersting advances in nonlinear fibre optics.

1.3.2 Photonic crystal fibre

Photonic crystal fibres have caused a renaissance in the nonlinear fibre optics community
because they offer great design flexibility in terms of dispersion and nonlinearity, and in
the case of hollow core PCE new ways to guide light and interact with gases and liquids in
the fibre format.

History

Photonic crystal fibres were inspired by photonic crystals - structures varying on the scale
of optical wavelengths - which have a novel and interesting interaction with light. Photonic
crystals rely on a periodic structure to alter their optical properties. The unique properties
arise from the photonic bandgap effect. The periodic variations in the refractive index lead
to forbidden values of the propagation constant in the crystal. This is analogous to the
forbidden regions between electron energy states in a semiconductor crystal. Photonic
crystals were originally conceived in bulk form for strong localisation of light [Joh87], or
the inhibition of spontaneous emission [Yab87; Yab89]. The idea of constructing two-
dimensional photonic crystals in fibre form followed, with the light guided in a hollow
core surrounded by a cladding with microscopic air holes running along it. The first
PCF to be fabricated, however, was a solid core fibre, but it still had the microstructured
cladding [Kni96]. Solid core PCFs are easier to fabricate because they do not require as
large air-filling ratios in the cladding as the hollow core fibres, and they do not require a
large hollow core to be maintained. The guidance properties are also less sensitive to the
exact periodic arrangement of the cladding holes. Hollow core PCFs were first fabricated
three years later [Cre99]. It is interesting to also note that photonic bandgaps occur in
nature. One example is the coloured reflections from butterfly wings which are caused by
the selective reflection of frequencies from microscopic periodic structures in the wings,

rather than from material properties, as one might first suspect [Bja03; Rus03].

Structure

The structures of photonic crystal fibres, shown in Fig. 1.2, are usually made from pure
fused silica throughout. The cladding structure is made from several rings of air-holes
around the core. The holes usually form a triangular lattice as shown. Two parameters
describe this structure: the hole diameter d and the centre to centre hole spacing or pitch

A. Other lattice structures are used and it is also possible to make PCFs with solid or

19



1 Introduction

(a) PCF structure (b) PCF examples

Figure 1.2: The refractive index structure of PCF (a; white is pure silica and
black represents the air-holes) and scanning electron micrographs (SEMs) of
hollow and solid core fibres (b).

liquid inclusions rather than air-holes. The cores of PCFs are formed from defects in the
microstructure. A solid core is usually formed by simply not removing an air-hole from
the centre of the structure and so its size depends on the air-hole structure parameters. A
hollow core can also be created by making a larger air-hole in the core. Examples of both
types of PCF can be seen in Fig. 1.2(b).

The standard manufacturing procedure of PCF has become known as the stack and
draw process [Kni96], and is illustrated in Fig. 1.3. A preform is created by stacking silica
rods and capillaries into a macroscopic replica of the desired structure. This stack is
then fused together into a preform. The preform itself is then drawn into a fibre while
applying pressure to the air holes. By controlling the draw speed and pressure the final
fibre structure can be influenced and a single preform can produce multiple different
fibres. The resulting fibres are extremely robust. This procedure is very versatile and a very
wide range of fibre designs have been realised. Including designs involving doped glasses
[LimO04]. It should also be noted that fibres with microstructures had been invented in
the 1970s in a quest to improve transmission for optical communications [Kai73], but the
manufacturing technique was insufficient and the concept of the photonic crystal had
not yet been invented. Other manufacturing techniques, such as extrusion, can also be
used, particularly for soft glasses.

This manufacturing technique can produce PCFs with pitches ranging from at least

1-10 pm and air-hole ratios (d/A) from below 0.1 to over 0.9 [Bja03]. This means that
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1.3 Optical fibres

Stacked rods
inside jacket

Pressure is
applied to
the air holes

(R

The rods are The prefrom is then
drawn into preform drawn into a fibre
at high temperature

Figure 1.3: Illustration of PCF manufacturing procedure

the refractive index difference can be over 25% compared to a practical limit of ~ 4% for
conventional fibre [Rus06]. The high index contrast leads to many of the advantageous

properties of PCE

Guidance mechanism

Similar to step index fibres, light is guided in the core by finding values for § which
prevent the existence of real transverse propagation constants in the cladding structure.
In the PCF case the photonic bandgap effect is used to achieve this. This originates
from the periodicity of the cladding, which prevents transmission of frequencies which
destructively interfere due to multiple reflections from the multiple air-silica interfaces.
All PCF fibres guide by the photonic bandgap effect [Fer00], but for the solid core PCF an
analogy can be drawn with the step index fibres by considering the cladding to have a
lower average refractive index than the core. In this case the guidance can be considered to
to arise from total internal reflection, as for the conventional fibre [Kni98]. In this regime,
the refractive index of the cladding is taken to be the effective index (n.fr = B/ko) of the
fundamental space filling mode, which is defined as the mode which would propagate in
an infinite cladding structure with the largest value of . In fact, when operating in this
regime, the cladding need not be perfectly periodic. In addition, an effective V parameter

can be defined to allow some of the conventional fibre design concepts to be applied to
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1 Introduction

solid core PCFs [Mor03], however, although insightful, this is only a crude approximation,
and it is usually preferable to solve for the modes of the actual fibre structure. For the
hollow core structure no such analogy can be drawn and only the photonic-bandgap
concept can explain the light guidance, because the core usually has a significantly lower
refractive index than the average cladding index.

Although hollow core PCF can be very interesting and useful, especially as it is possible
to fill the core with gases and liquids, leading to some interesting applications, we do not

make use of it in this thesis, and so do not discuss it further.

Optical properties

Solid core PCFs can exhibit a range of optical properties not found in conventional fibres.

These include:

» Widely variable dispersion properties - including zero dispersion wavelengths

shorter than 1.27 ym which is impossible in conventional fibre.

» The endlessly single mode property, where no higher order modes exist at any

wavelengths.
» Strong confinement.
» High nonlinearity.

» Strong birefringence - over an order of magnitude higher than conventional bire-
fringent fibres [OB00].

The dispersion properties are discussed in Section 1.4.1, here we review some of the
other properties.

The endlessly single mode property is extremely interesting for broadband supercon-
tinuum sources as it means the whole visible supercontinuum can feasibly be maintained
in a single mode. It also allows large mode area (and hence low nonlinearity) single mode
fibres to be made with applications to high power handling in lasers and amplifiers. This
property can be understood by considering the cladding microstructure to be a modal
sieve [Rus03]. In this picture, the fundamental mode, which has the largest central lobe
of field density, cannot escape between the cladding holes, whereas higher order modes,
with smaller lobes can. A more physical understanding comes by noting that the effective
cladding refractive index is a strong function of frequency because of the similarity in
size of the microstructure to optical wavelengths. This frequency dependence cancels
with the frequency dependence included in the V parameter and so it can remain ap-

proximately constant, rather than inversely proportional to wavelength, allowing for the
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1.3 Optical fibres

second mode to be cut-off at all frequencies for the correct cladding structures. This
property was observed in the first PCF fabricated [Kni96] and later studied in more detail
[Bir97]. Theoretical treatments have found that a PCF will be endlessly single mode if
d/ A\ <0.43 [Kuh02b; Mor03].

The strong optical confinement is due to the large refractive index contrast and means
that even for large wavelengths, the confinement is still maintained. This results in fibres
which can have much higher nonlinearity due to the higher power density, and can also
maintain it across a wider wavelength range. The high nonlinearity arises from both
the strong confinement and the very small core sizes which can be used. For very high
values of d/ A, i.e. the so called cobweb fibres, which have thin strands of silica (around
100 nm) holding an array of air-holes together around a core, the fibre essentially consists
of a single silica strand in air. Thus is has similar extreme nonlinearities and dispersion
properties, but with the very significant advantage that the core is protected from the
environment which makes these fibres much less lossy and more robust. Values of the
nonlinear coefficient y (see below) can be over three orders of magnitude higher than for
conventional optical fibres.

In highly nonlinear conventional fibre (HNLF), high nonlinearity tends to imply a high
second mode cut-off wavelength for the single mode regime. This is the same in PCF but
the absolute values are different, with HNLF the cut-off is usually above 1.4 ym whereas
for PCF cut-offs are closer to the visible spectral region. But it has also been found that the
propagation constants between the fundamental and higher order modes in high index
difference PCF are very strongly separated; the effective indices are different by more than
the core-clad index difference in conventional fibre. This means that coupling between
the modes is very weak [Ran00a]. It has been found that exciting the higher order modes
in very small core PCF is difficult [Ran00a]. Thus, although the highest nonlinearity is
found only in PCFs which are theoretically multi mode, the fibres essentially behave as if

they were single mode.

1.3.3 Ytterbium doped fibre amplifiers and lasers

Ytterbium fibre lasers are the dominant high power fibre laser material. Fibre lasers were
first suggested in January 1961, [Sni61b], and later that year experimental demonstration
was achieved with a flash-lamp pumped neodymium-doped barium crown glass fibre
[Sni6la]. Several years later 47 dB gain was measured in a fibre amplifier also based on
flash-lamp pumped neodymium-doped glass [Koe64]. This work appears, in retrospect, to
be before its time as it pre-dates the development and use of fibres in telecommunication
applications and so fibre losses were still very high ( ~5 dB/m). It was only after the

growing interest in optical communications and the subsequent improvements to fibre

23



1 Introduction

technology that fibre lasers saw broad development, and this was mainly due to work on
optical amplification for such communication systems.

The first silica-fibre based laser was reported nearly a decade later [Sto73]. A decade
later still, a new chemical vapour deposition technique which allowed far easier inte-
gration of rare earth ions in fibre cores was developed [Po085]; this led directly to the
first operation of a single-mode rare-earth doped fibre laser [Mea85]. These publications
produced renewed interest in fibre laser development, and also rare earth doped fibre
amplifiers. Before considering fibre lasers in detail it is worth considering the general
advantages of using a wave-guiding structure as the lasing medium as compared to those

used in bulk optic lasers. These include [Fra91a]:
» Efficient pumping: no limitations from pump beam divergence.

» Single-mode output: if the fibre core is designed to have a single transverse mode at
the lasing wavelength, then the output is necessarily diffraction limited even at very

high output powers.

» Thermal advantages: from a simple consideration of fibre geometry (high surface

area to volume ratio), most fibre lasers are simply air-cooled.

» Mechanical superiority: fibres can be coiled and packed into very small volumes

compared to alternative laser designs.

The main disadvantage of fibre lasers is that they cannot store large amounts of energy,
and so the highest energy fibre laser pulses are significantly lower energy than those
achievable with bulk lasers.

The Ytterbium (Yb) doped fibre laser is now one of the primary lasers used in industrial
settings. Very high average powers are available: over 2 kW CW in a single-mode has been
reported [Gap05]. The use of Ytterbium stems from the advantages inherent in its level
structure, which is illustrated in Fig. 1.4. For all optical wavelengths there is a ground state
manifold (®Fy/,) with four Stark levels and an excited state manifold (>Fs/») with three
Stark levels. The transitions between sublevels are not fully resolved in silica at room
temperature because of strong line broadening, which is predominantly homogeneous
[Pas95; Pas97]. Yb3*:silica can be pumped between the lowest Stark level and any of the
upper levels, but the absorption is much stronger at the 975 nm transition, so this is
mainly used. It should be noted though that this transition is very narrow, and careful
pump wavelength control is required. Emission transitions occur between the lowest
upper Stark level and all lower levels, but as we are pumping at 975 nm emission to the
lowest level is not utilised. Thus the system behaves as a four level laser. The fluorescence

decay lifetimes are around 0.8 ms, although this can vary by up to 30% depending on the
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Figure 1.4: The level structure of Yb3* in silica glass.

host [Pas97]. This simple structure leads to a number of benefits compared to other rare

earth dopants. These include:

» No excited state absorption of pump or signal due to the absence of higher energy

levels.

» No concentration quenching by ion-ion energy transfer, due to the absence of

intermediate energy levels.

» Low quantum defect due to the closeness of the pump and emission wavelengths.

This leads to good thermal properties.

» No non-radiative decay due to the large energy gap between excited and ground

states.
» Very broad absorption, allowing pump flexibility/efficiency.
» Very broad emission, allowing wavelength versatility.

The modern pump scheme makes use of a number of multi-mode pump diodes which
are combined by a speciality fused fibre coupler into a multi-mode fibre. This allows
very high pump powers to be obtained by simply increasing the number of pump diode
modules. The actual gain fibre is double clad, where the multi-mode pump interacts
with a single mode gain region which guides the signal. In this way the very high, single
transverse mode, output beam quality can be obtained and scaled with pump power.

The laser cavity is usually formed with a pair of Bragg gratings at each end of the gain
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fibre. Fibre lasers can be operated with active and passive Q-switching or modelocked
with a variety of techniques leading to a range of pulse duration, repetition rate and peak
powers. In addition, chains of power amplifiers can be spliced to the laser outputs to
straightforwardly increase power levels.

The availability of low-cost and high power amplifier and laser technology from Yb
systems has opened new possibilities for all-fibre nonlinear optics. The work in this
thesis utilises this technology exclusively: all systems were pumped around 1.06 ym. This
pump region is optimal, apart from the availability of high quality pump sources, in that
it sits mid-way in the silica transparency region. In addition it is the region in which the

dispersion of PCF can be most broadly tuned and optimised.

1.3.4 Splicing

Low loss splicing is crucial to reap full benefits from PCFs and fibre lasers, as the full
benefits of fibre devices are only realised when no bulk elements are necessary. Gratings,
couplers and integrated isolators are key components that facilitate this, but splicing is a
necessary requirement to bring all of these elements together. Splicing between standard
fibres is routine, with lower than 0.01 dB loss, due to the huge investment in research by
the telecommunications industry. But splicing to PCF is more difficult due to structural
and guidance differences to standard fibre.

The PCF cladding structure is a less efficient thermal conductor than solid silica. Heat-
ing tends to concentrate in the silica bridges between the air-gaps in PCE leading to hole
collapse. Due to this, a way of heating the standard fibre more than the PCF is required. It
is particularly important that the holes do not collapse in an uncontrolled way because of
the strong dependence of the effective index difference on the fibre geometry. However,
controlled hole collapse has been suggested as a technique to match the mode fields at
the splice point. In [Laeg04] a numerical simulation showed that smoothly (to ensure
adiabatic propagation) collapsing the holes could reduce a theoretical loss of 5 dB to
0.5 dB. A simpler alternative to tapering is to use an intermediate fibre with intermediate
values of mode field diameter, a technique developed in order to reduce loss when splicing
to Erbium amplifiers [Hol90]. It was reported that a loss of 1.45 dB could be reduced to
0.48 dB with the use of two intermediate fibres. We made use of this method to achieve
low loss splices to our PCFs.

We used a filament splicer which allows an offset between the heating region and the fi-
bre interfaces. An extensive systematic process of refinement led to a set of parameters for
the pre-heating time, the filament current and the time it was applied, which minimised
the splice loss. It was found that an initial low power splice to bind the fibres followed

by a series of re-heats while monitoring the transmission led to the lowest loss. It was
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also found that manually aligning the fibres, so that they were in contact before the splice
process, was necessary as the active alignment of the splice software was not sufficiently
accurate to deal with the smallest core PCFs.

The intermediate fibre we used was Nufern UHNAS3 ultra high numerical aperture
fibre. This has a mode field diameter of 2.6 ym at 1.1 ym, and is thus much more closely
matched to PCF parameters than the single-mode 1.06 pm fibre which we use to interface
with our lasers and isolators, which had a mode field diameter of 7.4 um. The problem
of splicing the intermediate fibre to the single-mode 1.06 um fibre is solved by the fact
that the UHNAS3 has core dopants which diffuse to the cladding upon heating, and so the
mode field diameter can be expanded and tapered to match that of our standard fibres.
Losses of between 0.2 and 0.4 dB were usually achieved for this stage and total splice
losses to PCF were usually between 0.8 and 1.5 dB.

1.4 Physics and analysis of optical fibres

In this section we study the physics of dispersion, loss and nonlinearity in optical fibres

and techniques for calculating their effects.

1.4.1 Dispersion

Dispersion describes the differing velocity of light at different wavelengths. In single mode
optical fibres it is due to two processes. One is the intrinsic material dispersion of the
glass which originates from the variation of refractive index with wavelength. The other
is due to waveguide dispersion, which is due to the fact that the field of a given mode
propagates in both core and cladding regions, which have differing refractive indices. As
the mode field distribution changes with wavelength, the proportions in the core and
cladding differ and so the resulting mode refractive index, called n.fy, is wavelength
dependent. The propagation constant f of a fibre mode varies from values close to the
cladding wavevector at low frequencies (because the mode is spread out over the cladding)
to values close to the wavevector of the core at high frequencies. This variation clearly
leads to non-zero derivatives of  and hence to waveguide dispersion. Two facts give rise
to the unique dispersion properties of PCFs. Firstly, the index difference between the core
and cladding can be very strong, and secondly, the effective index of the cladding can also

be very wavelength dependent.

The importance of dispersion

Dispersion is very important to a number of applications, and fundamentally important

to nonlinear processes. For example, in telecommunications the fibre dispersion is a
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critical parameter dictating the distance which an optical pulse train can propagate
before some form of compensation for the pulse spreading must occur. In nonlinear
optics dispersion plays a key role. In the wave picture of interactions between different
wavelengths propagating through a fibre, the dispersion describes how the phase velocities
of the different waves relate to each other, and hence how efficient interactions between
them can be. If the waves are not phase matched, then parametric processes tend to
be very inefficient. In the particle picture of photon interactions, nonlinear processes
between photons of different energies can only occur if momentum is conserved (as well
as energy), the momentum conservation is equivalent to the phase matching criteria
in the wave picture (easily seen be considering photon velocities). In addition, soliton
propagation, which is of great importance to both the supercontinuum generation we
discuss in this thesis, and the pulse compression, relies on the precise balance between

linear and nonlinear dispersive effects.

Definitions of dispersion parameters

In optical fibres, dispersion is usually characterised by the quantities related to the second
derivatives of the refractive index variation with respect to wavelength. This is because it
is these quantities which determine the degree of pulse spreading on propagation. The

refractive index, or effective mode index is related to f, the propagation constant, by:
B=konery. (1.5)

The wavelength dependence of § thus determines the variation of phase velocity with
wavelength, of a monochromatic wave. Optical pulses, however, must have a finite
bandwidth. The group velocity, vg, defines the propagation of a packet of monochromatic
waves (over an infinitisimal bandwidth). This quantity is related to § via the first derivative
with respect to frequency:
ag 1
=—=—. 1.6
pr=-- vs (1.6)
Energy is propagated at the group velocity, and in fact, this can be expressed elegantly as
in Eqn. 1.7 where the group velocity is related to the modal power flow P, and the stored
energy per unit length in the fibre %, [Sny83].
p
Vgm = W—m 1.7)

m

Due to the different group velocities of different pulses, limitations of the nonlinear
interaction length occur due to pulse walk off, where one pulse will be moving slower than

another and will be left behind, preventing further interaction. Group velocity also plays a
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significant role in soliton trapping of dispersive waves, which we consider in Chapter 4.

The group velocity dispersion is due to the differing group velocities of the components
of a particular pulse. If some are moving slower than others, then the pulse will spread in
the time domain. As noted above, this parameter is important to telecommunications
and also very important to soliton propagation. It is given by the second derivative of §:
B d2B _ 12

=—r=_-_"_D, 1.8
d’w 2nc (1.8)

B2

where c is the speed of light in a vacuum and A is the pulse centre wavelength. D is an
engineering unit commonly used because it has practical units of ps nm~! km~! which
can be directly related to the amount of pulse spreading (in ps) per bandwidth (in nm)
per propagation length (in km). We use both 8, and D when referring to group velocity
dispersion.

Higher order dispersion can also be very important. When the group velocity disper-
sion is small then third order dispersion becomes the dominating effect. Higher order
dispersion can perturb soliton propagation and is also important to the phase matching

of nonlinear processes which are separated by large frequency shifts.

Material dispersion

In Section 1.3.1 we saw how the refractive index of a material was related to the linear
susceptibility of the material. In this thesis, the only materials used for guiding light are
silica, and air (which is effectively dispersionless at optical frequencies). The susceptibility
of fused silica is dominated by electronic (atomic) resonances around a wavelength of
0.1 pm and Si-O molecular lattice resonances in the region of 7-15 ym. The wavelength
region we are interested in is A = 0.3 —2.4 um. Due to the dominance of the electronic
resonances, the refractive index of silica is decreasing across this region as can be seen
in Fig. 1.5. The sharp slope at the short wavelength edge is due to the above mentioned
electronic resonances. As the wavelength (or frequency) approaches a resonance, the
material absorption dramatically increases, and the refractive index does also. This is
because near resonances the dipole oscillators exhibit a larger phase delay which can be
understood by considering the intimate relationship between absorption and dispersion
expressed in the Kramers-Kronig relations. The lattice absorption is not strong in this
region and contributes only to the background value.

The material group velocity dispersion is also shown in Fig. 1.5. There is a zero disper-
sion point at 1.27 um which is due to the inflection point in the refractive index curve.
The zero dispersion wavelength is very important as it determines the boundary between

normal (negative D) and anomalous (positive D) dispersion regions. This is significant as
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Figure 1.5: The refractive index and material dispersion of pure fused silica.

bright soliton propagation and modulation instability (both essential to our supercontin-
uum generation) are only possible in the anomalous dispersion region. Overall, the silica

dispersion strictly increases with wavelength.

Calculation of dispersion

The calculation of dispersion for a given fibre structure comes down to calculating the
propagation constant at a range of wavelengths and then taking derivatives. This can be
formulated as an eigenvalue problem with the transverse field as the eigenvector and f as
the eigenvalue. To solve this we used two methods. For very complicated structures, such
as fibre cross-sections from SEM images, we use a freely available software package which
numerically solves Maxwell’s equations over arbitrary structures. For simpler, analytical
structures, often used when we are looking for PCFs with our desired properties we used
an analytical effective index method for its speed and convenience. In the following two

subsections we review these methods.

MIT photonic bands

The most accurate technique used in this work was a fully vectorial eigenmode solver
of Eqn. 1.9 with Eqn. 1.10 as a constraint and periodic boundary conditions. We used

the open source software package called MIT Photonic Bands, which we refer to as MPB

30



1.4 Physics and analysis of optical fibres

[Joho1].
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For a given dielectric structure, defined by € the eigenmodes of the magnetic field are
found in the frequency domain on a planewave basis using a conjugate gradient method.
Apart from B, MPB can also provide the full magnetic and electric fields which can be
used for the calculation of the effective mode area, which we discuss in Section 1.4.3.
We adapted the MPB software to be able to calculate the eigenmodes directly from SEM
images of the fibre cross sections. This technique was used extensively in this thesis.

The MPB software is very accurate, however it makes some assumptions about the prob-
lem which are not correct for our purposes, and one should be aware of them when per-
forming calculations with it. Specifically it performs what is called a supercell calculation,
where a periodicity is enforced on the structure by periodic boundary conditions. This
is ideal for solving for the fundamental space filling mode of the cladding PCF structure,
in which case we can solve for just one crystal unit cell leading to efficient computation.
But when we have added the core defect we must solve over a number of unit cells (the
supercell) so that we can push the infinite number of additional defects (added due to
the periodicity) far enough out so they do not interfere with the defect mode calculations.
Apart from increasing computation time, some artefacts from coupling between defects
may occur, although they can be minimised. In particular, calculations of confinement
loss, where the structure begins to leak radiation are impossible with this method, as no
light can escape from an infinite structure!

Nevertheless we have found MPB to agree well with experimental dispersion measure-
ments and other software. In particular we have verified the results with another free
tool based on the multipole method, which is deemed to be extremely accurate [Kuh02a].
However, this tool could not be used because it requires the inclusions to be perfectly

circular ruling out a number of interesting PCF structures.

Vector analytical approach

As noted above, the MPB software can be very accurate, it is also computationally in-
tensive and it is sometimes useful to be able to interactively look at the effects of PCF
structure on dispersion and nonlinearity. In such cases we used a vector analytical method
which shows good agreement to more accurate numerical methods over a wide range
of parameters. Building on the concept of modified total internal reflection described

above, we model the PCF with an equivalent step-index fibre, where the air-holes in
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Figure 1.6: The unit cell of the PCF cladding with the air-hole radius and
equivalent cell radius defined.

the cladding yield a lower effective refractive index than the pure silica core. To do this
we first calculate the effective index of the cladding structure using the concept of the
fundamental space filling mode, as mentioned above. This comes down to finding the
fundamental eigenmode (that with the largest effective index) of the infinite periodic
lattice with the same structure as the PCF cladding. When this is complete we then model
the PCF as a step index fibre with a solid core of silica and a cladding with the previously
calculated effective index. This approach is much faster than the full numerical solutions
to Maxwell’s equations, but also considerably more accurate than the traditional scalar
approximations [Mid00]. There are two problems to be solved with this approach, firstly,
how to calculate the fundamental space filling mode of the cladding; and secondly, what
core size to choose for the equivalent step index fibre.

The first problem can be solved in a number of ways. For example, we could use MPB
for this calculation as it is not a supercell problem and is quite efficient. However, it is still
not fast enough on current hardware for the purpose of interactive visualisation. Instead
we use a full vectorial solution of Maxwell’s equations by solving for the unit cell of the
cladding structure with a circular symmetric approximation. Such problems, like the
conventional step index fibre, have exact analytical solutions [Sny83]. To illustrate this
method, Fig. 1.6 shows the PCF cladding unit cell and the circular symmetric approxima-
tion to it. The typical PCF structure is hexagonal, as shown in Fig.1.2(a). The air holes are
circular and the unit cells tessellate on hexagonal boundaries. Therefore, in Fig. 1.6 we
show just one hexagonal cell. The core circular region is air and the surrounding region is
the silica which forms the bridges between the air-holes in the PCF cladding. The relative
air-hole size is given by the hole diameter (d) to pitch (A) ratio. So the boundary of the
hexagon at the mid-point of one side is A/2 from the air-hole centre, as shown.

To approximate this structure with a cylindrical problem, we fit a circle to the hexagonal
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Figure 1.7: A comparison of the effective cladding index between MPB and
the vectorial analytic method for two structures.

structure. We can then solve for the fundamental mode of this structure using a variation
of the standard methods [Mid00; Sny83]. The one free variable available with this method
is the radius of the cell circle used to fit the hexagon. A number of suggestions have been
made, including choices which set the cell radius to A/2, the half distance between two
air-hole centres [Mid00]; or a choice which makes the total area of silica in the cell the
same as that in the hexagonal cell [Li06]. We choose the former as it tended to give a closer

fit to full numerical solutions using MPB.

In Fig. 1.7 we compare the effective cladding index of the fundamental space filling
mode as calculated with both MPB and the vectorial analytic method for two structures.
One structure has a low air filling fraction and large pitch (d/A =0.3, A =4.5 um), the
other has a large air filling fraction and a smaller pitch (d/A =0.8, A =3.0 um). For the
first structure the agreement of cladding effective index is quite good, but for the tight

structure, the agreement is poor, because the circular approximation to the silica lattice

becomes less accurate.

Once the effective cladding index is found, the fundamental mode can be solved for
using the standard vectorial analysis of a step index fibre [Sny83], with the core size chosen
to be 0.625A from comparison to full numerical results [Li06]. Although not as precise as
MPB, which we use for the majority of dispersion calculations in this thesis, the vectorial
analytic method was very useful when developing approximate designs for the PCFs used

in the pulse compression experiments.
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Figure 1.8: The time-averaged electric field energy density of the fundamental
mode of a PCF with A = 3 um with two air-filling ratios at a wavelength of 1.06 pm.
The white circles indicate the air-holes in the PCF structure used to calculate the
mode patterns. Colour scale: —30HIlE" Tl dB.
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Figure 1.9: The time-averaged electric field energy density of the fundamental
mode of a PCF with A =3 ym and d/A = 0.3 at two wavelengths. The white
circles indicate the air-holes in the PCF structure used to calculate the mode
patterns. Colour scale: —30HIE" 0 dB.

Modal properties of PCF

Apart from the propagation constant, the MPB method provides us with access to the
transverse magnetic and electric fields of the fibre modes for arbitrary structures. In this
subsection we take a brief look at the mode profiles in various circumstances as they can

provide insight into the dispersion properties of PCF discussed below.
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Fig. 1.8 shows the mode distribution for two PCFs with the same pitch (A) but different
d/ A ratios. For the low ratio fibre where the effective index contrast is low, the mode
spreads considerably between the cladding holes. In contrast, in the high ratio fibre, the
effective index contrast is very high and the mode is tightly confined in the core. Such
a PCF will be highly nonlinear and the dispersion properties will resemble those of a
silica strand of the same dimensions as the PCF core (see below). These calculations were
performed at a wavelength of 1.06 um. In Fig. 1.9 we contrast the mode patterns for two
different wavelengths, 0.4 and 2.2 ym, in the same PCF structure. The mode distribution at
0.4 um is contained almost entirely in the silica glass region and reasonably well confined
to the core with extensions between the first ring of holes. In contrast for 2.4 ym the mode
has spread well beyond the first ring of holes and beyond the second ring and also exhibits
a large overlap with the air-holes. This change in overlap with wavelength leads to very

strong waveguide dispersion.

Dispersion in PCF

By changing the positions, size, shape and material in the PCF structure we can exert a very
large control over the PCF dispersion, with the ability to cancel the material dispersion
over much of our wavelength range of interest - something not possible with conventional
fibres which have relatively small core/cladding refractive index contrast. The unique

properties of PCF with respect to dispersion include:

» Shifting the zero dispersion wavelength far shorter than the material dispersion at
1.27 pm and significantly into the visible spectral region as short as 0.55 ym [Kni00].

» Flattening of the dispersion profile over a large wavelength range [Ree02].

» Shifting a second zero dispersion wavelength into our wavelength range of interest,

leading to unique phase matching properties.

The first feature, the ability to shift the zero dispersion wavelength, and hence regions of
anomalous dispersion into the visible spectral region is perhaps the most celebrated and
utilised feature of solid core PCF [Kni00]. It allows for soliton propagation and modulation
instability, two of the primary mechanisms for initiating supercontinuum generation,
to be achieved at short wavelengths. To illustrate how this works, we shown in Fig. 1.10
the contributions to dispersion in a particular PCF structure. The total dispersion is not
actually the simple sum of the material and waveguide dispersion [Sai06], but must be
calculated in a self consistent manner (which we do throughout this work), although to a
first approximation they both contribute equally. As we saw above, the silica dispersion

has a zero crossing at 1.27 um. For this PCF structure, the waveguide dispersion is strongly
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Figure 1.10: The material, waveguide and total group velocity dispersion for
aPCFwithA=3 pmand d/A =0.5.

anomalous across the whole region with the result that it cancels a large portion of the
material dispersion and shifts the total zero dispersion wavelength to near 1.0 ym. In
conventional optical fibre which is single mode, the waveguide dispersion is always
normal and strongly guiding conventional fibres tend to shift the zero dispersion to longer
wavelengths instead.

The ultimate limit of tight confinement is when there is no silica glass in the cladding
at all and we are simply left with a silica strand. Although such fibres have been used
through tapering conventional fibres [Bir00], because of their interesting dispersion and
nonlinearity, they are quite impractical and sensitive to the environment. One feature of
PCF is that it can be made very similar to this limiting case [Kni00; Sai06]. For example, in
Fig. 1.11 we compare the dispersion of a very high air-fill fraction PCF with a silica strand
of equivalent core size. It is clear that the dispersion curves are very similar although they
diverge somewhat at longer wavelengths as the mode expands into the cladding and is
affected by the silica bridges between the air-holes.

The shifting of the zero dispersion is clearly shown in Fig. 1.12 which shows the dis-
persion curves for PCF structures with the same 3 pm pitch, but increasing air-hole size.
As the air-holes get bigger, the effective refractive index contrast becomes larger and so
the waveguide dispersion becomes more strongly anomalous and the zero dispersion
wavelength shifts to shorter wavelengths. In contrast, for very small air-hole sizes, the dis-
persion has been flattened with respect to the material dispersion curve and this feature

has been utilised to develop ultra-flat dispersion curves.
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Figure 1.11: A comparison of the group velocity dispersion between a high
air-fill fraction PCF and a silica strand in air with the same core size.
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Figure 1.12: The calculated dispersion for PCFs with A =3 ym and different
d/A.

In high air-filling structures, like those shown in Fig. 1.13 with d/A = 0.9, decreasing
the pitch size leads to the shortest zero dispersion wavelengths achievable. In Fig. 1.13 we
have zero dispersion points below 0.6 um for the tightest structures. Two other features
of these curves are apparent. Firstly the maximum dispersion values are quite high, over

170 ps nm~'km™!. Secondly, a second zero dispersion wavelength is introduced. This is
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Figure 1.13: The calculated dispersion for PCFs with d/A = 0.9 and the speci-
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Figure 1.14: The calculated dispersion for PCFs with d/A = 0.45 and the
specified pitch.

caused by the waveguide dispersion which is now strongly normal at long wavelengths as

the core is too small to contain the field.

In structures which have smaller air-holes like those shown in Fig. 1.14 with d/A =
0.45, decreasing the pitch has a much smaller effect on shifting the first zero dispersion
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wavelength, and the overall dispersion values are much lower. However, the reduction
in pitch has a stronger effect on the second zero dispersion wavelength, shifting the
overall dispersion down, and eventually leading to a fibre with all normal dispersion! The
reason for this is the very weak guidance for those parameters and thus normal waveguide
dispersion.

Although we have shown this wide variation in dispersion through simply changing
the pitch and air-hole diameter, further control can be exercised. For example, one can
imagine changing the size of the air holes in each ring of the cladding, creating fibres
similar to the conventional depressed cladding and W-profiles [Pol04]. Alternatively,
some groups have studied the properties of fibres with square hole arrangements [Bou04].
Finally the material in the holes need not necessarily be air, and fibres with solid and

liquid inclusions have been discussed.

1.4.2 Loss

Fused silica glass transmits electromagnetic radiation over a very wide wavelength range
from an ultra-violet (UV) absorption edge at about 0.2 um to an infra-red (IR) absorption
edge around 2.5 ym. Within this transmission region, optical fibre loss is limited by
Rayleigh scattering, so-called water absorption related to the vibrational absorption of
Si-OH bonds (through harmonics at 1.38 ym in particular) and waveguide imperfections.
In solid optical fibres, these have effectively been reduced to the limit imposed by Rayleigh
scattering, leading to very low loss: less than 0.4 dB/km from at least 1.2 to 1.7 yum with a

minimum below 0.2 dB/km at around 1.5 pm.

Photonic crystal fibres have additional losses arising from imperfections on the air-
silica interfaces, or fluctuations of the hole sizes [Rus06]. More significantly they exhibit
far higher water absorption due to Si-OH bonds at the air-silica interfaces. Loss values
over 100s dB/km are common at 1.38 pum and especially affect high air-filling fraction
PCFs. In Chapter 2 we study the effect of this loss on continuous wave supercontinuum

generation, and ways to overcome it.

Confinement loss is due to the finite number of air-hole rings allowing the evanescent
field in the cladding to reach the solid glass outer cladding. This can be a problem
at long wavelengths when the waveguide effectively becomes too small to contain the
field. In Chapter 4 we calculate the confinement loss for the tapered fibres we used
for supercontinuum generation, and also observe how the long wavelength edge of the
supercontinuum is curtailed by this loss. In the same chapter we also note the short
wavelength bend loss which is unique to PCFs and depressed cladding fibres and also the

role of two photon absorption limits to UV supercontinuum generation.
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1.4.3 Nonlinearity

In Section 1.3.1 we saw how the linear propagation depends on the linear susceptibility
of the material, through the induced polarisation P. For high intensities the material
susceptibility can no longer be regarded as linear and higher order contributions must be
included. Because silica glass is isotropic it is centro-symmetric (i.e. invariant on inversion
in three spatial dimensions) and so y» is zero. Note that it is the amorphous nature of
glass that leads to the inversion symmetry even though SiO; is itself not centro symmetric.
Therefore, the first higher order contribution (which can be found by expanding y in a
Taylor series) is y3, the third order susceptibility, and it is nonlinearities arising from this
term which we study in this thesis. There are three dominant sources of nonlinearity
in silica fibres. The Kerr effect (intensity dependent refractive index), which arises from
the nonlinearity of the electronic resonances in silica and which gives rise to self phase
modulation, cross phase modulation and four wave mixing; and two stimulated inelastic
scattering processes, Raman and Brillouin scattering. Raman scattering originates from
the molecular vibrational and rotational resonances in silica and Brillouin scattering from
the electrorestriction effect. All of these contributions are included in y3. Similarly to the
linear susceptibility, y3 can be related to a refractive index and an absorption coefficient,
except in this case the effect is intensity dependent. The nonlinear refractive index is
referred to as n, and is taken as 1y = 2.74 x 1072° m2W~!, which was determined from an
extensive review of measured values [Mil98]. This value includes a fractional contribution
from Raman, f; =0.18, but no contribution from electrorestriction, as we do not study
Brillouin scattering in what follows (see Section 1.5.8 as to why). The imaginary part of
X3 is responsible for multi-photon absorption, which is briefly discussed at the end of
Chapter 4, and other effects which result in the transfer of energy to the medium, notably

Raman scattering.

The electronic contribution to n, can be regarded as instantaneous for pulse durations
longer than ~ 10 fs, at the same speed as the linear refractive index. The Raman contribu-
tion, however, is delayed, as shown in Fig. 1.15. It is usual to account for this by writing

the nonlinear response function as [Sto89; Hol02]:
R()=1-f)o@)+ frh (1) (1.11)
where h, () is the Raman response shown in Fig. 1.15.

In optical fibres, the intensity is a linear function of power only, because the light is

guided in a constant mode shape. Therefore it is usual to define a nonlinear coefficient y
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Figure 1.15: The Raman response function /;(f).

which factors the mode size out from further calculations:

y= 271Ny
//lAeff

(1.12)

The effective area A, £ can be defined a number of ways, in conventional optical fi-
bres, with low index and nonlinearity contrast between the core and cladding the scalar

definition is commonly used:

o _ UsEnP)”

where S is the fibre cross section and E,, is the modal electric field distribution (similarly
H,, for the magnetic field). But in PCFs with high refractive index contrast, and significant
proportions of the field propagating in air, a full vectorial calculation of the effective area

is required [Tzo95], and was used throughout this work:

2
Ho (JsEm AHp)
60”3 fsilica [(Em ‘Epm)? + %'Ez|2Em ‘Em+ |Ez|4]

Acpf = (1.14)

If the core is significantly smaller than the wavelength, the light is guided mainly outside
of the glass and so A.fy does not always get smaller as the core shrinks. It should be
noted that the effective area is wavelength dependent, sometimes strongly so. For very

broadband calculations we must account for this and indicate how we do so below.
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1.4.4 Modelling

As part of the work on this thesis a complete code for simulating the propagation of optical
pulses through fibres was developed. It was used extensively to design the fibre tapers and
understand the supercontinuum mechanisms of our experimental results, and assisted a
large part of our analysis. We used a beam propagation method - a modification of the
split-step Fourier method. We start by describing the pulse with an envelope equation
[Agr01; Blo89; Fra91b; Mam90]:

E(z, 1) = E(z, )E;(wp) expl—i(wt — Bz)] (1.15)

where E(z, t) represents the temporal envelope of the field (i.e. the amplitude of the field
neglecting the high frequency oscillation of the carrier). It is complex to allow for the
accumulation of phase delay. In practice the modal field distribution E,, is removed by
using y with A.rr evaluated at the centre frequency wy, although some adjustment to
account for the frequency dependence of y is required for broadband supercontinuum
simulations. The simulations are carried out in a shifted frequency window given by
Q = w — wp where wy is a chosen central frequency. The field is assumed to be zero
outside of this window. The envelope E(z, t) is defined by the Fourier transform of the
pulse spectrum. We assume that the fibre is single mode and that the light stays linearly

polarised, although a large simplification, this assumption works well in practice.

The propagation equation of such an envelope representation of the field through
an optical fibre can be described by the generalised nonlinear Schrodinger equation
(GNLSE) which has been derived from Eqn. 1.1 in a number of different ways [Blo89;
Fra91b; Mam90]. The GNLSE can be written as Eqn. 1.16.

0,F = (g+iﬁ+iN)E, (1.16)

where the operators 7, D, and N represent attenuation, dispersion, and nonlinearity
respectively, and we have shifted to a frame of reference co-moving with the group velocity:
t =z— f1t, and so terms including B, are eliminated. The dispersion operator is given by

Eqgn. 1.17 in the time domain.

K
b=y D Py (1.17)

It is more common to solve the dispersion component in the frequency domain, where
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the operator is given by:

A _ & k
D, = ,gzk!ﬂ (1.18)
= Blwo+Q) - Plwy) —Q/Vy (1.19)

and Vp = [(dB/dw)|y,] ! is the group velocity at wg. The form in Eqn. 1.19 is more accurate
and more convenient to use if one has the full 8 curve of the mode. If the dispersion has
been measured, or is estimated from manufacturers information, then Eqn. 1.18 is usually
used instead. The attenuation operator is defined by a which is the linear gain or loss, it
can be a scalar at a(wy) or a function of frequency, allowing for the modelling of water

loss for example.

The nonlinear operator is given by Eqn. 1.20:
. t
Nzy(l—irsat)f R(tH|E(t-t*dt. (1.20)
—00

In this equation, the response function R(t) represents both the instantaneous and de-
layed response of silica and was given in Eqn. 1.11 of the previous section. The integral
represents a convolution between the nonlinear response and the field intensity. The
integration limits run from all previous times to the current time to satisfy causality. As
the electronic response is instantaneous, it can be moved out of the convolution resulting
in a term y|E|>E which corresponds to the Kerr effect. The convolution of the Raman
component leads to a delayed response for the nonlinear operator. In the frequency
domain this amounts to a frequency shift and this term accounts for the Raman soliton
shift which we discuss in later sections. The operator 7,0 E is responsible for optical shock
formation and represents the dispersion of the nonlinearity. By modifying 7 sj,cr, which
is to first order given by ll%o’ to include higher order terms, the GNLSE can be used for few

cycle optical pulses and can account for the wavelength dependence of A, [Kib05].

To solve Eqn. 1.16 it is common to use the split-step Fourier method [Agr01; Blo89],
which is a pseudospectral method. This entails solving the linear part in the frequency
domain (where there is an exact solution) and utilising the Fourier transform to switch to
and from the time domain where the nonlinear part is evaluated, this procedure can be
written as:

E(z+A2) = exp[iAzN] # ' exp Az (% +iD, )| FE@ (1.21)

where Az is the longitudinal step size and % and % ~! represent the forward and inverse
Fourier transforms respectively. The advantage is that the partial derivatives with respect
to time in the dispersion operator are replaced simply by multiplications by iQ in the

frequency domain. However, there can be complications when accounting for the shock
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derivative, which must be dealt with as a perturbation [Blo89; Cri04]. Instead, it is also
possible to solve Eqn. 1.16 purely in the frequency domain, integrating directly with, for
example, a Runge-Kutta method [Fra91b]. This has the additional advantage that the
convolution integral in the nonlinear operator (Eqn. 1.20) becomes a simple multiplication
and the shock term can be dealt with directly. However, although more accurate, as it
deals simultaneously with dispersion and nonlinearity, it can be very inefficient, especially
for very large scale problems like supercontinuum generation. Instead, we use a split-step
scheme where the linear part is propagated, as per the normal split step, in the frequency
domain, by a direct multiplication with exp [Az(% +1 ﬁw)], but the nonlinear part is directly
integrated, also in the frequency domain, using a Runge-Kutta method. This maintains
the advantages of the frequency domain formulation, while keeping the efficiency of the
split-step method.

After the majority of work described in this thesis was conducted, our propagation
code was modified in light of more recent studies on the numerical solution of Eqn. 1.16.
In particular, the technique described as the Runge-Kutta in the Interaction Picture
method [Hul07], was implemented improving the accuracy and speed of our code. Fur-
ther work made use of the modified GNLSE as described in [Lag07], which can be inte-
grated directly without a split step technique and can directly include the wavelength

dependence of the effective mode area and effective mode index.

Implementation details

The actual implementation of our original scheme, for each step, can be written as follows

(the numerical subscripts indicate the progression of the field):

1. Apply the linear operator over the first half of the step (Az/2):

Az (a
Ey,1 =exp 7(E+1Dw) Eyo

2. Integrate the nonlinear part from E,, ; at z to E, > at z+ Az using a Runge-Kutta
method to solve:
0,E=iNE

where the RHS can be evaluated at each point as follows:

a) Calculate the time domain field: E;; = & ‘1Ew,1, and intensity: I;; = |E; 2

b) Calculate the convolution of the intensity and Raman response:

R =F 1 (F(h)F 1))
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¢) Combine the Raman and Kerr effect and apply to E; ;:

Co=F ([(1= f) 11+ frR] Ev)

d) Use multiplication by iQ in the frequency domain for the shock term and

build the nonlinear term:

iNE, 1 =iy(1+1,Q)C,

3. Apply the linear operator over the second half of the step:

Az (a
Ey0=exp 7(E+ZD“)) Eyp2

The accuracy of this method is determined by the choice of step size Az along the
fibre length. However if Az is reduced too low, the simulations take a prohibitively long
time. To optimise this we use an adaptive step size algorithm, which monitors the local
relative error and adjusts the step size in order to meet a set error goal [Sin03], It should
be noted that this does not imply a specific overall error, but the algorithm is fourth order
in Az. A choice of 1078 for the relative local error was used for the simulations in this
thesis, and step sizes could be as small as 1 um. The total error can be observed from the
conservation of photon number which is preserved by the GNLSE in the absence of gain
or loss [Fra91b; Blo89; Mam90]. In all simulations the photon number was kept to within

5% of the starting value.

It is also important to ensure that the numerical grid used for the simulations is suffi-
cient for the problem. There are two constraints on the grid size, firstly the full temporal
width of the grid must accommodate the pump pulse duration and any delay due to group
velocity dispersion which may arise. When simulating broadband supercontinua over
long fibre lengths, the group delay of the extreme spectrum limits can be up to 100s of
picoseconds. Secondly, the temporal grid spacing must be narrow enough to support the
frequencies we wish to simulate. Due to the sampling theorem we must choose a grid
spacing corresponding to twice our highest frequency [Bra00]. For example, to support
wavelengths of 0.35 ym with a central wavelength of 1.06 ym requires a grid spacing A¢
smaller than 0.4 fs. Combined, these constraints mean that we have to use grids with up

to 2!9 points to simulate the most broadband supercontinua.

Some of the nonlinear processes involved in supercontinuum formation, notable four
wave mixing, require the presence of noise to be initiated. We include this in our model

with a phenomenological two photons per mode as described in [Dud06].
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We have confirmed the validity of our implementation by checking for correspondence
with other published results. These have included: verification against the majority of
the very comprehensive results in [Agr01], and the reproduction of the results published
in [Fra91b; Blo89]. In addition we have reproduced the supercontinuum simulations of
[Dud06] and of [Fro06]. Of course, most importantly, we have found very good agreement

with experiment and examples will be shown throughout this thesis.

Visualisation of the results

Numerical results obtained using the method of the previous section do not directly
offer the insight gained from analytical results. Instead they are equivalent to obtaining
experimental results. The advantages come from the ability to choose arbitrary pump and
fibre characteristics, unlike in the laboratory, and then to have perfect diagnostics of what
is going on inside the fibre. Of course, the spectrum is still the primary diagnostic, but from
the numerical data we can also fully reconstruct the pulse intensity. More significantly we
can compute spectrograms, which enable the association of processes simultaneously in
time and frequency, allowing for an intuitive visualisation of the nonlinear dynamics. We
make extensive use of them in this thesis. It is possible to measure a spectrogram using an
XFROG, or one can be recovered from a normal FROG trace [Tre02], but although some
supercontinua have been measured with an XFROG [Efi04], the continua spanning the
bandwidths which we reproduce in this work are beyond the reach of current experimental

techniques.

Mathematically the spectrogram is a windowed Fourier transform defined by:

S(t,w) =10log,,

f Erep(t' = DE(t) expl-iwt'ldt’ (1.22)

Here E;r is an envelope of a reference pulse and E is the envelope of the field inside
the fibre. If E;.¢ has a duration of ;.7 then it is possible, by reading the spectrogram, to

determine the spectral content of E at time ¢ over a duration of 7.

1.5 Propagation in optical fibres

In this section we provide an overview of nonlinear fibre optics, concentrating on the
effects which are most important to the work in this thesis. In what follows we refer to

short wavelengths as blue and long wavelengths as red, to simplify the discussions.
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Figure 1.16: The spectrogram of the 1 ps sech? input pulse used in the follow-
ing discussion. Colour scale: —40HlE (0 dB.

1.5.1 Dispersion

Dispersion is a linear effect, but it is of critical importance in determining the efficiency
and character of nonlinear processes. In Section 1.4.1 we saw the origins of dispersion.
In this section we simply observe how it affects an optical pulse passing through a fibre.
To do this, we consider a 1 ps hyperbolic-secant pulse, with power proportional to sech?.
The spectrogram of this input trial pulse is shown in Fig. 1.16, where we can see that it is

initially unchirped.

Dispersion is divided into two regimes: normal and anomalous, where the normal
region has positive group velocity dispersion (or negative D), and the anomalous, negative.
This means that in the normal dispersion region, low-frequency (red) components travel
with higher group velocity than high frequency components. The anomalous region has
the opposite characteristic. To visualise this Fig. 1.17 shows the spectrograms of the above
mentioned pulse after propagating through a fibre with either normal or anomalous
dispersion. In both cases we see that the spectrum is unchanged from the input (which is
essential for an energy preserving linear process), but the pulse has broadened in the time
domain. The pulse broadening is identical in both the anomalous and normal dispersion
regime, for the same dispersion magnitude, but we see from the spectrograms that the
chirp is opposite. With high frequencies leading in the anomalous case and trailing in the

normal dispersion case.
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(b) Anomalous dispersion.

Figure 1.17: Spectrograms of a sech? pulse after propagation through normal
(a) or anomalous (b) dispersion fibre. Colour scale: —40 Il 0 dB.

1.5.2 Self-phase modulation

If we neglect dispersion, and only consider the Kerr nonlinearity of the fibre then we
can observe self and cross phase modulation (SPM and XPM respectively). The time
dependent intensity of a pulse causes a corresponding modulation to the local refractive
index in the fibre through n = ny + ny 1. This in turn causes a time dependent phase delay
to the same pulse (for SPM) or a co-propagating pulse (XPM). This amounts to applying a
nonlinear chirp across the relevant pulse. Because the pulse intensity always falls to zero
away from its centre, the applied chirp is always positive, i.e. the leading edge of the pulse
is red shifted and the trailing edge is blue shifted or higher frequency. The spectrogram
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Figure 1.18: The spectrogram of a sech? pulse after propagating through
nonlinear dispersion-less fibre. Colour scale: —40 I Tl0 dB.
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Figure 1.19: The spectrogram of a sech? pulse after propagating through
nonlinear normally dispersive fibre. Colour scale: —40 Il 0 dB.

shown in Fig. 1.18 shows these features. The time-domain power is unchanged from SPM
alone, but the spectrum is broadened symmetrically by the creation of new frequency
components.

In general neither the dispersion or nonlinearity of a fibre can be neglected. Therefore
it is the interplay of the two which is important. This leads to two regimes of operation
which have distinctly different behaviour. In one, SPM and normal dispersion interact.
Fig. 1.19 shows the result of propagating the same sech? pulse through a nonlinear,
normally dispersive fibre. In this case both spectral and temporal broadening occur.

The spectral broadening from SPM enhances the temporal broadening from the normal
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dispersion (due to the wider spectrum), but the spectral broadening is reduced compared
to SPM alone as the dispersion reduces the pulse peak power. However, the resulting
chirp is in fact partially linearised which can be understood by noting that a particular
frequency shift is present in two parts of the pulse and so these will propagate at the
same speed and maintain a fixed separation, therefore, as the pulse as a whole spreads,
the proportion which has a nonlinear chirp will decrease. The combination of increased
spectral bandwidth and linearised chirp makes such pulses good candidates for temporal
compression by anomalously dispersive gratings, for example. This scheme is utilised in
Chapter 5.

The second case for interaction between SPM and dispersion occurs in the anomalous

dispersion region. The resulting dynamics leads to the generation of solitons.

1.5.3 Solitons

The chirp induced by SPM is opposite to that induced by anomalous dispersion. It is there-
fore expected that some cancellation can occur. It turns out however, that for a particular
set of pulse shapes the cancellation is perfect and no spectral or temporal variation occurs
at all — these are called fundamental solitons. The process can be physically understood
as follows. The SPM redistributes energy to positive and negative frequency offsets at the
trailing and leading sides of the pulse respectively. The effect of anomalous dispersion
is to push the energy at these points back towards the centre of the pulse. As dispersion
forces this energy towards the centre, the SPM once again redistributes it to the edges of
the pulse. Thus a balance can be struck between these two processes. In fact, solitons, are
the stable conditions of pulses propagating in the anomalous dispersion region, and other
pulse shapes will readjust and converge to the soliton conditions. Solitons are analytic
solutions to the NLSE (i.e. the GNLSE in Eqn. 1.16 without higher order dispersion, the
shock terms or Raman). The natural soliton shape is the sech? pulse we have been using

as our input. The envelope field of a soliton is given by:

(1.23)

iz'B—z2
2‘[0

Esoi(z, 1) = \/Posech( )exp

t

To

where Py is the soliton power and 7y is the soliton duration. The soliton propagates with
B2

an additional phase shift ;=; using the soliton equation given below in Eqn. 1.24 we
0

see that this phase shift is equal to YTPO and is therefore related to the nonlinear refrac-
tive index, which modifies the soliton propagation constant. Solitons propagate with a
constant phase across the pulse (apart from the carrier frequencies), thus all frequency
components of the soliton move with the group velocity of the soliton central frequency.

This means that B;,; (w) # B(w); this inequality leads to an interesting resonant coupling
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Figure 1.20: The temporal evolution of a 3™ order soliton. Colour scale

(linear): NI 1.

with dispersive waves, described in Section 1.5.6. The soliton power, Py, is given by the
soliton equation (also referred to as the soliton condition):

P0T2

N2 =10 (1.24)

| B2l
where the integer N is the soliton order. For N =1 the soliton is said to be fundamental,
and does not show any variation on propagation, except the acquisition of a flat phase.
Higher order solitons undergo periodic evolution with an order independent length called

the soliton period:

2
HTO

Z =
* T 21Bal

High order solitons are simply a collection of co-propagating fundamental solitons with

(1.25)

identical group velocity, but they have, however, different peak powers and durations.
There is no binding energy between them and small perturbations can lead to a rapid
fissioning of the constituent solitons. In the absence of perturbations, the solitons con-
tinue to propagate at a constant group velocity and the periodic evolution emerges due to
interference between the constituent solitons which have differing phase velocities. The
evolution of an N = 3 soliton is illustrated in Figs. 1.20 and 1.21.

As noted above, unlike high order solitons, fundamental solitons are stable against
small perturbations and all pulses with the form of Eqn. 1.23 with powers corresponding
to N > 0.5 evolve into solitons. Even other pulse shapes do, although in both of these cases
some energy is shed to non-solitonic, dispersive waves during the adjustment to meet
the soliton conditions. By slowly changing the fibre dispersion or amplifying the soliton,
the soliton adjusts itself to satisfy the soliton condition Eqn. 1.24. We use this for pulse

compression in Chapter 5. Solitons are also robust in the opposite extreme, i.e. very fast
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Figure 1.21: The spectral evolution of a 3™ order soliton. Colour
scale: —60ME_ Tl dB.

changes to dispersion or energy (changes on a scale small compared to z;). In this case
they cannot respond quickly enough and they propagate as if the fibre had characteristics
equal to the average the solitons experience over z;.

Solitons play a critical role in all of the results in this thesis. For CW supercontinuum
generation, discussed in Chapter 2, Raman self-scattering of solitons (see Section 1.5.5) is
the primary mechanism for the spectral expansion observed. In the visible supercontinua
discussed in Chapter 3 the same Raman self-scattering of solitons provides the critical
Stokes seed for the four wave mixing processes which create the visible wavelengths. In
Chapter 4 the red-shifting solitons trap dispersive waves on the blue/UV edge, and expand
the supercontinuum to both longer and shorter wavelengths. Finally in Chapter 5 the

stable fundamental soliton condition is used for pulse compression.

1.5.4 Four-wave mixing

Four wave mixing (FWM), including modulation instability (M), is of central importance
to the supercontinuum generation processes we will be discussing later. It allows the
generation of new frequency components in spectral regions with no previous spectral
overlap with the pump pulse. The process can be understood as a coupling between
four waves, through the real part of y3. Two of the waves are classified as pumps with
frequencies w; and w, and two as the Stokes and anti-Stokes, with frequencies ws and
wq. Initially the pumps are attenuated and the Stokes and anti-Stokes waves enhanced,
though there is a periodic transfer back to the pumps. Due to energy conservation the

frequencies are constrained to the following condition:

w3+ w4 = W1 +wW2. (1.26)
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In addition, due to momentum conservation between the four interacting photons, the

phase mismatch between the pump waves must be zero. This can be expressed by:

Ak = B(w1) + Blwr) — B(ws) — B(wg) +2yPy =0 (1.27)

where the last term, 2y Py, accounts for the nonlinear phase shift from the intensity
dependent refractive index. In most cases it is assumed that w; = w2, i.e. a degenerate
pump, and it is common to expand Ak with a Taylor expansion around the common pump
frequency so that the contribution of the lowest order dispersion terms can observed.
The FWM process can be seeded from noise, or amplification can occur if a Stokes or
anti-Stokes co-propagates with the pump waves. The other Stokes component will be
created to conserve energy. If the phase matching condition is perfectly satisfied then
FWM exhibits the highest gain of all fibre nonlinearities, except Brillouin scattering which

is observed only in a limited number of cases.

In the normal dispersion regime, in PCEF, it is relatively straightforward to satisfy Eqn. 1.27,
if we pump near the zero dispersion wavelength. Detailed examples of phase matching
curves for four wave mixing are provided throughout this thesis when discussing the

mechanisms of supercontinuum generation.

Modulational instability

Modulational instability is a feature of propagation in any nonlinear, anomalously dis-
persive medium and is understood with the formalism of four wave mixing [Sto75; Sto82;
Was80]. It only occurs when the pump frequency is in the anomalous dispersion region,
where the nonlinear contribution to the phase matching condition is dominant. In the
time domain it manifests itself as amplification of noise fluctuations of an otherwise
CW or quasi-CW field, with frequencies in the parametric gain sidebands, and therefore
the fluctuations experience gain [Tai86; Has80]. More specifically, the NLSE equation
which describes soliton propagation can be considered to describe a localised potential
originating from the Kerr effect term; solitons form as they are trapped in this potential.
As the potential becomes stronger in proportion to the square of the field amplitude, the
fluctuations on a CW beam can become self-trapping and evolve towards the fundamental
soliton condition with peak powers orders of magnitude higher than the pump powers
[Tay92]. Back in the four wave mixing picture, the maximum gain is at frequencies given
by [Agr01]:

Quax = 41/ 120 (1.28)
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therefore, high power and nonlinearity, but low dispersion lead to broader sideband
separation. The sideband separation determines the period of the resulting soliton pulse
train, and as the energy in each period (or modulation cell) mostly contributes to a single
soliton, the energy of the resulting solitons also depends on Eqn. 1.28. This fact leads to
important considerations when pumping for supercontinuum generation, as modulation
instability is the precursor to the Raman-soliton continuum [GN88c], which depends
strongly on the soliton energy and is the initial stage of most supercontinua with powerful
pump pulses longer than ~ 1 ps. It is central to the work in this thesis. We postpone

detailed discussion of this process to Chapter 2, where specific cases are discussed.

1.5.5 Raman scattering

Raman scattering is an inelastic scattering process of photons from vibrational or rota-
tional oscillations of molecules. The resonant frequencies are significantly lower than
optical frequencies due to the relatively large mass of the atoms involved. The pump
field is absorbed exciting the molecular resonance, mediated by the imaginary part of y3,
leading to emission of a frequency downshifted signal. The process can be stimulated
through a coherent coupling of the pump and Stokes field which works to further enhance
the molecular excitation. Significant power transfer to the Stokes field can occur. In
principle an anti-Stokes signal can be generated through the absorption of energy from
the oscillating molecules, but it is much weaker than the Stokes signal for two reasons:
firstly, the molecular excitation must already exist, and secondly, the anti-Stokes process
is not phase matched for the collinear case (which is always the case in optical fibre)
[Buc04]. In silica glass the molecules are randomly aligned and so the excitation band
is smooth and broad (inhomogeneously broadened), over 40 THz wide, with a peak at
13 THz downshift from the pump, as shown in Fig. 1.22. The Raman gain curve is given by
the imaginary part of the Fourier transform of the Raman response function %, (¢) shown
previously in Fig. 1.15 [Sto89; Hol02].

Significantly, the gain from Raman is available at any wavelength in a fibre because the
gain is a function of the pump wavelength and there are no waveguide phase matching
requirements. This has led to the wide use of Raman lasers to fill the gaps between gain
regions covered by rare earth amplifiers, and the use of Raman for broad and flat amplifiers

for telecommunications [Smi06].

Soliton self-Raman scattering

One remarkable property of fundamental solitons is their stability, even in the presence of
Raman scattering. It was discovered relatively soon after the first experiments with soli-

tons, that the blue edge of a soliton can pump the red edge, leading to a mean frequency
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Figure 1.22: The Raman gain curve for fused silica.

shift of the central soliton frequency [Dia85; Gor86; Mit86]. Remarkably, the process is
robust, and dispersive waves are not necessarily shed. This process is known by the names
of soliton self-frequency shift and self-Raman scattering. The process depends on the
peak power of the soliton (for nonlinearity) and the soliton duration, as it is required that
the soliton bandwidth is sufficiently broad for the Raman interaction between the spectral
edges to occur. From the overlap of the Raman gain spectrum and the soliton spectrum it

is possible to derive an equation for the Raman self-scattering frequency shift [Agr01]:

—-8|B21Tr
— ==z

7 (1.29)
157,

Awg(z) =
Where Ty = 3 fs is the first moment (slope) of the Raman response function given in
Fig. 1.15 [Agr01]. The Raman shifting of solitons can lead to higher order soliton fission.
More importantly for the work in this thesis, it can lead to the broad spectral expansion of
MI induced soliton trains and the above mentioned Raman-soliton continuum. Again, we

postpone detailed discussion of this process to Chapter 2.

1.5.6 Soliton fission and dispersive wave generation

Due to the special propagation constant of solitons, which is larger than a linear wave
at the same frequency, resonant nonlinear interactions can occur with phase-matched
dispersive waves leading to a variety of phenomena. The most studied of these is the

excitation of dispersive waves in the normal dispersion region when the soliton propagates
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Figure 1.23: The spectral evolution of a fundamental soliton perturbed by
third order dispersion, leading to resonant enhancement of a dispersive wave.
Colour scale: —30Hl_ 0 dB.

close to the zero dispersion wavelength [Wai86]. The understanding of these resonant
processes can be understood in the framework of four wave mixing [Gor06], but most often
alternative pictures are used. For the simplest case, an analogy to Cherenkov radiation
can be made, where the fact that the soliton phase velocity is higher than the linear phase
velocity causes the transfer of power to linear, dispersive waves [Akh95]. The condition
for this to occur is:

Bwa) = Bsor(@so1) (1.30)

where w; and wg,; are the dispersive wave and soliton frequencies. It has been shown
that for this to be satisfied, w4 must be in the normal dispersion region [Skr05]. It is also
essential that part of the soliton spectrum must overlap with the resonant dispersive wave
frequency. These conditions mean that dispersive wave generation from fundamental
solitons is generally only observed when the soliton is propagating close to the zero
dispersion wavelength. As an example, in Fig. 1.23 we show dispersive wave generation
from a fundamental soliton perturbed by high order dispersion, which allows a dispersive
wave to satisfy condition Eqn. 1.30. It is apparent that the soliton frequency also shifts
to conserve energy, this is known as spectral recoil. The dispersive wave is continuously
amplified, but in these conditions can never dominate over the soliton.

For higher order solitons, the spectrum does not need to overlap with the dispersive
wave initially because the solitons will temporally compress on propagation and therefore
may spectrally overlap as their spectrum expands (or breaths) [Mol83; Sto83]. The disper-
sive wave amplification will generally occur only once when the high order soliton initially

compresses. A significant transfer of power to the dispersive wave can be realised [Lu05].
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After this initial event, the constituent fundamental solitons of the higher order soliton
shift by differing amounts and therefore fission occurs as they no longer have identical
group velocity [Wai86; Dia85]. This prevents further compression events. This fissioning
mechanism and amplification of dispersive waves can be utilised to produce broadband
supercontinua if an ultra short (less than ~ 500 fs) pump pulse is used in the anomalous
dispersion region close to a zero dispersion wavelength [Dud06]. Whether this process
occurs, or is prevented by the competing process of MI breakup of the input pulse into
fundamental solitons, is determined by the pump pulse and fibre parameters. We discuss
this in the following section.

The above soliton fission mechanism was due to higher order dispersion, through the
phase matching conditions given in Eqn. 1.30. But any process which shifts the central
frequencies of the constituent fundamental solitons by different amounts leads to fission
of high order solitons. A key example is fission caused by Raman self-scattering [Hod87],
where the fact that the Raman self-frequency shift is determined by the pulse durations
leads to the separation of the solitons. Simulation results of this process are presented in

Chapter 5 when we discuss the use of higher order solitons for pulse compression.

1.5.7 Supercontinuum generation

A very large body of research has been devoted to understanding the physical processes
leading to supercontinuum generation and the dynamics are well understood [Dud06;
Gen07]. However, the details are complicated as explanations include the full set of
nonlinear processes in fibres, such as self-phase modulation [Cha02], intra-pulse Raman
scattering [Dud02a], resonant radiation of solitons [Dud02a; Her02; Cri04], four-wave
mixing ) [Gen04a; Skr05], modulation instability [Dem05] and cross-phase modulation
[Gen04a]. It is important to note that all of these physical processes have been understood
for many decades. The main novelty for the extreme supercontinua we are discussing

here is the scale and combination of these processes working together.

Soliton fission regime

Perhaps the most widely reported supercontinuum mechanism is that of soliton fission
and dispersive wave generation as discussed above. For higher order input pulses the
spectral extent of the continuum depends on how broad the soliton expands as it breaths
[Cri04]. After the fission event, further interaction between the dispersive radiation and
solitons may occur via four-wave mixing [Gor06] and cross-phase modulation [Gen04a].
The resulting supercontinuum can be exceptionally broad (over 1 um in bandwidth),
and can exhibit high degrees of coherence [Cri04; Her02; Ran00b; Dud06]. However,

the spectral components are likely to be localised, resulting in a continuum which does
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Figure 1.24: Supercontinuum generation by soliton fission - temporal evolu-
tion. Colour scale: —20 0 dB.
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Figure 1.25: Supercontinuum generation by soliton fission - spectral evolu-
tion. Colour scale: —60 I Tl ( dB.

not have a high degree of smoothness. It is also difficult to use such a continuum to
achieve high spectral power as ultra-short (few tens of femtoseconds) pulse sources are
not optimal for scaling to high average power. Figs. 1.24 and 1.25 show supercontinuum
generation through soliton fission and dispersive wave dynamics. The pump pulse was
50 fs with 10 kW peak power.

Whether soliton fission is likely to be the dominant continuum formation mechanism
can be determined from the pulse and fibre parameters. A fibre length scale has been
established that estimates the length at which the highest soliton compression (in the

time domain) is achieved [Dia86; Dud06]. This is given by Eqn. 1.31.

Lp T%
Lfjee=—= (1.31)
1iss =N T\ 1BalyPo
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where Lp is the characteristic dispersion length [Agr01]. As the fission process tends to
occur at this point, if this length is much shorter than other characteristic length scales

then soliton fission will dominate.

Modulation instability regime

The second mechanism of supercontinuum generation is modulation instability as dis-
cussed in Section 1.5.4. The phase matching conditions for MI/FWM directly control the
extent of supercontinuum bandwidth which can be generated in this regime. After the
input field has developed into a train of solitons two main mechanisms are available to
broaden the field into a continuum. Firstly intra-pulse Raman scattering of the solitons
leads to their red-shift, forming a smooth continuum to longer wavelengths. This is the
dominant mechanism in CW pumped supercontinua which are studied in Chapter 2. More
significant in the pulse pumped case, with higher peak power, is conventional four wave
mixing. If the pump is sufficiently close to the zero dispersion wavelength then the MI
side-lobes can develop a strong field in the normal dispersion regime. In this case, FWM
can lead to Stokes and anti-Stokes generation at extremely widely separated frequencies
due to the phase matching of the waveguide [Har03; Che05; Wad04; And04; Yul04; Bia03].
Continuum formation can then be understood as a cascade of FWM processes, starting
with MI, and developing into the normal dispersion region which subsequently lead into a
spectral broadening over a very wide frequency range [Dud02b; Wad04; Coe02; Coe01]. As
the mechanism is stochastic, small variations between the spectral development between
pulses and between the constituent solitons of each pulse lead to a smoothing of the
spectrum. As a result supercontinua in this regime are usually very smooth and flat. We
consider this process in detail in Section 3.5.2.

The MI continuum process will only occur if the pulse and fibre parameters lead to a
breakup of the pump pulse via MI in a shorter fibre length than high order soliton effects
and soliton fission occur. A characteristic fibre length scale for MI can be developed based
on the length required for MI gain to amplify the background quantum noise to a level

where MI has broken the input pulse into ultra-short solitons. This length can be written:

Nap 4

=~ — (1.32)
20yPylog,10  yPg

Lmr

where ng), is the shift in dB from the peak power level to the background noise. The
value of 4 after the second equality is determined from an approximate shot noise level of

~200 dB down. If Lps; < Lyjss then MI will have developed too quickly for soliton fission
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to occur and the continuum will form via MI/FWM. This condition can be written as:

2
’)’P()T
<l 0 _p2

|52

Now it is clear that high nonlinearity, high pump power, long pulses and low dispersion

42 (1.33)

all favour the MI mechanism. The second equality in this equation is given by the soli-
ton equation (Eqn. 1.24) and implies that soliton orders much higher than 4 favour the
MI/FWM supercontinuum process, in practice the boundary is observed to be around
N =16 [Dud06; Gen07]. Therefore it is predominantly ultra-short pump pulses and high
dispersion (at the pump wavelength) that lead to the soliton fission mechanism. All of the
supercontinuum results reported in this thesis are in the MI initiated supercontinuum

regime.

Pumping in the normal dispersion region

Supercontinuum generation has also been observed (in fact was originally observed in
optical fibre [Lin76]) when pumping in the normal dispersion region of the fibre. In this
case SPM plays the dominant role initially unless the pump is close to the zero dispersion
wavelength, in which case FWM processes can contribute significantly. Stimulated Ra-
man scattering is another efficient mechanism of spectral broadening, although in the
normal dispersion regime it will lead to a cascade of spectrally isolated Stokes lines. If
any of these processes transfer energy into the anomalous dispersion region then soliton
dynamics then come into play. In this thesis we concentrate exclusively on pumping in
the anomalous dispersion region as this produces the most efficient spectral broadening

into a supercontinuum.

1.5.8 Other nonlinear effects
Self steepening

Self steepening arises due to the intensity dependence of the group velocity and is ac-
counted for in the GNLSE by the shock term. For very short optical pulses it leads to a
steepening of the tail of the pulse because the central pulse region has a slower group
velocity than the front. Self-steepening can also lead to soliton fission: as the soliton
re-adjusts to remove the pulse asymmetry, the soliton slows down and as the adjustment

required depends on the soliton power, the solitons fission.
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Stimulated Brillouin scattering

Stimulated Brillouin scattering is another inelastic scattering process which can occur.
The electric field of the pump causes a pressure wave to form in the material through
electrorestriction. The resulting modulation in refractive index, moving in the direction of
propagation, acts like a Bragg grating and causes back scattering at a frequency downshift
(due to the Doppler effect). The process can become stimulated, and is in fact the strongest
nonlinear effect in optical fibres. However, it has a very narrow resonance and so the
pump power must be within a tight bandwidth. For all of the sources used in this thesis,
the power density in the required bandwidth was not significant enough for Brillouin

scattering to dominate, and so we do not consider it further.

1.6 A review of early nonlinear fibre optics

Here we provide a brief review of the original work on nonlinear fibre optics and super-
continuum generation. More specific reviews including more recent results are provided
in the relevant chapters.

The birth of supercontinuum generation in glass can be traced to the demonstration
of SPM [Alf70b] in borosilicate crown glass. Here, 530 nm, picosecond pulses generated
spectra ranging from 400 to 700 nm. A thorough investigation into SPM in silica fibres
eventually followed [Sto78]. In the same journal issue (and by the same authors) of the
paper reporting SPM in glass, four wave mixing (FWM) was demonstrated in borosilicate
crown glass [Alf70a]. Degenerate FWM (or three wave mixing) in silica optical fibre was
demonstrated a few years later [Sto74], providing a way to generate isolated frequency
components at frequencies much further from the pump source than via SPM. This
demonstration used phase matching via multiple modes in the fibre. This was followed
by CW degenerate FWM [Hil78] which demonstrated the production of several orders
of Stokes frequencies at low powers in a single-mode fibre. Further work resulted in the
generation of five cascaded orders of FWM from 0.52 to 1.63 pym in a multi-mode fibre
with tens of kW pumping at 1.064 um [Hil80].

Meanwhile, stimulated Raman scattering in optical fibres was demonstrated [Sto72],
providing another process that leads to the generation of new spectral components,
particularly to the long wavelength side of the pump. In this experiment, a 532 nm
frequency doubled Nd:YAG source was used as the pump. Both single pass emission and
lasing were observed at 545 nm.

The first use of the word continuum as we use it today: to describe the complex in-
teraction of several nonlinear effects that lead to broad, smooth spectral broadening,

was made in the report of a nanosecond, 10 kW pumped source [Lin76]. This source
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consisted of a dye-laser emitting 15 nm spectral width, 10 ns pulses, with a 10-20 kW peak
power, 1 kW of which was coupled into the fibre. The silica fibre used was 19.5 m long
with a core diameter of 7 um. The broadest generated continuum was between 434 and
614 nm producing a white light emission. The authors claimed that cascaded SRS Stokes
generation along with SPM broadening of the Stokes lines was responsible for the smooth
spectrum. The first mention of the word supercontinuum appears to be a few years later
in [Ger80].

This work was soon followed by a 0.7 to 2.1 ym continuum source pumped at 1.064 um
by a Q-switched Nd:YAG laser [Lin78]. The pulses had a 150 kW peak power and the 315 m
fibre was multi-mode with a 33 ym core. The pulses were approximately 20 ns in duration).
With 50 kW coupled into the fibre, the spectra generated had clear discrete Stokes lines
at1.12 ym, 1.18 um and 1.24 um, subsequent Stokes lines could not be isolated, but a
smooth continuum was formed from around 1.3 ym up to 2.1 ym apart from a large dip
at 1.4 ym due to the water loss in the fibre. Under higher pumping conditions green
emission was observed, but fibre end damage limited experiments. In the same paper
continuum generation in single-mode fibres between 0.9 and 1.7 um was reported, limited
mainly by restrictions on coupling efficiency. A few years later, continuum generation
over the entire silica window was generated, from 0.3 to 2.1 ym [Fuj80]. The Nd:YAG
Q-Switched laser used provided 100 kW peak power pulses which could be coupled with
70% efficiency into a single-mode fibre with a 10 ym core. The authors attributed most of
the visible light generation to FWM with the pump light and the Raman generated Stokes
light. Although most of the emission was in the fundamental mode, some of the visible
light was in higher order modes, which was attributed to sum frequency generation. The
authors of these papers did not try to account for the transition from discrete Stokes lines
to a broad continuum at longer wavelengths. The actual analysis of what is occurring here
required an understanding of soliton propagation and Raman self-scattering. Slightly in
anticipation of soliton effects, a paper in 1980 reported continuum formation between
1.15 and 1.6 ym in a single mode optical fibre when pumped with low (tens of Watts) peak
powers by an Nd:YAG laser emitting at 1.34 um (just inside the anomalous dispersion
region of solid-core fibres) [Was80]; the critical observation being the absence of discrete

Stokes lines.

Solitons in the anomalous dispersion region of optical fibres had been predicted [Zak72;
Has73] seven years prior to their demonstration [Mol80], which required optical fibre
technology to produce low loss fibres beyond 1.3 ym for anomalous dispersion. Five years
later Raman self-scattering (or soliton self-frequency shift) effect was observed [Dia85;
Mit86; Tay92], which forms the basis of the Raman-soliton continuum [GN88a; GN88c].

After the considerable effort, during the 1980s, to understand soliton dynamics in fibres
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and the resulting nonlinear effects some applications were demonstrated. The generation
of wavelength multiplexed sources for telecommunications by filtering solitons at different
frequencies from the continuum was demonstrated already in 1987 [Tay87]. Later work
used this technique to generate over 100 channels with a 1.9 nm spacing and 10 ps
pulse duration from a 170 nm continuum with a few milliWatts average power [Mor93].
Another application was dispersion measurement with a continuum from 1.15 to 1.77 ym,
produced from 1.2 kW peak power pulses at 1.55 um, in a 3 km long dispersion shifted
fibre [Mor95a]. An interesting development came when a novel all-fibre Q-switched laser
was used to generate a 450 mW supercontinuum spreading from 0.7 to at least 2.0 yum
[Che97]. The Q-switch provided 10 kW, 2 ns pulses at 1.06 um. Raman Stokes lines were
observed between 1.1 and 1.3 ym. At longer wavelengths a continuum was formed due to
the anomalous dispersion. The short wavelength part of the continuum was over 10 dB
down from the long wavelength side. This system was among the first to report fully fibre
integrated continuum generation, where no optical alignment or bulk parts were required.

However, a new era of nonlinear fibre optics and supercontinuum generation was born
with the development of photonic crystal fibres in 1996 and their subsequent use for
nonlinear optics, starting in 1999. The much higher nonlinearity and custom dispersion
of these fibres has greatly enhanced our abilities to control and utilise light. Results with

PCF are reviewed in the relevant chapters.

1.7 Summary

Optical fibre, particularly photonic crystal fibre allows for very good control of dispersion,
and enhanced nonlinearity. This thesis is concerned with utilising PCF to control disper-
sion and enhance nonlinear optical processes, with a particular focus on supercontinuum
generation. We have briefly discussed the guidance properties of optical fibres and PCE,
how to calculate the dispersion in PCF and how control of dispersion is achieved. The
methods used to model nonlinear pulse propagation in this thesis were also given. The
fibre lasers which are used in the experiments we are about to discuss were described.
Finally we briefly reviewed the propagation effects emerging from nonlinear fibre optics

and gave an overview of their historical discovery.
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2 Continuous wave supercontinuum
generation

2.1 Introduction

It is remarkable that a broadband supercontinuum, spanning over 1000 nm, can be gener-
ated from continuous wave lasers with just a few Watts of pump power. It is made possible
only by the use of optical fibre because long interaction lengths at high intensity are re-
quired. The physical mechanism for CW continuum generation starts with modulational
instability, as do the supercontinua generated from picosecond and nanosecond pump
lasers, discussed Chapters 3 and 4. But, the CW case is unique because the efficiency of
the initial MI strongly effects all of the subsequent continuum dynamics. This mechanism
is fascinating in its own right, but the resulting continuum sources also have many appli-
cations. This is due to a number of properties which make them particularly interesting.

Some of which include:

Spectral smoothness CW supercontinua are generated from Raman shifted solitons
which are formed from noise seeded MI. The averaging of many such solitons with

random initial conditions leads to extremely smooth and stable average spectra.

Average power CW lasers have the highest average power available. The resulting su-

percontinua can therefore have very high average spectral powers: over 10s mW/nm.

Simplicity The experimental requirements for CW supercontinuum generation are

extremely simple, and can be compact and robust.

Low noise With the correct pump conditions, CW supercontinua can exhibit relative
intensity noise lower than continua pumped with mode locked lasers.

The range of applications for supercontinua were outlined in Chapter 1, of these,
CW supercontinua have been particularly useful for: optical coherence tomography
(OCT) [Hsi04; Pov05], due to the low noise and high power; the characterisation of de-
vices, such as the measurement of polarisation mode dispersion [GHO03]; the detection of

65



2 Continuous wave supercontinuum generation

chemical species - where the high average power is particularly useful; and broadband
Raman amplification [Smi06].

In this chapter, after a brief literature review, we consider the numerical modelling
of CW supercontinuum generation and then detail the physical mechanism. We then
report experimental results on the use of speciality low water loss PCF for extended
supercontinuum generation from 1 to 2 ym, the effect of the pump spectral bandwidth on
the continuum, and the relative intensity noise of both amplified spontaneous emission
(ASE) and laser pumped supercontinua. The work in this chapter has been published in a

number of papers and conference presentations [Tra05c; Tra05a; Tra05d; Rul08].

2.2 Literature review of experimental results

Supercontinuum generation had been studied for several decades before CW continua
were generated. The first report of significant spectral broadening, to which the term
supercontinuum could be reasonably applied, was in [Per96]. In this work, an Yb:Er
fibre laser was used to pump 2.3 km of Ge doped fibre with 1 W at 1.565 ym. A 100 mW
supercontinuum spanning from 1.5 to 1.95 ym was obtained with good spectral power
between 1.5 and 1.7 um. Several years later a 1 W supercontinuum centred at 1.48 ym
pumped with a Raman fibre laser was reported [Pra00].

For many years, however, work was mostly focused on the rapidly developing interest
in short pulse pumped supercontinua with the dramatic visible supercontinua, some
results of which we look at in later chapters. The first CW supercontinuum in PCF was
reported in [Avd03]. A 15 W master oscillator power amplifier (MOPFA), ytterbium based
source was used to pump a 100 m PCF with a zero dispersion wavelength around 0.86 ym.
Approximately 9 W was coupled into the fibre resulting in a 3.8 W continuum with 324 nm
bandwidth and a very flat spectrum of +3.5 dB between 1.09 and 1.375 ym. The result-
ing spectral power was up to 12 mW/nm. The continuum bandwidth was limited by a
dramatic reduction of power after the spectrum reached the water loss region.

In highly nonlinear conventional fibre, new results quickly followed. In [Pra03] higher
level pumping of essentially the same setup as in [Pra00] resulted in a 2 W supercontinuum
spanning 1.43 to 1.53 ym. In [Nic03] a 4.5 km fibre was pumped with 0.9 W at a wavelength
of 1.594 um leading to a supercontinuum of over 247 nm bandwidth with 210 mW of
average power. In [GHO03] a 2.1 W fibre Raman laser at 1.455 ym was used to pump a
7 km dispersion shifted fibre, with a zero dispersion at 1.453 pum, resulting in a 207 nm
continuum (20 dB level). Another result with a Raman laser was reported in [Abe04],
where a 4 W pump at 1.486 um led to a broad supercontinuum in a highly nonlinear fibre.

Modulational instability was clearly observed to start the continuum process. In [Pop04]
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either a high power Raman laser at 1.48 um or a Yb:Er laser at 1.55 ym, depending on the
zero dispersion wavelength of the fibre, were used to produce supercontinua spanning
from 1.48 to 2.05 um with up to 10 W of output power. Subsequently, [Cha04] used a
tunable fibre laser amplified through a 5 W erbium amplifier to pump 1 km of HNLF at
1.55 pm just above the zero dispersion wavelength. A continuum width of 450 nm was
achieved with 2.5 W of output power.

Further work in PCF was reported in [dM04b] with a study of noise characteristics
of both laser and ASE pumped supercontinua. The same fibre as in [Avd03] was used.
The supercontinuum of 5.5 W average power and over 10 mW/nm spectral power was
generated from Yb pump sources at 1.06 pym with up to 10 W pump power. A very low
noise was measured for the ASE pumped continuum and much higher noise for the
laser pumped continuum, although the continuum spectra were very similar. Again,
the supercontinuum was strongly limited by water loss absorption. Autocorrelation
measurements were taken of the supercontinuum showing pulse durations ranging from
0.95 to 0.55 ps between 1.15 and 1.32 um respectively. At 1.06 ym a coherence spike was

observed. This source was then used for OCT with < 5 ym axial resolution [Hsi04].

A comparison between normal and anomalous dispersion pump wavelengths was
made in [Abe05]. The effect of pump bandwidth on supercontinuum extent was studied in
[MLO06]. They found that too broad a pump quenched the MI and reduced the continuum
and that a too narrow bandwidth also reduced the continuum. However, they used three
different source types (laser, ASE, light emitting diode) in their experiments, which may

also have affected the results.

Recently, [Abr07] used a 1.315 ym pump to obtain a CW supercontinuum centred
around 1.3 ym which is a useful wavelength for OCT. They used 8 W of pump power in
17 km of standard fibres split into four steps with decreasing dispersion to obtain a 260 nm
(20 dB level) continuum. They claim that this allows them to benefit from the high order
soliton fission dynamics discussed in [Kut05], which was a theoretical paper suggesting
that forming high energy solitons in a high dispersion fibre and injecting them into a lower

dispersion fibre could lead to soliton fission and a broader continuum development.

This rapid development over the past decade means that broadband and high average
power CW supercontinua are now routinely generated in some laboratories and have
been used for applications by a number of groups not directly researching nonlinear fibre

optics.
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2.3 Experimental setup

In this section we review the lasers, fibres and typical setup used for the work in this

chapter.

2.3.1 Pump sources

A number of pump sources were used to generate CW or quasi-CW supercontinua. These
included three CW pump sources and a nanosecond master oscillator power amplifier for
quasi-CW pumping at 1.06 um.

Two of the CW sources were ytterbium fibre lasers (IPG Photonics). One produced
10 W at 1.0654 ym with a 0.8 nm linewidth, the other produced up to 54.4 W at 1.0705 um
with a 1.15 nm linewidth. Both lasers emitted randomly polarised light, meaning that
the polarisation at any point in time is arbitrary and expected to change on a timescale
of microseconds for Yb fibre lasers. The third CW source was an amplified spontaneous
emission source, also based on ytterbium fibre amplifiers (also IPG Photonics). This
source consisted of a number of amplifier gain stages with inter-stage filtering to control
the ASE bandwidth. The master oscillator, power fibre amplifier system (MOPFA), used for
quasi-CW pumping consisted of a modulated laser diode seed source and a multi-stage
amplifier configuration, with inter-stage filtering for ASE suppression. This source was

polarisation preserving. A summary of the source parameters is given in Table 2.1.

Source Ap AL | Pmax | Type
[um] | [nm] (W]

CWL1 1.0654 | 0.8 12 | CW Laser

CWL2 1.0705 | 1.15 54 | CW Laser

CWL3 1.064 2.0 150 | MOPFA

CWASE | 1.065 5.0 23 | ASE

Table 2.1: Pump sources used for CW supercontinuum generation; A, = pump
wavelength, A1 = bandwidth, P,,,, = maximum output power.

2.3.2 Fibres

We used a number of fibres to investigate the role of dispersion, nonlinearity and fibre
loss profiles in the supercontinuum process. These are summarised in Table 2.2.

The dispersion curves for these fibres are shown in Fig. 2.1. All of the fibres were
anomalous at the pump wavelengths used, which is a condition for modulation instability
and hence efficient CW supercontinuum generation. They have varying absolute values

of dispersion and dispersion slope. The curves of the nonlinear coefficients of these
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Fibre Yp Dy Azar | Azaz | Lom

(W lkm™'] | [psnm~'km™'] | [um] | [um] | [dBkm™!]
CWHF1 44 43 0.86 1.57 | 1000
CWHF2 11 3 1.05 | >1.8 | 600
CWHF3 44 72 083 | >1.8 |70
CWHF4 34 53 088 | >1.8 |30

Table 2.2: Parameters of the PCFs used for CW supercontinuum generation;
Yp» D) are respectively the nonlinear coefficient and group velocity dispersion
at the pump wavelength, A,,4; and 1,4, are the zero dispersion wavelengths, and

Lop is peak water loss at 1.38 um.
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Figure 2.1: (numerical) The calculated dispersion curves of the CW supercon-
tinuum generation PCFs

fibres, for changing wavelength are shown in Fig. 2.2. All of the fibres exhibit a significant

decrease in nonlinearity between 1 and 2 ym.

2.3.3 Benchmark results

Here we present results that reproduce those obtained by [Avd03] and [dM04b], which

represented the state of the art when the work on this chapter began. The pump source

used was CWL1 and the fibre was 100 m of CWHF1. The experimental setup is shown in

Fig. 2.3 and simply consists of the laser spliced directly to the fibre with a splice loss of

0.56 dB.

The early spectral evolution at the output of the PCF for increasing pump power is

shown in Fig. 2.4. Although we discuss the mechanism in full detail in Section 2.5, here
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Figure 2.2: (numerical) The calculated nonlinear coefficient curves of the CW
supercontinuum generation PCFs
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Figure 2.3: The basic experimental setup for CW supercontinuum generation.

we note a few points. The initial broadening is due to MI and for very low powers is
symmetrical. The classic MI sidelobes are not clearly observed. This is because the
maximum MI gain in CWHF1 at these pump powers (calculated from Eqn. 1.28), is at
~ 1 nm from the pump. Therefore the resulting sidebands are merged with the pump
spectrum. With increasing power the MI sidelobes become more prominent and Raman
gain causes asymmetry in the spectrum by enhancing the long wavelength edge. Further
evolution given in Fig. 2.5 shows the rapid expansion due to Raman self-scattering of the
solitons formed through MI. The continuum is limited in CWHF1 by water absorption at
1.38 pm.

2.4 Modelling

Continuous wave supercontinuum generation is a complicated process, therefore numer-

ical modelling of the dynamics can be a valuable tool to help understand the process and
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Figure 2.4: (experimental) The initial spectral broadening of CWL1 in CWHF1
for low pump powers.
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Figure 2.5: (experimental) The continuum development in CWHF1 for higher
power pumping with CWLI.

optimise the choice of experimental parameters. However, modelling CW phenomena is
made difficult by the time scales involved. To make the simulations tractable we can only
simulate a snapshot of the field as it propagates. We therefore have to carefully choose a
time window which contains sufficient information to accurately reproduce experimental
observations. A further complication arises due to the absence of a simple diagnostic,
such as a FROG, to fully reconstruct a CW field, including its intensity and phase profile,
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2 Continuous wave supercontinuum generation

over significant periods of time, and with sufficient resolution. In general we only have
average diagnostics such as average power, the average spectral intensity and the auto-
correlation, to determine the field structure. This means that our initial conditions are
going to be approximate. In this section, we discuss the various approaches that have

been reported to solve these problems and propose a new approach of our own.

The first reported attempt at CW supercontinuum modelling represented the input
field as a 400 ps super-Gaussian pulse [Nic03]. This partially solves the temporal griding
problem by setting the field to zero at the boundaries of the time window used. This
is quickly disrupted with spectral expansion and group velocity dispersion as the field
walks out of the initial pulse envelope. The initial conditions included relative intensity
noise in the time domain, added in an arbitrary way. The results did not correspond to

experiment.

Another approach to the problem utilised a phase-diffusion model, commonly used to
model CW lasers [Mus04]. In the time domain, the field is free of amplitude fluctuations
but has a random temporal phase with a Gaussian distribution, although the parameters
were not chosen to relate to any physical measurable quantities. This leads to a Lorentzian
spectrum. The field did not have any applied boundary conditions, so periodic conditions,
inherent to the split-step method were used. The results were intended to model the
initial modulational instability observed in fibre. Reasonably good spectral agreement
with experiment was obtained for low pump powers. In addition, autocorrelations at the
output showed agreement, with the MI induced oscillations represented with a coherence
spike.

A different approach also neglected temporal amplitude fluctuations and added only
quantum noise [Kob05]. Here periodic boundary conditions (due to the split-step al-
gorithm) were used. The simulations resulted in the observation of a characteristic MI
spectrum, evolving into a supercontinuum through soliton Raman shifting. Good agree-
ment with experiment was achieved at the maximum pump power levels. Temporal
windows ranging from 30 ps to 4 ns were tested, without a visible effect on spectra. This
work first introduced the concept of averaging an ensemble of many simulations, as each
individual simulation, with a unique set of initial conditions (due to random noise seed-
ing), only represents a very small fraction of what is measured on average by a spectrum
analyser. Averaging many such shots leads to a good model of the continuum observed
experimentally. The authors of this work noted a very strong dependence of the simulated
continuum on pump power input which they did not observe experimentally. Thus they
concluded that intensity fluctuations at the input are required to model more closely the

power dependence. In what follows we call this the PCW model.

The inclusion of intensity fluctuations to model CW supercontinuum was discussed
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in [Van05]. The main theme of this paper was that pump incoherence is the key to CW
supercontinuum - something which was well known from previous work on MI induced
Raman soliton continua since the 1980s. This model used the measured spectral power
of the pump laser and added a random spectral phase to each frequency bin. This
process leads to very strong intensity fluctuations in the time domain of the order of the
inverse spectral width of the pump (coherence time). The authors supported this by an
autocorrelation of the pump source they modelled (a Raman fibre laser), which indicated a
2:1 coherence spike - consistent with 100% intensity fluctuations. Single-shot simulations
did not correspond well with the experimental output spectra, and they utilised ensemble
averaging like [Kob05]. The larger intensity fluctuations lead to greatly enhanced MI gain
and therefore faster continuum initiation compared to a pure CW field input. Periodic
boundary conditions were also used in this case with a number of time windows. The
authors of this work also claim that changing the time window did not affect the spectral
results even though all of the windows were shorter than the walk off time of over 4 ns for
the continuum being simulated. In what follows we call this the VB model after [Van05]
and also [Bar06] where it was used to model spectral broadening in normally dispersive
fibres.

An extension to the phase diffusion model was reported in [Fro06]. This model also
neglected intensity fluctuations, but did link the statistics of the Gaussian phase noise to a
measurable physical quantity - the bandwidth of the spectrum. The result is a Lorentzian
spectral profile with both amplitude and phase noise. However, when they use parameters
corresponding to experiments, their results do not agree. If they artificially limited the
pump spectral width, then more reasonable results were obtained. We call this model the
F model after [Fro06].

A brief review of all of the above models was provided in [Mus07], and the authors
asserted that the VB model given in [Van05] (i.e spectral intensity with random spectral

phase) gives the best match to experiment.

Although an average CW field is measured, it is unrealistic for a field with multiple longi-
tudinal modes propagating in a nonlinear dispersive medium to remain without intensity
fluctuations. As the MI gain and later Raman soliton dynamics depend strongly on the
peak power, neglecting such intensity fluctuations will clearly lead to an underestimate of
the continuum expansion. This means that a pure CW model, or a phase-diffusion model
such as the F model are not suitable. Indeed, the PCW model approximately corresponds
to a single frequency laser. On the other hand, the VB model contains intensity fluctua-
tions that may be too strong. This is because it completely ignores any phase relationship
between the frequency components, which in reality should exist due to four wave mixing.

Such a coupling should work to smooth the intensity fluctuations somewhat. In addition
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2 Continuous wave supercontinuum generation

this model neglects spectral amplitude fluctuations. However, the VB model suffers from
a more significant problem. As each frequency bin of the spectrum is given a random
spectral phase, the total amount of phase disorder per unit of frequency changes with the
selected simulation grid size. This means that, when transferred to the time domain, the
degree of intensity fluctuation, (i.e. the peak power), changes with grid size - something
that has no basis in physical reality.

We attempted to produce a new model, which was intended to overcome the issues
with the current models, by actually simulating a fibre laser cavity. We start from quantum
background noise, which is then amplified through a nonlinear dispersive fibre, which
represents the fibre laser gain medium. A function simulating the amplitude attenuation
and phase characteristics of a broadband high reflector Bragg grating is then applied. The
field is then propagated through a fibre identical to the first, i.e. a double pass through the
cavity. After this a function representing the output coupler Bragg grating is applied. The
reflected field is then passed back into the loop and the transmitted field is taken as the
laser output. The reflected field energy is monitored and the amplifier gain is adjusted

according to this energy to simulate gain saturation according to Eqn. 2.1.

8o
g=

= 2.1)
1+

E
Esat

Where E,;, the saturation energy is chosen to achieve the desired output power of the
laser, and gy is given the realistic value of 30 dB. The fibre length of the laser was taken
as 35 m and the fibre dispersion and nonlinearity that of single mode fibre at 1.06 ym
wavelength (Flexcore). The field was propagated around the loop until the average power
converged.

For this model we choose to use the periodic boundary conditions inherent to the
split-step method, as the consensus from the current literature [Kob05; Van05; Mus07]
is that the periodic boundary conditions are not a critical problem as long as a suitably
large time window is used. Absorbing boundary conditions would be inferior as the high
energy solitons which shift to the longest wavelengths would simply be removed giving
an underestimate of the continuum extent. In reality there is a continuous walk-off of red-
shifted solitons from earlier times, passing and interacting with the shorter wavelength
components, and the periodic conditions maintain this while allowing for a tractable

computation window.

2.4.1 A comparison of the CW laser models

The simulated laser spectra from the different models are shown in Fig. 2.6. The CWL

model has the distinctive triangular shape common to CW lasers, and as can be seen
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Figure 2.6: The spectra of the PCW, F and CWL models and the experimentally
measured spectrum of CWL1. The spectrum of the VB model is normally chosen
to be the experimental spectrum. The F and CWL model spectra have been
averaged to remove some of the single-shot amplitude fluctuations.

agrees well with experiment. Although smoothed in this figure, it does contain spectral
amplitude fluctuations which vary from shot to shot. All of the models contain spectral
phase fluctuations. The PCW model has a very narrow and sharp spike at the central
laser frequency - similar to a single frequency laser. The F model spectrum contains
very significant power outside of the gain region of the fibre, as it has a broad Lorentzian
spectral shape. This is not observed experimentally. The VB model is absent from this
figure, because the spectrum is chosen arbitrarily. Usually this will simply be the measured
spectrum - which means that spectral amplitude fluctuations are neglected.

Fig. 2.7 compares the time domain intensity of the CW pump source models. The CW
average power of 6.4 W is indicated for the PCW and F models which do not contain
intensity fluctuations. The VB curve indicates the strong intensity fluctuations of the
VB model which are clearly the largest, as expected from a random spectral phase. It
exhibits high peak powers, up to six times the average CW power, and very short intensity
spikes on the order of a few picoseconds for the current parameters. In contrast the CWL
model exhibits much smoother fluctuations over longer time scales, as expected, but the
degree of smoothing is more than we intuitively predicted. The main advantage of the
CWL model is that it is independent of the simulation grid parameters. A comparison
of the peak fluctuation power of the CWL and VB models, for different grid frequency
resolutions (i.e. increasing time windows) is shown in Fig. 2.8. The CWL model converges

whereas the VB model shows a strong grid dependence.
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Figure 2.7: (numerical) The time domain intensity for single shots from the
CW continuum pump source models.
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Figure 2.8: (numerical) Dependence of peak power of time-domain fluctua-
tions on temporal window width (or equivalently, frequency resolution) for the
VB and CWL models.

However, the ultimate test of any model is a comparison with experiment. Therefore we
simulated the propagation of all four model fields through fibre CWHF1 with parameters
corresponding to the experiments presented in Section 2.3.3. Fig. 2.9 shows the results.
The VB model is the closest match to experiment. The PCW model leads to very little
spectral broadening. The F model leads to a strong Raman Stokes line being formed which
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Figure 2.9: The experimental continuum measured for 5.8 W pumping of
CWHF1 and the simulated spectra from the PCW, E VB and CWL models for the
experimental conditions averaged over many ensembles.

curtails the continuum extension. This is due to the higher initial spectral power seeding
the Raman gain region, and a slower MI initialisation due to the absence of intensity
fluctuations. The CWL model does not, unfortunately, agree very well with experiment. It
appears that the intensity fluctuations are too small to extend the continuum far enough.
One reason for this could be that we iterate around the laser cavity too many times. This
is so that the peak power converges to a stable value, typically around 100 iterations. How-
ever, for this laser, the expected number of cavity round trips is much smaller. Therefore
we are causing too much damping of the intensity fluctuations. Fewer round-trips leads
to stronger fluctuations, with the limit of no round trips being equivalent to the VB model.
Thus, despite the problems noted above, the VB model is currently the closest match to
experimental results and we used it for further studies of the supercontinuum dynamics.
Although the pump peak power changes with the choice of grid parameters, the simulated
spectrum did not change significantly when increasing the time window by a factor of
4. However, further work needs to be done to improve the CW laser models and remove
the unphysical dependence on numerical grid size. One possible approach is to explicitly
account for the number of longitudinal modes and then transfer the resulting model to a
practical grid size. Alternatively, a recent, more sophisticated treatment, develops analytic
techniques to account for the FWM between longitudinal modes of a Raman fibre laser

and has been used to quantitatively explain the spectral broadening of the laser [Bab07].

Although the VB model broadly agrees with experiment, it is still not as smooth as the
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measured continuum. This is simply due to the number of shots averaged over (in this
case 12), increasing this number improves the smoothness. For comparison, a spectrum

analyser is likely to average over the equivalent of more than 1000 shots.

2.5 Physical mechanism

The initiation of a continuous wave supercontinuum is due to modulational instability. As
discussed in Section 1.5.4 the MI gain and bandwidth depend on the pump power, fibre
nonlinearity and dispersion. Therefore the solitons which emerge from the MI process
also depend on these parameters. This is significant, because the process which causes
the majority of the spectral expansion - soliton self-Raman scattering - depends very
strongly on the soliton energy. Careful choice must therefore be made of both the fibre
and pump conditions to optimise this process. Further complications arise due to the
higher order dispersion and dispersion of the nonlinear parameter, and also due to loss.

These we will study in detail. First we shall review the initial supercontinuum stages.

In the anomalous dispersion region of a fibre, solitons are the stable condition of an
optical pulse. An arbitrary shaped pulse will evolve to a fundamental soliton shape,
shedding excess energy in the process. However, there are two distinct mechanisms
for the soliton to emerge. As reviewed in the introduction to this thesis, either a high
order soliton will fission to its constituent fundamental solitons, or it will break apart
into fundamental solitons through MI, before the fission process can occur. A pure CW
field can be viewed as an infinitely high order soliton, and will always break up into
solitons if there is nonlinearity and anomalous dispersion. In the case of break up due
to MI, because the gain process is noise seeded, the first stable soliton condition which
is achieved is that of a fundamental soliton. Therefore MI from fields with no power
fluctuations always produces fundamental soliton pulses. However, as the modelling has
shown in the previous section, the input CW laser field actually has some significant power
fluctuations, which may actually correspond to high order solitons, that may fission before
MI has occurred. In Section 1.5.7 of the introduction we showed that the MI dynamics
would dominate if the they occurred faster than the fission dynamics, i.e. Ly < L. If
we take a fluctuation of the laser field as a pulse with duration 7 ¢ then it can be shown

that this condition is equivalent to:
Teell KTf (2.2)

Where 7.7 is the modulation cell of MI for the given parameters, which is simply given
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by:
2m

Teell = —F————

2y Pl 1B

This is intuitive: if the MI modulations are very short compared to the fluctuations of
the laser then the MI evolves as if the field is locally CW. On the other hand, if the MI

modulations are comparable to the field fluctuation durations then MI may be quenched

2.3)

and higher order soliton dynamics will occur.

In the previous section we found that the best CW model corresponded to taking the
laser spectrum and adding a random phase to each frequency bin. In this model the pulse
fluctuation duration is simply the coherence time or 7 ¢ = 1/A f where A f is the frequency
bandwidth. Therefore pump sources with broader spectra are more likely to lead to the

high order soliton condition.

Once the pump field has evolved into a train of solitons, which will have randomly
varying energies, the solitons may shift due to Raman self-scattering. To do so they must
have a short enough duration so that their bandwidth is broad enough to self amplify
through Raman. The self-Raman shift of a soliton can be approximated by Eqn. 1.29 given
in Section 1.5.5. From this we see that the Raman shift is dependent on the fourth power of
the soliton duration. However, more insight into Raman self-scattering can be gained by
considering the soliton energy. We substitute for 7o in Eqn. 1.29 using the soliton equation
(Egn. 1.24):

2| Bl
Eso1 = .
Y7o
The result is Eqn. 2.4.
474
RY Esol
Awg(z) = — (2.4)
3018213

The strong dependence on soliton energy is evident. The dependence on soliton duration
(which contains the dependence on spectral bandwidth) is contained in the relation
between y, B, and E,;. The soliton energy is reduced as the soliton shifts (the Raman
process is inelastic, hence the net frequency shift). We can take account of this fact by
including the quantum defect in the energy term; we can also account for the changing

dispersion and nonlinearity of the fibre with frequency, by writing Eqn. 2.4 in differential

form:
do  TrY@)'[E, =) -
dz = 302 =

where Ego ; is the starting soliton energy and wy the pump frequency. Eqn. 2.5 can be
integrated over z to find the expected location of a soliton propagating through a fibre. All
that is required is the initial soliton energy.

The energy of the solitons produced from the MI process can be estimated with good
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confidence by using the concept of an energy cell discussed in [Kut05]. The idea is that
each modulation cell evolves into one soliton containing the energy available in that cell,

so the soliton energy from MI, for pump power Py, is given by:

Ecen1 = \/2m2|B2|Poly. (2.6)

By substituting this equation into Eqn. 2.4 we can get a very approximate estimate for the

supercontinuum extent, for a particular set of fibre and pump parameters:

At Tr YZPS

A& == B

z (2.7)

Eqn. 2.7, contains the familiar optimal conditions for CW continuum generation. For the
broadest extent, we need a long fibre length, with high nonlinearity and low dispersion
and we should pump with high power. The nonlinearity and pump power dominate
unless the dispersion is very small. The fibre length is the least important parameter.

To verify these ideas, we can substitute the values used for the results presented in
Section 2.3.3. To do so we must estimate the correct power Py to use. As we saw in Sec-
tion 2.4, the input field has strong power fluctuations, and so using just the average power
is insufficient - in this case it predicts a Raman shift to 1.076 um if the start wavelength is
1.065 pym. From the VB model we can estimate the power fluctuations and thus calculate
the expected power in each modulation cell. To do this we use a moving average, with a
window the size of the modulation cell 7.,;;, to obtain Py at discrete points within a fixed
time period; here we use 4 ns. In reality the cell size varies with power, but only with the
square-root of the power and so this is a small effect. From these powers we use Eqn. 2.5
to obtain the distribution of soliton energies at the input to the fibre, shown in Fig. 2.10.
The shape of this distribution depends on the pump parameters and in Section 2.6.2 we
see how the pump bandwidth is important.

As each soliton energy corresponds to a different Raman shifted wavelength at the
output of the fibre, with a fourth order dependence, the shape of the soliton energy
distribution strongly affects the resulting continuum spectrum. We can use Eqn. 2.5, to
find the distribution of final soliton frequencies from their energies. From the number of
solitons at each frequency, their initial energies and the quantum defect of the frequency
shift we can obtain an estimate of the power spectrum. Thus we have developed a semi-
analytical, statistical model for CW supercontinuum generation. The resulting spectrum
for one set of parameters is shown in Fig. 2.11.

The model shows some agreement with the measured supercontinuum spectrum.
Although, the inclusion of the dispersion and changing nonlinearity reduced the estimated

bandwidth significantly. Therefore another mechanism must be responsible for the extra
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Figure 2.10: (numerical) The distribution of soliton energies from MI for a
4 ns time window from the VB model of CWL1
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Figure 2.11: (numerical) The estimated spectrum from the semi-analytical
model of CW supercontinuum compared to experiment. The simple model
excludes the changing dispersion and nonlinearity with frequency, the complete
model includes them. The absolute power level has been adjusted.

spectral expansion. We believe that this is due to inelastic collisions between solitons,
which can transmit significant energy from low energy solitons to higher energy solitons
through Raman scattering, further exciting the highest energy solitons.

To visualise this process we can use numerical simulations as described in the previous
section. Firstly, we can look at the early evolution of the power in the time domain, to
observe how the temporal solitons form. Fig. 2.12 shows three slices of the field evolving

though the fibre. The top slice shows the input field with time domain power fluctuations
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Figure 2.12: (numerical) Time domain evolution of CW supercontinuum with
initial intensity fluctuations.

derived from the VB model. In the second slice, after 3.45 m of propagation we see that
MI has caused the emergence of solitons. Here we can clearly see that the solitons form
earlier and with higher peak power at the peaks of the input power fluctuations. Note
also that the solitons being formed are much shorter in duration than the input power
fluctuations. In the last slice we see that more solitons are forming at lower input power
regions and we have created a train of solitons with a distribution of energies, such as
described above, which will evolve into a smooth continuum. It should be noted that even
without input power fluctuations, the solitons formed also have a distribution of energies,
as they are still seeded from background noise. However, they will have lower energy than

the solitons formed from the input power fluctuations.

Fig. 2.13a shows a spectrogram illustrating the initial break up of the pump field into
solitons. In Fig. 2.13b we see how the highest energy solitons have started to shift to longer
wavelengths through Raman self-scattering, while new solitons are forming from the
remaining pump field. In Fig. 2.14a we see how this process leads to a spreading out of
the solitons into a continuum. We should note again that these are single shots of 200 ps
duration from a continuous process. The summation of all of these solitons leads to a very

smooth spectrum on average. Finally in Fig. 2.14b we see the continuation of this process
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Figure 2.13: (numerical) Spectrograms of the initial CW supercontinuum
dynamics.

and also clear evidence of soliton collisions. The non-solitonic traces left behind by the
solitons is the radiation shed by a pair of solitons after an inelastic collision mediated
through the Raman process has occurred. Both solitons involved will have energies which
lead to the soliton order N being different from unity and therefore some energy is shed
as the soliton adapts. Solitons collide when they overlap in time (i.e. align vertically in
these spectrograms) as long as they are close enough spectrally for the Raman process to
occur (up to about 40 THz). As the energy transfer is to longer wavelengths, and the most
energetic solitons have shifted furthest, the transfer of energy is from low to high energy

solitons. Thus the fastest shifting solitons accelerate and collide more often leading to a
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Figure 2.14: (numerical) Spectrograms of the Raman self-scattering of the
solitons and soliton collision traces.

cascade. This process can significantly enhance the continuum bandwidth. The role of
soliton collisions was also recently discussed in [Fro06], and was originally identified in
picosecond pumped supercontinua two decades ago [Isl189a; Isl89b].

Given the accelerating nature of the high energy solitons, why does the continuum
not expand forever? Limitations to the continuum bandwidth are caused by at least
three mechanisms. Firstly, there is a finite length of fibre, and so the maximum shift is
that achieved by the most energetic soliton through the necessarily limited nonlinear
medium. Secondly, losses become significant, which reduces the soliton energy and can
slow or stop their shift. And lastly, the balance of nonlinearity and dispersion, which

maintains the soliton shape can change very significantly and thus broaden the soliton
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Figure 2.15: (numerical) The calculated soliton ratio, |82|/v, curves of the
CW supercontinuum generation PCFs

temporally so that it no longer has the spectral bandwidth for Raman self-scattering.
We saw evidence of this last case in the above example of the semi-analytical model. It
can be understood by studying the ratio |,|/y which is plotted in Fig. 2.15 for the fibres
considered in this chapter. The fibre CWHF1, that we have considered so far has a very
flat soliton ratio across the spectral region we are interested in. In the absence of other
factors, the change of this ratio from 1 at the pump wavelength to around 2 at 1.3 ym
will lead to a proportional temporal broadening with a small reduction in frequency shift.
Conversely CWHF2 shows a very steep change in soliton ratio with wavelength. This is
because the zero dispersion is very close to the pump (see Table 2.2) so the ratio changes
from a fractional value to very high values at 1.3 ym. This leads to a halting of the soliton
shift, as confirmed in the experimental results in Fig. 2.16. Despite the higher pump
power used in CWHEF2 the supercontinuum generated in CWHEF?2 is narrower than that in
CWHFI.

Although CWHF1 has good dispersion and nonlinearity profiles for efficient CW su-
percontinuum generation, it is not optimal because it suffers from very high water loss
~ 600 dB/km around 1.38 um. This loss can also limit the continuum growth as is clearly
seen in Fig. 2.16. In Fig. 2.17 we show the spectrogram at the output of CWHF1. It is clear
no solitons have gone beyond ~ 1.38 um as we would have expected after 100 m when we
compare with the growth in the previous spectrograms (Fig. 2.14). Instead, some solitons
have very clearly narrowed spectrally, at the extreme limit of the continuum, and stretched

in the time domain. This is due to the reduction in soliton energy which halts the Raman
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Figure 2.16: (experimental) Experimental comparison of supercontinuum
generation with similar pump powers in CWHF1 and CWHEF2. Although CWHF2
is pumped with slightly more power, the continuum is narrower.
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Figure 2.17: (numerical) Spectrogram of the CW supercontinuum in CWHF1
after 100 m of propagation showing the water loss barrier.

self-scattering. The effect is clearer when observed purely in the spectral domain as shown
in Fig. 2.18. One way around the problem with water loss is to pump much shorter fibre
lengths thus maximising the nonlinear length in comparison to the loss length of the
fibre. However, to do this a much higher pump power is required. While the work for this
thesis was carried out, the technology to achieve this was not available. Recently, Burly
Cumberland, a colleague in the Femtosecond Optics Group, has achieved such powers
by using more advanced splice techniques to obtain up to 50 W CW pump power in a

20 m length of CWHF1. Here we look at some simulated results in this regime. Fig. 2.19
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Figure 2.18: (numerical) Spectral evolution of the supercontinuum along
CWHF1 with 8 W pumping.
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Figure 2.19: (numerical) Spectral evolution of the supercontinuum along
20 m of CWHF1 with 44 W pumping. Note that the wavelength scale is expanded
compared to Fig. 2.18.

shows the spectral evolution along 20 m of CWHF1 for 44 W pump power, using the VB
model. The continuum extends well beyond the water loss region, although a change in
the soliton trajectories is observable around 1.4 um. At 1.57 ym the solitons interact with
the second zero dispersion wavelength of the fibre. Here the soliton self-frequency shift
is halted and dispersive waves are formed beyond the second zero dispersion, around
1.7 um. This process is more clearly observable, once again, in the spectrogram picture.
Fig. 2.20 shows the spectrogram after 20 m of propagation through CWHF1. A large num-
ber of high energy solitons are generated at the pump wavelength and Raman shift to form
a continuum. After the water loss region at 1.38 um the solitons are clearly of lower energy,
but are still energetic enough to continue shifting. At the second zero dispersion they are

prevented from shifting further, but generate dispersive waves in the normally dispersive
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Figure 2.20: (numerical) Spectrogram of the supercontinuum after 20 m of
CWHF1 with 44 W pumping.

region beyond. The dispersive waves are clearly being chirped as they propagate through
the fibre.

2.6 Experimental results

2.6.1 Low-water loss PCF

In Section 2.5 we discussed the mechanism of CW supercontinuum generation and the
roles of loss and the soliton ratio in limiting the continuum bandwidth. We showed
numerical results which reproduce recent experimental developments where very high
average power pumping of short lengths of CWHF1 produces an extended continuum.
However in that fibre the continuum is limited by a second dispersion wavelength. In this
section we look at experiments which used specially fabricated low water loss fibres to
generate extended supercontinua with lower power pumps.

The first fibre we used for this purpose was CWHEF3. This fibre has a similar nonlinearity
to CWHF], but a higher dispersion value. It also has a larger dispersion slope as evidenced
by the stronger increase in the soliton ratio shown in Fig. 2.15. This makes it harder to
form a supercontinuum in this fibre. However, the water loss has been reduced by an order
of magnitude (in dB/km), to just 70 dB/km by careful manufacturing at Blaze Photonics.
The fibre was made using the standard stack and draw process, but special care was taken
to reduce water contamination during all of the process steps. The capillaries forming
the stack were drawn in a high-purity nitrogen atmosphere from the highest grade of
fused silica commercially available. The completed preform stack was then subjected
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Figure 2.21: (experimental) Loss spectrum of CWHF1 and CWHF3.

to chemical cleaning and drying in a halogenic atmosphere at over 1000°C to reduce
surface contamination and to lower OH™ content in the stack assembly. The resulting
fused preforms were again purged with high-purity nitrogen before being drawn to a fibre,
and additional care was taken not to reintroduce contaminating water during the fibre
draw. The loss spectrum, measured with a supercontinuum source is shown in Fig. 2.21
alongside that of CWHF1.

We pumped CWHF3 with CWL2, achieving up to 26 W in the fibre core. The collimated
output of the pump laser was coupled into conventional single mode which was spliced
to the PCF via an intermediate mode-matching fibre, leading to a splice loss of just 0.8 dB.
The optimal results are shown in Fig. 2.22. The broadest supercontinuum (blue-dashed
curve) contained over 15 W of output power for 26 W pump power. The supercontinuum
rapidly extends to the water loss region even at the lowest, 15 W, pump power level. Here,
the effects of gain competition from the CW Raman Stokes generation process is evident
and clear discrete Stokes lines are formed.! These arise because CWHF3 has a very high
nonlinearity and small amounts of back reflection from the fibre ends and splices can
readily cause Raman lasing. The reflections are hard to suppress, even with strong angle-
cleaved ends, due to the very high numerical aperture of CWHF3, and other similar PCFs.
Nevertheless, despite the lack of flatness due to the Raman lines, the continuum does

clearly extend beyond the water loss peak by more than 100 nm.

To confirm the solitonic nature of the continuum experimentally we took autocorre-

IDue to this strong Raman response, this fibre was also used to build a Raman laser, though that work is not
reported in this thesis [Tra05al.

89



2 Continuous wave supercontinuum generation

5 I I I I I
(e Power /W |
i —— 15.46| |
- -5 —— 18.49
= i — 20.75| |
c 10 —— 22.50
—— 24.25
E .15
el ——- 26.05
©
= -20
T
-25
S
o -30
|
-35 l
! I
-40 -
1.0 1.1 1.2 1.3 1.4 1.5 1.6

Wavelength / um

Figure 2.22: (experimental) The evolution of the supercontinuum in CWHF3.
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Figure 2.23: (experimental) The autocorrelation measured at 1.33 pm.

lation measurements of the spectrally filtered supercontinuum, one example of which
is given in Fig. 2.23. It shows a soliton of approximately 300 fs with an 8% pedestal. The
pedestal changed with wavelength, becoming much larger at shorter wavelengths closer
to the pump.

The variation in measured pulse duration with wavelength is shown in Fig. 2.24. It
should be noted that these measurements were taken at the end of 100 m of fibre and so
the solitons are broadened due to loss. The solitons initially forming the supercontinuum
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Figure 2.24: (experimental) Autocorrelation duration for a number of spectral
slices from the supercontinuum.

spectrum are necessarily shorter. From the variation in pulse duration it is evident that
the solitons decrease in duration at longer wavelengths. This is consistent with the

mechanism discussed in Section 2.5 where the shorter, energetic solitons shift furthest.

Although these results are in principle an improvement over those with CWHF1, the
supercontinuum was not particularly flat and did not extend as far as we wanted. Even
though the flatness can be imposed by filtering, because we have so much average spectral
power available, a supercontinuum with intrinsic flatness is preferable. To that end we
considered another fibre, CWHF4. This fibre was manufactured by PERFOS and was also
produced using the same stack and draw method. The glass used was high purity silica
rods and tubes (F300 silica from Heraeus) which were drawn down to a few millimetres
with dimensional tolerances better than 1% over 10s of metres. These were then stacked
into the desired arrangement and drawn into a preform. PERFOS use chemical cleaning
and polishing techniques to avoid the formation of Si-OH liaisons at defect points around
the air silica interfaces which are responsible for the high OH related absorption losses.
The fibre draw was performed under controlled dry atmosphere conditions in order to
avoid extrinsic contamination during this step. PERFOS have managed to achieve OH
absorption loss which is independent of the fibre mode field diameter. This indicates that
no excess Si-OH liaisons are formed at the air-silica interfaces. The resulting fibre, CWHF4,
had a water loss of only 30 dB/km. It had a slightly lower dispersion and nonlinearity at
the pump wavelength compared to CWHEF3. With improved splice techniques we could
pump directly from either the laser CWL2 or the ASE source CWASE. The output of the
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Figure 2.25: (experimental) Supercontinuum generation in CWHF1 with up
to 16 W pump power from CWL2.

laser or ASE source (via an isolator) was spliced directly to an intermediate mode field
matching fibre and then to 200 m of the PCF. For comparison we also re-pumped CWHF1
in the same conditions.

The results in CWHF1 are shown in Fig. 2.25. Here we see that although the initial
continuum development is very efficient as the fibre parameters at the pump wavelength
are good, the water absorption significantly limits the continuum. In contrast, in CWHF4
no such limitation is observed, as shown in Fig. 2.26. In this case, apart from the Raman
Stokes lines, the continuum is relatively flat and extends to the edge of the sensitivity of
our optical spectrum analyser.

A reduction in the Raman Stokes lines should be possible by splicing the output of the

PCF to standard fibre before angle cleaving the end, thus reducing back reflection.

2.6.2 Pump spectral bandwidth dependence

In this section we consider the effect of pump spectral bandwidth on the supercontinuum
generation process. We pumped CWHF4 with both CWL2 and CWASE which have a large
difference in bandwidth. Previous work has shown that for the same bandwidth ASE
and laser pumping produces near identical supercontinua [dM04b]. This means that
differences observed in this section must arise from the differing bandwidths. Fig. 2.27
shows the results. The narrow band pumped supercontinuum is flatter and extends
significantly further than the broadband pumped continuum.

This difference can be understood by comparing the MI cell duration to the expected
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Figure 2.26: (experimental) Supercontinuum generation in CWHF4 pumped
with CWL2. The pump powers were (broader spectra for higher power): 4.1, 4.6,
5.8,7.7,10.8,12.6, 15.7W
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Figure 2.27: (experimental) Comparison between the supercontinuum ob-
tained in CWHF4 with CWL2 (0.8 nm bandwidth) and CWASE (5 nm bandwidth)
pumping with 13 W average power.

modulation period of the pump laser. For example, a pulse with a spectral bandwidth
of 0.8 nm will have intensity modulations in the region of 5 ps, whereas a pulse with
ten times the bandwidth will have modulations in the region of 0.5 ps. For CWHF4 the
MI cell duration is around 1.3 ps. So for the narrow bandwidth pump, the analysis in
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Figure 2.28: (numerical) Distribution of soliton energies from modulation
instability for Gaussian shaped pump spectra with different bandwidths.

Section 2.5 is relevant and a distribution of solitons energies is formed, with some very
energetic solitons formed on top of the input pump fluctuations which are several times
longer than the MI cell duration. For the broad bandwidth pump, that analysis is not
valid. The fluctuation duration is within the modulation cell and the pump bandwidth
overlaps significantly with the MI side lobes. The solitons evolve from the input pump
fluctuations rather than on (in the time domain) the input fluctuations. This means that
the soliton energies will be more uniform without such extreme energetic solitons as in
the narrow band case and therefore the continuum bandwidth will be reduced. We can
estimate the distribution of soliton energies using the analysis of Section 2.5. Fig. 2.28
shows the distribution of soliton energies for the fibre CWHF1 for a pump field with a
Gaussian spectrum. One curve has a bandwidth of 0.8 nm, the other a bandwidth of
8 nm. As noted above, the broadband pump has a narrower (i.e. more uniform) energy
distribution, whereas the narrow pump leads to a wider range of energies, a longer tail
at the high energy soliton side. The soliton self frequency shift depends on the fourth
power of the soliton energy, so this tail becomes very important. To see this we once again
estimate the spectrum achieved from these two soliton energy distributions using the
same semi-analytical model as before. The resulting continuum spectra are shown in

Fig. 2.29. The narrow pumped supercontinuum clearly extends further.

This variation in supercontinuum width with pump spectral bandwidth leads one
to the consideration of the optimal pump bandwidth. By estimating the continuum

spectrum with the semi-analytical model for different Gaussian pump spectra we can
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Figure 2.29: (numerical) Estimated supercontinuum spectra, using the semi-
analytical model, for Gaussian shaped pump spectra with different bandwidths.
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Figure 2.30: (numerical) Estimated supercontinuum bandwidth using the
semi-analytical model, for Gaussian shaped pump spectra with different band-
widths.

produce Fig. 2.30. From this figure it appears that the narrower the pump source, the
broader the resulting spectrum. This can be understood in the time domain as discussed
above. However, this analysis is in contradiction to some experimental results [ML06],
although the setup in that work used different pump types (i.e. laser and LED) to get the
bandwidth sources which brings other variables into the analysis. Further, more detailed
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Figure 2.31: Experimental setup for measuring the relative intensity noise in
the CW supercontinua. PD = photodiode, ESA = electrical spectrum analyser.

experimental investigation of the influence of pump bandwidth on supercontinuum

width is required.

2.6.3 Noise of CW supercontinua

We measured the relative intensity noise of supercontinua produced in CWHF1 pumped
with either CWL1 or CWASE. The experimental setup is shown in Fig. 2.31. The supercon-
tinuum at the output of the PCF is passed through a fused fibre coupler selected to filter
the pump wavelengths from the supercontinuum. This allows us to monitor the noise
of the actual supercontinuum in the absence of the strong pump power. The resulting
spectrum was approximately Gaussian with a centre wavelength of 1.23 ym and band-
width of 150 nm. The power of the continuum is measured with a photodiode with 2 GHz
bandwidth. The relative intensity noise is defined as the the time averaged noise power
in a 1 Hz bandwidth divided by the DC power [Der98]. To measure this we passed the
signal from the photodiode through a bias-T with a 12 GHz bandwidth and DC cut-off
at 10 kHz. The DC voltage was measured using a multimeter. The AC signal is passed
into an electrical spectrum analyser (ESA) with a frequency range of 10 kHz to 2.2 GHz.
The electrical spectrum is measured and from this the electrical power within a 1 Hz
bandwidth at a given frequency is measured. This is converted into the equivalent RMS
voltage and divided by the DC voltage to obtain the square root of the relative intensity
noise (RIN). We also measured the relative intensity noise of the two pump sources alone
(without the coupler).

The results are shown in Fig. 2.32. The CWASE pump source has a much lower RIN
than the laser pump source. The noise of the pump sources arises from beating between
longitudinal modes (in a laser) and between different frequencies outside the laser cavity
or for an ASE source. It can be shown [Der98] that the noise of an ASE source is inversely
related to its bandwidth, because the DC power increases faster with respect to bandwidth

than the beat noise between the extra spectral components. For CWASE the bandwidth
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Figure 2.32: (experimental) The relative intensity noise of the supercontin-
uum pump sources and the noise of the resulting supercontinua.

was 6 nm or 1.6 THz. Using the estimate from [Der98] this should lead to a RIN of -
127 dB/Hz. We measured a RIN of -125 dB/Hz up to 200 kHz and -137 dB/Hz at higher
frequencies. The laser source has a much higher RIN due to the longitudinal mode beating
and significant oscillations in the RIN spectrum are observed at the cavity frequency.
These oscillations are carried through and amplified into the supercontinuum. Due to
the higher initial absolute RIN value of the laser, the resulting continuum has a relative
intensity noise more than 10 dB higher than the ASE pumped supercontinuum, despite
the fact that the relative gain to the continuum noise is lower for the laser pump source.
This can be significant for some applications, in particular OCT, where these sources have

been used by collaborators [Pov05], and the ASE source has been found to be preferable.

2.6.4 Quasi-CW pumping

We also pumped CWHEF3 with the MOPFA source (CWL3). This enabled us to study the
supercontinuum dynamics at powers just beyond the reach of our CW lasers from 30 to
150 W. This pump source has a duration of 2 ns, which is well within the quasi-CW regime,
i.e. the dynamics are the same as for a CW field as all of the nonlinear processes are much
faster than the pulse timescales. Fig. 2.33 shows the results. The spectra for lower pump
powers resemble those for the CW pumping described in Section 2.6.1. As the power is
increased the spectrum becomes progressively flatter until, apart from the Raman Stokes
lines, there is a smooth and flat continuum to the edge of the spectrum analyser sensitivity
at 1.75 um for 60 W pump power. The spectrum is likely to extend to the absorption edge
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Figure 2.33: (experimental) Supercontinua generated by pumping CWHF3
with 2 ns pulses with peak powers ranging from 5 to 60 W.

in silica fibres, around 2.2 um.

This pump regime is interesting because these powers are now easily accessible to true
CW lasers. Therefore scaling of the pump power to around 100 W is a real possibility,
leading to continua in the few 100 mW/nm regime, spanning from 1 to 2 pm. In addition,
these enhanced powers could even generate CW supercontinua to wavelengths in the
visible, if the fibre dispersion could be engineered so that one of the initial MI sidelobes

overlapped with the normal dispersion region.

2.7 Conclusion

In this chapter we have studied continuous wave supercontinuum generation. After a brief
review, we considered the difficulties of numerical modelling of CW fields and attempted
to develop a new model for a CW laser pump source. We studied the details of soliton
formation from MI and the resulting distribution of soliton energies which leads to the
smooth flat spectra associated with CW pumped supercontinua. We then understood
the need for soliton collisions to fully account for the experimentally observed spectra.
Limitations to the supercontinuum bandwidth were found due to the dispersion and non-
linearity slopes and water peak absorption. The latter was overcome by utilising speciality
low water loss fibres, resulting in CW supercontinua with unprecedented bandwidth. We
then studied some details relating to the optimal pump bandwidth, the continuum noise

and prospects for scaling the pump powers. Further, more detailed, studies on the influ-
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ence of pump bandwidth would be interesting along with improvements to the theoretical
models. Finally, the possibility of scaling the CW pump power to the 100 W regime is now
real and could open up new regimes of supercontinuum generation, perhaps including
the generation of wavelengths below 1 um from a Yb fibre laser, and even into the visible

spectral region.
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3 Visible supercontinuum generation
with picosecond pump pulses in
cascaded PCFs

3.1 Introduction

It is possible to generate visible supercontinua simply by pumping a short PCF with a
high power, ultra-short laser pulse [Ran00b]. However, few of the the resulting spectra
will be particularly flat, and even fewer will have high average spectral power. Moving
beyond this simple technique, in what way can we tailor the pulse and fibre properties to
engineer desirable features in the supercontinuum? In this chapter, to partially answer
this question, we look at the problem of achieving flat and smooth supercontinua across
the entire visible spectrum, and doing so with high average spectral power. In particular
we look at extending the supercontinua generated by pumping PCFs with a high average
power picosecond pump laser at 1.06 um, across the blue part of the spectrum (0.4 to
0.5 ym).

The outline of this chapter is as follows. First, in Section 3.2 we summarise the literature
relevant to this problem. Then, in Section 3.3 we describe the picosecond fibre laser which
we use as the pump source in our experiments. In Section 3.4 the experimental setup is
described and in Section 3.5 the results achieved when pumping a single PCF are reported.
Following this an analysis of the supercontinuum mechanism is reported in Section 3.5.2.
The following three sections: 3.6 to 3.8, apply this knowledge to achieve supercontinuum

generation with high spectral power into the blue.

3.2 Summary of relevant literature

A broad review of early supercontinuum generation literature was provided in Chapter 1.
Here we only consider results which directly pertain to the work of this chapter. In par-
ticular, we look at supercontinua, predominantly generated in PCF and pumped around

1.06 ym. It should be noted, however, that the majority of the original supercontinuum
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results, and the understanding they provided, were performed by sources outside of these
criteria; references to such work are included throughout the chapter where the ideas they

developed are directly relevant.

The first use of a practical 1.06 um source for supercontinuum generation is described in
[Che97], where a continuum from 1.0 to beyond 1.75 um (at the 10 dB level) was reported
with an average spectral power of approximately 0.25 mW/nm across the continuum. One
unique feature of this source is that the supercontinuum is generated intra-cavity in a
Yb fibre laser. Although there is a low spectral power component of this continuum to
wavelengths as short as 0.7 um, no significant spectral power was achieved in the visible
spectral range. This can be completely explained by dispersion and phase matching
requirements for four wave mixing (FWM) which we will discuss below. Low power and
isolated spectral components in the visible did appear and were attributed to second
harmonic generation of Raman generated Stokes lines and third harmonic generation of

the pump in higher order modes.

Several years passed before a comparable performance was achieved - only after the
seminal paper by [Ran00b] did renewed interest in supercontinuum generation occur.
Between 2000 and 2003 a large amount of work was published with respect to supercon-
tinuum generation. But only in 2002 was a 1.06 ym source again used. In this casea 7 m
length of PCF was pumped with 350 fs pulses to obtain a continuum spanning from 0.4
to 1.7 um (at 20 dB level) [Pri02a]. Also that year, the same group demonstrated tunable
Raman solitons over 1.06 to 1.22 um [Pri02b], utilising PCFs with anomalous dispersion

in this spectral region, to extend the idea first used two decades earlier [GN88b].

In 2003, a high power supercontinuum was also generated from a bulk Nd:glass oscilla-
tor pumping a PCF with 10 ps pulses [Sch03]. In that work, supercontinua from 0.5 or 0.64
to 1.8 um were achieved, depending on the fibre used, with an output power of 5 W. The
supercontinua also exhibited excellent flatness. One particular insight from this work was
that picosecond pumping produced a flatter continuum, which extended further, than
femtosecond pumping in the same fibre. In this case second harmonic generation was
also observed to generate isolated frequencies in the visible. Also in 2003, the use of a
10 ps Nd:YVOq laser to pump a PCF resulted in a 2.4 W continuum from 0.7 to 1.6 ym
[See03].

In 2004 a 0.6 ns Q-switched Nd:YAG laser was used to pump a wide variety of PCFs
[Wad04]. A thorough investigation of the interplay between MI and FWM was performed
and by choosing the correct fibre either strong direct FWM was achieved (when pumping
in the normal dispersion region) producing an anti-Stokes line at 0.7 ym or a supercon-
tinuum (when pumping in the anomalous region) spanning from 0.5 to beyond 1.75 pym.

The continuum was again very smooth compared to that produced with femtosecond
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pump sources, however, in this case, the spectral power was very low with a total contin-
uum power of less than a few tens of milliWatts. A dual pump scheme was also reported,
where a 1.06 yum pump and its second harmonic were used to generate a white-light

supercontinuum [Cha04].

In 2005, the same year that the work constituting this chapter was performed, a large
number of results were reported. In [Rul05] a supercontinuum spanning from 0.52 to
beyond 1.75 um with an average spectral power of over 1 mW/nm was reported. This result
formed the starting point for the work in this chapter. The experimental setup consisted
of an all-fibre picosecond laser (described in detail in the next section) which produced
up to 8 W average power. In the setup described, a 1.5 W continuum was produced in 60 m
of PCF. Other results from 2005 include [Tei05b; Tei05a] which utilised a diode-pumped
Nd:YVO, picosecond laser or semiconductor saturable absorber mode-locked Yb:glass
oscillator to pump tapered conventional optical fibre. The use of tapered conventional
fibre had previously been reported with femtosecond pump sources [Bir00]. The resulting

supercontinua extended down to just below 0.5 um but only at the 20 dB level.

Results that have been reported since the work in this chapter was completed include
[Tom05] where the use of higher order modes to generate a continuum extending below
0.4 um was reported. Apart from the entire visible spectrum being 10 dB down from the
infra-red spectrum, the visible spectral region was exceptionally flat, but the spectral
power was very low and the output limited to higher order modes. In [Rus05] a continuum
spanning from 0.65 to 1.75 ym with 1.5 W average power was achieved by compressing
amplified 3 ps pulses to 0.4 ps with a grating pair. Interestingly, the uncompressed pulses
produced a similar supercontinuum in the same PCE it is likely that this is because the
pulses exiting from the amplifier are positively chirped and will be compressed by the
anomalous dispersion of the PCF. A systematic study of the effect of dispersion profiles
on the supercontinuum was reported in [Tse06]. The best achieved spectrum extended
as short as 0.6 um with a low spectral power. In [Roy07] a Yb doped PCF was used to
simultaneously amplify the pump pulse while the supercontinuum was forming. The
resulting continuum was quite flat and spanned from 0.55 to 0.85 ym with 1.5 W which
implies a reasonably high spectral power. The use of different PCF structures has also been
considered, in one notable example, secondary cores in a PCF were used for enhanced
parametric effects based on birefringent phase matching [Dup07]. In a similar vane, multi-
mode PCF structures have also been used for enhanced FWM, leading to supercontinuum
generation down to 0.4 ym, although in a region more than 10 dB below the infra-red

continuum [Les07].

Although an impressive number of results were reported, some with very high spectral

power, none of the experiments generated significant power shorter than 0.5 ym. It was
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3 Visible supercontinuum generation with picosecond pump pulses in cascaded PCFs

the purpose of our work to extend a 1.06 yum pumped continua into the blue spectral
region, and to do so with high spectral power. The technique used to do this was to
cascade multiple PCFs. The results were reported in [Tra05b]. Since this report a different
approach, also based on cascaded PCFs was developed [Xio06]. These results are also
discussed below. Subsequent to this work a new method for generating supercontinua
in tapered PCF was developed with outstanding results. This technique was reported in
[Kudo06], and forms the content of Chapter 4.

3.3 Pump laser

The pump laser used in this chapter was previously developed by colleagues in the Fem-
tosecond Optics Group [Rul05]. It is an all-fibre setup comprising of a passively mode-
locked ytterbium fibre ring laser and a low nonlinearity ytterbium fibre amplifier. It
was used as a turn-key source of high peak and average power picosecond pulses for
supercontinuum generation and no development work of this source was made by the
author. However to fully describe the system used in this chapter this section presents a
few details about its construction.

The seed source consisted of an isotropic-fibre loop containing an inline ytterbium
fibre amplifier, fibre isolator, two polarisation controllers with a fibre polariser between
them and two fused fibre couplers, one for pump input and one as an output coupler. The
loop was ~ 3 m long. Passive mode-locking is achieved through nonlinear polarisation
evolution with the fibre polariser acting as the discriminating element. The output of
the loop was chirped, but by filtering the resulting seed sources had a small RMS time-
bandwidth product of 0.66 and a duration of 2.2 ps. The repetition rate was 51 MHz. The
seed pulses were amplified through a 1 m long pre-amplifier followed by a 1.5 m large
mode area cladding-pumped amplifier. The resulting amplified pulses were approximately
3.3 ps long although measurements at high power were not possible due to the excessive
spectral bandwidth which was greater than 40 nm.The amplified peak power was ~ 30 kW
from an average power of 8 W. The high average power of this source was one of the
key technologies used to achieve the results reported in this chapter as it enabled the
generation of very high spectral power supercontinua.

For the modelling of the supercontinuum process we approximated our pump laser as
follows. We modelled the seed laser as a bandwidth limited Gaussian shaped pulse with
2.2 ps duration and additional quantum shot noise. We then propagated this field through
a system corresponding to the actual amplifier stages. The gain of the fibre amplifier was
chosen to amplify the seed pulses to the measured average power. The amplifier stage

nonlinearity was estimated as 2 W~'km™! and the dispersion was estimated to be —25 ps
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PCFs

- A4 isolator lens
N2 A2
Figure 3.1: Experimental setup for supercontinuum experiments.

nm~'km~! with a dispersion slope of —0.25 ps nm~'km~!. In this way, the modelled
pump field contained a similar spectrum and nonlinear chirp (broadened by SPM in the

final amplifier stages) as the actual pump laser.

3.4 Experimental setup

The experimental setup for pumping the PCFs is shown in Fig. 3.1. The collimated laser
output is passed through a quarter and half wave-plate for polarisation control before
passing through a polarisation sensitive isolator. The isolator is required because small
back reflections from the cleaved fibre end and splices (when multiple PCFs are used) are
strongly amplified in the final stage of the laser amplifier and can cause damage to the
laser. The polarisation of the isolated beam is then rotated by a second half wave-plate
before being focused into the PCF. Typically 50 to 60% coupling was achieved. The output
of the PCF was then measured with a spectrum analyser and thermal power meter.

The polarisation state emitted by the laser changes with output power due to nonlinear
polarisation rotation. Therefore at each amplifier current setting, the wave-plates were
adjusted to maximise the power incident on the PCF. The final waveplate was then
adjusted to maximise the spectral bandwidth of the supercontinuum produced, which

showed a small dependence on polarisation for most PCFs used.

3.5 Supercontinuum generation in HF1040

As discussed in Section 3.2 the starting point for this work was a supercontinuum produced
by pumping a PCF with a very similar laser as used here. The PCF used was Blaze Photonics
SC-5-1040; here it will be called HF1040 as it has a zero dispersion wavelength close
1.04 um. The structure of this fibre is shown in a scanning electron micrograph (SEM)

shown in Fig. 3.2(a). From this figure A = 3.36 yum and d/A = 0.47. These parameters were
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3 Visible supercontinuum generation with picosecond pump pulses in cascaded PCFs

(a) HF1040 (b) HF780

Figure 3.2: Scanning electron micrographs of the two most important fibres
used in this chapter. Note that the scales are different for the two images. The
image of HF1040 is from the Blaze Photonics data sheet, the image of HF780 was
taken at Imperial College.
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Figure 3.3: (numerical) Group velocity dispersion and nonlinear coefficient
of HF1040.

used with the MPB software (see Section 1.4.1) to calculate the dispersive properties of
HF1040. The resulting group velocity dispersion curve is shown in Fig. 3.3 along with
the wavelength dependence of the nonlinear coefficient y. At the pump wavelength of
1.06 um, the dispersion is 5 ps nm~'km™! and the nonlinearity y = 13 W~ 'km™!. This
fibre is suitable for supercontinuum generation with a 1.06 um pump source due to the

106



3.5 Supercontinuum generation in HF1040

~

m
m (hi power) | -

Power / mW nm

0 ! I I I I
0.4 0.6 0.8 1.0 1.2 1.4 1.6

Wavelength / um

Figure 3.4: (experimental) Measured spectra at the output of different lengths
of HF1040 when pumped at 12.5 kW, except the high power curve which is from
0.7 m of HF1040 pumped with 16 kW.

small anomalous dispersion at the pump wavelength which allows efficient and broad
modulation instability to occur. Due to the relatively low air-filling fraction and large core
(~4.9 pm) it also had a low loss of ~ 2 dB/km at the pump wavelength.

The result described in [Rul05] used up to 65 m of HF1040 to achieve supercontinuum
generation down to ~ 0.52 um. In this case the long length was used to extract the widest
possible supercontinuum bandwidth with this fibre and pump. The optimal length to use
is a balance between nonlinear interaction length and losses, which increase significantly
at the short wavelength edge due to scattering. In the work presented in this chapter we
use this fibre as a first stage of a multiple fibre approach to supercontinuum generation.
Therefore we used much shorter lengths of fibre to achieve higher spectral powers in
key wavelength regions between 0.7 and 0.8 pum for reasons described below, rather than
trying to obtain the maximum bandwidth. The purpose of the results described in this
preliminary section are two-fold. Firstly, the supercontinua achieved are used to pump
the secondary PCFs. Secondly, great insight into the supercontinuum generation process
is found from these results and was used to design subsequent experiments.

The supercontinuum spectra measured when pumping short lengths of HF1040 with
~ 12 kW peak power pulses are shown in Fig. 3.4. These results are shown on a scale of
linear spectral power, and it is clear that with this pump source a very high spectral power
of up to 3 mW/nm can be obtained between 0.6 and 1.0 um. The whole supercontinuum

extends from below 0.6 to beyond 1.8 yum. The pump is not completely depleted in these
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Figure 3.5: (experimental) Evolution of supercontinuum spectrum with in-
creasing peak pump power in 0.7 of HF1040. Colour scale: —40BlE" 80 dBm.

spectra which is a result of the short interaction length. The longer lengths led to broader
supercontinua, but at the expense of reducing spectral power in regions closer to the
pump. For the shortest length of 0.7 m, the evolution of output spectral power with
increasing pump power is shown in Fig. 3.5. Here we see that after an initial spectral
broadening suddenly occurring at between 1 and 2 kW pump power, the continuum
broadens in proportion to the increasing pump power. Higher level pumping (or using
longer lengths) can lead to further broadening (as in [Rul05]), but this is finally limited to
the region of 0.5 to 0.6 ym.

The pulse duration measured across the visible spectrum was shorter than 20 ps by
measurements with a streak camera; also in [Rul05], the pulse duration at 0.75 um was
found to be 15 ps after several tens of meters of propagation. Therefore we conclude that

the pulses do not broaden significantly in the few meters of PCF we have used here.

3.5.1 Supercontinuum mechanism

The following sections cover a detailed analysis of the supercontinuum generation mecha-
nism in HF1040. The aim is to develop design rules to further extend the supercontinuum
to the blue.

In Chapter 1 we discussed the two principle supercontinuum generation mechanism;
namely soliton fission and dispersive wave dynamics or modulational instability and

four wave mixing. By comparing the length scales of these processes we can determine
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Figure 3.6: (numerical) Phase matching diagram for pump-degenerate four
wave mixing in HF1040 for increasing pump powers. A vertical line from a given
pump wavelength crosses the phase matching diagram at two points, from which
horizontal lines indicate the Stokes and anti-Stokes phase matched wavelengths.
The dashed black lines indicate the shortest phase matched wavelength of 0.6 pm
if a long wavelength cut-off of 2.2 ym is assumed. The solid black line indicates
the zero dispersion wavelength.

which is dominant in the current situation. From Eqn. 1.32 we find that Ly;; < 0.1 m
and from Eqn. 1.31 we find L¢;ss = 2.7 m. Therefore we are firmly within the MI regime.
The following subsections deal with the dynamics of modulational instability and four
wave mixing, specific to PCFs like HF1040, including the limits to the supercontinuum
bandwidth. These physical insights allow us to determine how to further extend the

supercontinuum.

3.5.2 Phase matching and gain of MI/FWM

To understand the continuum development in HF1040 as depicted in Fig. 3.5 we have
computed the phase-matching diagrams and gain curves for MI and FWM in this fibre.
The phase matching diagram is calculated by finding the roots of Eqn. 1.27 under the
constraints of Eqn. 1.26, both given in Chapter 1. Fig. 3.6 shows the result for HF1040
when both pump photons are at the same wavelength (pump degenerate). The solid
black line indicates the zero dispersion wavelength. The horizontal axis represents the
pump wavelength. The figure is read as follows: a vertical line drawn for a given pump

wavelength crosses the phase matching curves at two points, the vertical coordinate of
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Figure 3.7: (numerical) FWM gain for two processes. The blue curve is the
MI gain for a 10 kW pump at 1.06 um. The red curve is the gain for a non-pump
degenerate FWM process with 10 kW at 1.06 ym and 1 kW at 0.92 ym.

these crossings indicate the Stokes and anti-Stokes wavelengths that phase match for
the given pump wavelength. Three curves are drawn for three power levels. At pump
wavelengths longer than the zero dispersion wavelength (anomalous dispersion), the
phase matching is very strongly power dependent. This is the MI regime. This regime is
characterised by relatively small Stokes/anti-Stokes frequency shifts, though for a 10 kW
pump, the shift has already extended to 41 THz (anti-Stokes and Stokes wavelengths
0of 0.92 and 1.24 um respectively). In the normal dispersion region the phase matched
wavelengths are very strongly dependent on the pump frequency, but far less dependent
on the pump power; this is due to the dominant contribution of waveguide dispersion to
the phase matching curves in this region. Here we see very wide phase matched frequency
shifts (for example, the dashed black curve shows phase matching between 0.6 and 2.2 ym,
a Stokes shift of 179 THz). Such wide frequency shifts, a unique property of the very strong
waveguide dispersion of PCFs have been used to form broadly tunable parametric devices
[Hus02; Che05; And04; Sha02; Har03; Won05; Yul04; Bia03].

Fig. 3.7 shows the gain for two FWM processes. The blue curve is the MI gain for a
10 kW pump at 1.06 ym. From this process there is significant gain over a very broad
bandwidth (over 80 THz). The peak anti-Stokes gain is at 0.92 ym, which is in the normal
dispersion region, and can thus seed conventional FWM processes. If the signal builds
up here appreciably, then a second FWM process can occur with one pump photon at

0.92 ym and one at the original pump wavelength of 1.06 um (note that this is not a pump
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3.5 Supercontinuum generation in HF1040

degenerate process) The red curve shows the gain for this process. The anti-Stokes and
Stokes components of this process are at 0.68 and 1.76 um respectively. Given the broad
bandwidth of the MI gain, a large number of these secondary FWM processes will occur,
and because of the large frequency shifts associated with them, and the fact that they
will all be at slightly different wavelengths, a broad and smooth supercontinuum can
form. The dynamics of this generation process are analysed with the help of numerical
simulations in Section 3.5.4. First we look at possible limits to the supercontinuum

bandwidth, imposed by the limits of this mechanism.

3.5.3 Limits of supercontinuum generation via FWM

What is the bandwidth limit of supercontinua generated by cascaded FWM? Either the full
bandwidth allowed by the phase matching curve will be utilised, and therefore no further
spectral expansion by this mechanism can occur, or loss will limit the range of frequencies
which can be generated. We can understand this later case by analysing the coupled
equations which describe the four wave mixing between the pump (E;, E»), Stokes (E;)

and anti-Stokes (E,) field envelopes [Agr01], given in Eqns. 3.1 to 3.4.

0,E, = ——E1+zy(|E1| +2 Y Bl )E1+17/2E2E3Ea iAkz 3.1)
k#1

0.8 = —LEs+iv(|EaP+2 L |E?)Er+ iy2E] BoEge™"* (5.2)
k#2

0,E; = ——E5+ly(| s +2 Y IEGP)Eg+ iy2E By By Ak (3.3)
k#s

0,E, = —7Ea+1y(|Ea|2+ZZ|Ek|2)Ea+172E1E2E ¢ ibkz (3.4)

— k7 . FWM
loss SPM and XPM

As indicated in Eqn. 3.4, the first term in each equation accounts for loss, the second for
the nonlinear phase shift induced by SPM and XPM and the last for an additional phase
shift and gain. The most important fact about these equations is that the gain experienced
by the anti-Stokes component depends not only on the pump field, but also directly on
the Stokes field. This indicates that strong Stokes attenuation limits the growth at the
anti-Stokes side of the continuum. If the Stokes component of a particular phase matched
pair is strongly attenuated then the anti-Stokes component will not experience significant
gain. This is illustrated in Fig. 3.8 which is produced by numerically solving Eqns. 3.1
to 3.4 for some parameters comparable to the second or third step in a cascaded FWM
process. Even if significant power is seeded into the anti-Stokes wave, no significant gain
is observed if the Stokes attenuation is high. Now the question is how strong can the

Stokes attenuation be, and at which wavelength? There are two sources of loss to long
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Figure 3.8: (numerical) Simulated evolution of anti-Stokes power through a
fibre in a perfectly phase matched FWM process for different values of attenua-
tion of the Stokes wave. With a pump power of 20 W, anti-Stokes seed power of
0.1 W, no Stokes seed power and nonlinear coefficient of y = 100 Wlkm™!. The
attenuation for all waves other than the Stokes was neglected.

wavelengths in PCFs. Waveguide losses can become extremely strong as field confinement
decreases, leading to what is known as confinement loss. We analyse this source of loss in
Chapter 4, when discussing tapers; using the same techniques we have estimated that for
fibres similar to HF1040 the confinement loss is below 1 dB/km for wavelengths shorter
than 2.8 um, therefore it is not relevant here. The other major source of loss is absorption
losses, particularly due to water on the air-silica interface. These become particularly

significant beyond 2.2 um. Loss values of well over 100 dB/m are realistic.

Therefore Stokes attenuation will place an upper limit on the supercontinuum band-
width achievable. For example, considering Fig. 3.6 once again, the dashed black line
indicates the pump degenerate FWM process where the Stokes wavelength is at 2.2 ym.
This process phase matches with an anti-Stokes component at 0.6 um. If the Stokes losses
beyond 2.2 um are prohibitively high, then supercontinuum generation to wavelengths
shorter than 0.6 um will not be possible via FWM. In addition, there is a fundamental
limit to the anti-Stokes phase matched wavelength, imposed by the fibre dispersion curve.
However, the calculations that we have performed indicate that this limit is not reached up
to Stokes wavelengths of 3.0 um, corresponding to an anti-Stokes wavelength of 0.53 um.
But other mechanisms can push the continuum to shorter wavelengths, in particular

cross-phase modulation and soliton effects which will be discussed in the next section.
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Figure 3.9: (numerical) Frequency domain results of simulations of 16 kW
pulses propagating through 0.7 m of HF1040. Colour scale: —60 Il 0 dB.

Although this analysis is highly simplified, and the process in the actual experiments
is likely to be considerably more complicated, the general features of the experimental
results in HF1040 are well explained by the ideas discussed above. In particular, the steady
expansion of the continuum with increasing power, as shown in the experimental results
of Fig. 3.5 fit well within this model. More significantly for the aims of this chapter, the
short wavelength limit, understood in terms of Stokes loss and FWM phase matching

agrees well with the experimental results.

3.5.4 Simulations of supercontinuum generation in HF1040

The previous sections have given an overview of how MI/FWM has the required character-
istics to form supercontinua with our pump and fibre parameters. In this section we look
at simulations of the supercontinuum development.

We modelled the pump field as described in Section 3.3, with a reduced power to agree
with what was actually coupled into the PCF. The field was then propagated through the
0.7 m of HF1040 using the GNLSE, as described in Section 1.4.4.

Fig. 3.9 shows the simulated spectral evolution for 16 kW pulses propagating through
HF1040. The simulations have reproduced the spectral extent and flatness of the experi-
ments remarkably well, given the complexities of the pump pulses. The speckled nature
of the spectral density is due to the single shot simulation and would be smoothed out if
multiple shots were averaged as is done in a spectrum analyser which has an integration

time of around 1 ms. Although these simulations cannot be directly compared to Fig. 3.5
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Figure 3.10: (numerical) The early stages of supercontinuum development
in the frequency domain, showing the side lobe development corresponding to
the MI gain region. For clarity these data have been smoothed with a 5 nm filter.

which shows the power evolution of the supercontinuum, some correspondence can be
observed due to the simplified idea that most nonlinearities respond to a power-length
product. The fact that a sudden spectral development followed by a more proportional
spectral expansion is observed in both cases adds to the validity of using these results as
an aid to understanding the processes involved in the supercontinuum formation.

To that end we now look at the early spectral evolution in the simulations. Fig. 3.10
shows the simulated spectra in the first few centimetres of fibre. Here the MI side-lobes
are very clear and correspond well to the MI gain curve shown in Fig. 3.7. After only 8 cm
of propagation, the MI side-bands are beginning to reach the same order of magnitude as
the pump. Once again, it should be noted that these are single shot spectra.

After about 10 cm of propagation, when the MI sidebands are approximately equal
in magnitude as the pump, the input pump pulse in the time domain breaks up into
ultrashort sub-pulses. Fig. 3.11 shows a perspective plot of this process. The input peak
power was 16 kW. After 15 cm, the peak pulse powers of the sub-pulses formed through
MI have exceeded 90 kW. The increased peak power significantly aids the FWM process
through higher gain, this is why after the MI formation the FWM based expansion is so
explosive. On a more subtle level, the individual fundamental solitons collide with each
other - as we discussed in the case of CW supercontinuum generation in Chapter 2. The
result of soliton collisions is to transfer energy from the soliton with lowest energy, to
the other through inter-pulse Raman scattering [Chi89; Isl89a; IsI89b]. This leads to a
compression of the high energy soliton. As the duration of these dominating solitons
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Figure 3.11: (numerical) The early stages of supercontinuum development
in the time domain, showing the breakup of the input pulse into very short and
high peak power solitons.

decreases, their spectra broaden, leading to a more efficient intra-pulse Raman scattering.
Thus the high-power solitons that form walk to longer wavelengths, and are delayed
(through decreasing group velocity at these wavelengths). This process leads to further
collisions. The combined result is that several very high energy solitons form out of the
original pulse break up. These are very short and have very high power and push the
continuum expansion to longer wavelengths through intra-pulse Raman scattering than
the pure FWM process would do. Fig. 3.12 shows a plot of the time domain over the whole
0.7 m length of HF1040. After the initial break up has occurred, the curving lines of the
high energy solitons can be observed where they collide and shift to longer wavelengths
and are further delayed. After 0.3 m of propagation the strongest of these solitons have

completely walked off from the original pump pulse.

Apart from pushing the long wavelength edge of the continuum, these solitons can also
play a role in extending the short wavelength edge. This can be through several processes
mediated by XPM or FWM. To understand these processes we look at spectrograms of
the field as it propagates along the fibre. Fig. 3.13 shows spectrograms at 6 locations
through the fibre. Fig. 3.13(a) shows the initial pump spectrogram. Here, the SPM caused
nonlinear chirp is evident across the pulse. After 0.07 m of propagation, the MI sidelobes
appear on either side of the pulse in the frequency axis (Fig. 3.13(b)). After just 0.2 m
of propagation the explosive FWM growth is seen, but no significant temporal delay is
observed. However, careful examination of Fig. 3.13(c) shows the field splitting in the
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Figure 3.12: (numerical) Time domain results of simulations of 16 kW pulses
propagating through 0.7 m of HF1040. Colour scale: — 16l 0 dB.

time-axis. In the following frame (Fig. 3.13(d)), several high power solitons can be seen
on the long wavelength edge of the pulse and they are beginning to walk off due to group
velocity delay (these are clearly evident as the intense, red ellipses). The whole continuum
is now shaped as an arc in the time domain due to the changing group velocity across the
spectrum. Fig. 3.13(e) shows the spectrogram after 0.5 m. Here the solitons are clearly
visible and are significantly delayed. It also becomes clear that a coupling of these solitons
to localised parts of the short wavelength edge of the supercontinuum is occurring. These
features have been understood as trapping of dispersive radiation by the intense solitons
through FWM [Gor06; Skr05], or spectral broadening through XPM [Gen04a]. The effect
of these processes is to push the short wavelength edge of the continuum to shorter
wavelengths than achievable purely through quasi-CW FWM. We analyse these processes

in greater detail in Chapter 4 where they play a more dominant role.

3.6 Pumping fibres with shorter zero dispersion
wavelengths

Our analysis in the previous section determined that the blue edge of the supercontinuum
was limited by the Stokes losses on the red edge. An obvious first step to overcome
this problem is to use fibres where phase matching of the blue spectral components is
achieved with shorter Stokes wavelengths, so that the Stokes loss is not so high. Fibres

with such characteristics are easily designed, they simply need a shorter zero dispersion
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Figure 3.13: (numerical) Spectrograms of the picosecond pumped field as it
develops through HF1040. Colour scale: —40 I M0 dB.

wavelength. Fig. 3.14 shows the phase matching curve for one such fibre. This fibre has a
zero dispersion wavelength around 0.81 ym and we call it HF810. It has parameters d/A =
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Figure 3.14: (numerical) Phase matching diagram for pump-degenerate four
wave mixing in HF810 for increasing pump powers. A vertical line from a given
pump wavelength crosses the phase matching diagram at two points, from which
horizontal lines indicate the Stokes and anti-Stokes phase matched wavelengths.
The dashed black line indicates the process pumped at 0.74 ym, which phase
matches with 1.82 and 0.46 ym.

0.97 and A = 4.3 um. In this fibre an anti-Stokes wavelength in the blue at 0.46 ym is phase
matched with a Stokes wavelength of 1.82 ym when pumped at 0.74 pm. Thus the required
Stokes wavelengths are in a relatively low loss region of the fibre and supercontinuum

generation to the blue would be expected.

We pumped three fibres which had promising phase matching curves, with zero dis-
persion wavelengths at 0.66, 0.78 and 0.81 um respectively; labelled HF660, HF780 and
HF810 (HF660 and HF810 were supplied by Blaze Photonics, HF780 was supplied by
Crystal Fibre). The pump conditions were identical to the previous results reported above.
Fig. 3.15 shows the results achieved at a pump power of approximately 12 kW coupled
into the fibres. It is clear that no significant up-conversion to wavelengths shorter than
the pump is achieved, while significant power is shifted to longer wavelengths. Although
water loss at 1.38 um curtails the development of the continuum in HF660. The reason for
the lack of up-conversion can be understood from the MI side-band locations of these
fibres. Referring back to Fig. 3.14, for 10 kW at 1.06 um, the MI sidelobes are located at
0.97 and 1.17 ym. Thus there is no significant transfer of power to wavelengths shorter
than the zero dispersion wavelength of these fibres from a 1.06 ym pump source. Instead,

the efficient MI breaks the pulse up into ultrashort solitons, as described before, and these
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Figure 3.15: (experimental) Spectrum measured after directly pumping PCFs
with shorter zero dispersion wavelengths than HF1040 with the picosecond laser
source at ~12 kW pump power.

shift to longer wavelengths through intra-pulse Raman scattering.

3.7 Supercontinuum generation in cascaded PCFs

From the above analysis we knew that HF780 or HF810 should generate a blue super-
continuum if pumped in the correct region of normal dispersion. However, as discussed
earlier, we are using a fibre laser at 1.06 um for the high spectral power it can provide.
Noting that the supercontinuum in HF1040 acted to efficiently up-convert our pump laser
to wavelengths as short as 0.6 um, we developed the technique of pumping the second
fibre, HF780 with the continuum generated in the first fibre HF1040. Due to the high
spectral power between 0.6 and 0.9 um from the first fibre we expected the cascaded FWM
process to continue in the second fibre.

The use of cascaded fibres had previously been reported, but with considerably different
aims and outcomes. In [Hor04], cascading was used in a continuum dominated by soliton
dynamics (100 fs pump pulses) to obtain a smooth continuum due to the different soliton
propagation characteristics in the different fibres. Another report [Nis02b] used hollow
capillaries of 300 um diameter. The technique was based on bulk compression between
gas filled capillaries to get larger spectral broadening of 25 fs pulses. In contrast, we
use multiple fibres to extend rather than smooth the continuum, and in a very different

propagation regime dominated by FWM. Our technique is similar in spirit to the use of
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Figure 3.16: (experimental) Spectrum measured at the output of HF660 and
HF810 and HF780 when pumped in the cascaded fibre setup. The pump power
to the 0.7 of HF1040 was ~12 kW.

tapered conventional fibres or PCF such as those reported in [Tei05a; Tei05b; Bir00; Lu05],
but we have a greater flexibility in fibre length and quality.

Our experimental setup for these experiments was identical to that used above, except
the second PCF was spliced directly to HF1040. We discussed in Chapter 1 the difficulties
of splicing between PCF. The technique we used, with intermediate mode-field matching
fibres resulted in splice losses from HF1040 to our secondary fibres of between 1.0 and
1.8 dB.

The results for pumping HF660, HF810 and HF780 with the output of HF1040 are
shown in Fig. 3.16. In all cases we have achieved a continuum which extends below
0.45 pm, which is well across the blue spectral region, in stark contrast to the results
in Fig. 3.15. Compared to many previous reports of supercontinuum generation these
spectra exhibit remarkable spectral width and relative flatness. However, for HF660 and
HEF810 the spectral flatness is still only 20 dB, a factor of 100 on a linear scale. This would
not be useful for many applications, in addition, the resulting spectral power was quite
small, caused both by the roll-off in efficiency of the supercontinuum and losses in the
fibres. In contrast, the results with HF780 are considerably smoother, although there is a
cut-off on the short wavelength edge around 0.44 ym. In the next section we will find that
this is due to the second zero dispersion wavelength in this PCE which is at 1.56 ym. In
fact, evidence of this second zero dispersion point can be seen in Fig. 3.16 where there

is a peak in spectral power just before this wavelength, followed by a small dip in the
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Figure 3.17: (experimental) Linear spectral power at the output of 10 m of
HF780 in the cascaded fibre setup. The blue curve was measured with an Anritsu
OSA, the red curve with a grating spectrometer and PbS detector.

spectrum. The peak is due to the gathering of solitons that cannot shift further due lack of
anomalous dispersion beyond this point. Beyond the second zero dispersion wavelength,
there is another large peak in spectral power due to the dispersive waves formed from the
solitons hitting the second zero dispersion wavelength. These features are clearer on a
plot of linear spectral power as shown in Fig. 3.17. The first point to note is that even on a
linear scale the continuum is reasonably flat; there is considerable spectral power across
the whole range between 0.45 and 1.95 ym. In particular there is over 0.5 mW/nm across
the visible region with a strong peak of over 2 mW/nm in the blue. As we just noted, on
the long wavelength edge there is a very strong peak at 1.74 um, formed after the second
zero dispersion wavelength. These long wavelength measurements were made with a

spectrograph and a PbS detector.

Fig. 3.18 shows the evolution of spectral power as the pump power into the cascaded
setup with HF780 is increased. We see that the long wavelength edge develops almost
immediately as the power increases. The short wavelengths develop only after the long

wavelength region is established.
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Figure 3.18: (experimental) Evolution of supercontinuum spectrum with
increasing peak pump power in 0.7 m of HF1040 spliced to 10 m HF780. Colour
scale: —40HlE 0 dBm.

3.8 Further studies of the cascaded supercontinuum
generation

3.8.1 Properties of HF780

Before studying the processes in HF780 any further we must consider the fibre disper-
sion profile and phase-matching curves. Fig. 3.19 shows the group velocity dispersion
curve and nonlinearity of HF780. The dispersion zeros are at 0.78 and 1.57 um. At the
pump wavelength of 1.06 um, the dispersion is 70 ps nm~'km™! and the nonlinearity
is 69 W~ 'km~!. PCFs with two zero dispersion wavelengths have been studied exten-
sively because they have some unique properties [Fro05; Gae02; And04], including closed
phase matching curves. It is only with the very tight confinement and strong waveguide
dispersion of small core PCFs that a second zero dispersion wavelength is within the
transmission region of silica, as we discussed in Section 1.4.1. Fig. 3.20 shows the full
phase matching curve for HF780. Due to the two zero dispersion wavelengths, the curve
is closed and phase matching is possible in the anomalous dispersion region without the
assistance of nonlinear phase shifts. One interesting point arising from the closed phase
matching curves, which will also apply to fibres without two zero dispersion wavelengths
in the silica transmission window, is that there is an absolute shortest wavelength which
will be phase matched via FWM, regardless of arguments relating to attenuation. Fig. 3.21

shows the phase matching curves around the short zero dispersion wavelength of HF780.
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Figure 3.19: (numerical) Group velocity dispersion and nonlinear coefficient
of HF780.
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Figure 3.20: (numerical) Phase matching curve for HF780 with zero pump
power.

Using this curve, we can analyse some of the features in the spectra shown in Fig. 3.17.
Firstly we note that the blue peak at 0.48 um is directly phase matched with the peak at
1.74 pm with a pump wavelength of 0.764 um. The reason that this process is so efficient,

above all others, is due to the halting of the soliton shift caused by the second zero disper-
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Figure 3.21: (numerical) Close up of phase matching curve for HF780 show-
ing the region around the short zero dispersion wavelength.

sion wavelength. The interaction of a red-shifting soliton and a second zero dispersion
wavelength has been studied extensively [Skr03; Fro05]. It leads to a halting of the soliton
red-shift and the generation of a dispersive wave at a fixed resonant wavelength in the
normal dispersion region beyond the zero dispersion wavelength. The exact wavelength
depends on the fibre dispersion and also on the soliton power. In HF780 the dispersive
wave is generated at 1.74 yum. This wavelength region is fixed and the soliton and dis-
persive wave remain there for further propagation and so it serves as a Stokes source,
enhancing the anti-Stokes signal in the blue spectral region.

From Fig. 3.18, it is clear that at low powers (or, approximately equivalently in short
fibre lengths at a constant high power), the long wavelength edge is initially formed,
including the non-solitonic component around 1.74 ym. After further propagation, the
short wavelengths appear suddenly, not gradually as was the case in HF1040. This occurs
when the continuum in the first fibre HF1040, has reached the spectral region required
for pump wavelengths where FWM phase matching in the second fibre can occur. This
is confirmed in Fig. 3.22, where the shorted wavelength in each continuum is plotted
against input pump power. At first the continua extend in a similar manner as pump
power is increased. However, at around 6 kW of pump power, the continuum from HF1040
reaches wavelengths around 0.78 pum, the region required for FWM to the blue in HF780.
At approximately the same power, the blue generation in HF780 occurs, confirming
that FWM is a good explanation for this process. We also confirmed that the blue light

generated was in the fundamental mode of the fibre by filtering and measuring the far
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Figure 3.22: (experimental) Short edge of the supercontinua from 0.7 m of
HF1040 (blue circles) and from 0.7 m of HF1040 spliced to 10 m of HF780 (red
triangles) with increasing peak pump power.

field pattern, so considering only single-mode FWM processes is valid.

It is worth noting that the intense blue light is a direct result of the second zero disper-
sion wavelength. If there were no second zero then a smoother continuum would result
which may be advantageous. For example, the continuum generated in HF810 (Fig. 3.16)
does not have a sharp peak and rolls off smoothly on the blue edge of the spectrum -
though it does not have as high spectral power. Alternatively, tailoring of the second
zero dispersion point would allow one to selectively enhance certain areas of the visible

continuum should this be desired.

3.8.2 Temporal measurements of the cascaded supercontinuum

Apart from spectral power, flatness and extent, another parameter of key interest is pulse
duration. Although we were not attempting to generate temporally coherent, or ultra-
short supercontinua, the pulse durations at the output are of interest for applications like
fluorescence lifetime measurements for example. We measured the temporal duration
of filtered pulses from the continuum. The continuum was passed through a grating-
based monochromator to filter the light; the spectral bandwidth of the filtered pulses was
approximately 4 nm. After the monochromator, the pulses were either measured with a
spectrum analyser, or a streak camera.

Fig. 3.23 shows the results of this experiment. It is interesting to note the distinct shape
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Figure 3.23: (experimental) FWHM pulse duration measured with a streak
camera across the visible spectrum (left axis, red circles), relative spectral power
is shown for orientation (right axis, blue line).

of the pulse duration measurements and the fact that it corresponds to certain spectral
features. The resolution of the streak camera was 25 ps and for wavelengths longer than
0.8 um the pulses were shorter in duration than this. This is to be expected, as pulses in
the anomalous dispersion region will form solitons and propagate without broadening
significantly. The longest pulse duration was 78 ps which is significantly broadened
compared to the input pulse duration. This is due to the large dispersion in the blue
region of this fibre of over 500 ps nm~'km™! at 0.48 um. From Fig. 3.18 we can estimate
that the continuum forms in a shorter length than the full 10 m we used. If the pulse
duration needed to be much shorter, we can shorten the fibre length to mitigate some of
the dispersion. The fact that the duration is longest in the region that corresponds to the
highest spectral power in the blue is probably due to the fact that these spectral regions
form more quickly in the fibre and hence pass through more dispersive fibre before the
output. This is confirmed by Fig. 3.24 which shows that the pulse duration at 0.48 ym
increases with increasing pump power and we can reasonably expect that at higher peak
power the blue spectral region will form earlier in the fibre.

One final point of interest from the streak camera measurements is that of the delay of
the pulses. When discussing the spectrograms in Fig. 3.13 we observed the delaying of the
long and short edges of the supercontinuum and accounted for it by group velocity delay.
To confirm this experimentally we measured the delay against wavelength using the streak

camera. Fig. 3.25 shows the results, plotted alongside the group velocity calculated using
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Figure 3.24: (experimental) Pulse duration at 0.477 pm measured after the
monochromator for increasing peak pump powers.
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Figure 3.25: Group velocity calculated from streak camera measurements
(red circles) and from the calculated propagation constant (blue line), across the
visible spectrum.

the MPB software. We see excellent agreement in the measurement region, confirming
that linear processes are largely responsible for the delay of different spectral regions
of the supercontinuum. From the calculated curve we can also consider group velocity

delay between the wavelengths we claim to be active in FWM processes, if the delay is
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Figure 3.26: (experimental) Intensity autocorrelation of the continuum
around 1.55 pym.

too great then the components will walk off from each other before FWM can occur. We
find that the walk off length (the length required for the pulses to walk half-off from each
other) for 1.74 and 0.48 ym wavelengths is approximately 0.2 m. This length is easily
sufficient for FWM to occur and also indicates that the majority of the 10 m HF780 fibre
is not required for the blue generation. Another point of interest is that the wavelength
that has exactly the same group velocity delay as the 1.74 ym region is 0.52 ym. This
can explain two points. Firstly it explains the second peak in the pulse duration against
wavelength curve (around 0.5 ym in Fig. 3.23), this region is matched in group velocity
and although efficient conversion does not occur, continuous conversion throughout
the fibre can occur. As the 1.74 ym region will be delayed, the generated 0.52 ym will
be smeared in the time domain leading to the longer duration of this region. Secondly,
it explains the broadening of the blue peak around 0.48 ym. Only the sharpest point is
directly phase matched and from the duration measurements can be seen to be generated
early in the fibre, but the region just longer than this in wavelength, say 0.49 um, although
not so well phase matched, is matched better in group velocity, so the FWM process has
longer to generate the anti-Stokes wavelengths. This leads to the broadening of the blue
peak to longer wavelengths. This also agrees with the fact that only the blue edge of the
blue peak is long in duration, the red edge of the blue peak is of much shorter duration.
Fig. 3.26 shows an intensity autocorrelation taken at approximately 1.55 ym. This region
is anomalously dispersive and hence solitons formed in the initial MI process should exist.

Here we see confirmation of this, as after 10 m of propagation the pulse duration is still
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less than 100 fs. The high pedestal is due to the non-uniform generation of solitons from

pulse to pulse and intra-pulse as they form through MI.

3.9 Recent developments and future enhancements

Since the work described above was carried out, a second approach was developed which
also uses a cascaded PCF scheme. In this case the first fibre was designed so that the pump
was directly in the normal dispersion regime [Xio06]. In this paper, the pump source was
at 1.06 um but the first fibre had a zero dispersion wavelength of 1.103 ym. This resulted
in direct FWM to around 0.742 um, with relatively little broadening. The 0.742 ym signal
was then used to pump a second fibre with a zero at 0.7 um producing a broad and flat
continuum across the visible spectrum. Although in this case the spectral power was not
high, using this scheme with the picosecond laser described here, higher powers could be
achieved.

However, these results have been completely eclipsed by the development of super-
continuum generation in long tapered PCF. This technique has led to the generation of
blue and ultra-violet wavelengths in a very flat supercontinuum with remarkable spectral

power. We describe it in detail in the next chapter.

3.10 Conclusion

The use of high average and peak power fibre lasers, with picosecond or nanosecond
pulses, to pump PCF allows the development of very high spectral power and spectrally
flattened supercontinuum sources. In this chapter we developed a thorough under-
standing of the visible supercontinuum generation mechanism in the high peak power
picosecond pump regime, and using this knowledge developed a method which uses
cascaded PCFs to extend 1.06 um pumped supercontinua to the blue spectral region.
The best result spanned from 0.44 to 1.9 um with 10 dB peak to peak flatness and a total
output power of 1.2 W. The idea of changing the fibre parameters in the direction of
pulse propagation by cascading PCFs, naturally leads to the idea of PCF tapers, which is

discussed in detail in the next chapter.
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4 Ultra-violet to mid-infrared
supercontinuum generation in
tapered PCFs

4.1 Introduction

In this chapter we consider how continuous longitudinal variation of dispersion and
nonlinearity along a fibre can be used to further enhance the supercontinuum extent.
In the previous chapter we concentrated on the optimisation of dispersion for phase
matching of four wave mixing to the blue part of the visible spectrum and achieved this
by using two different fibres in a cascade. The work in this chapter was originally inspired
by this cascaded approach and was an attempt to make the process continuous in the
hope that the efficiency and power transfer would be improved. It was later found that
tapered fibres have other more subtle benefits useful for pushing the supercontinuum
much further into the UV spectrum than expected from FWM alone.

4.1.1 A review of tapered optical fibres

Tapered fibres add an extra degree of control over both the linear and nonlinear prop-
agation characteristics of a fibre by adding a longitudinal variation of fibre parameters.
They were being discussed and analysed as early as 1970 [Sny70]. However their use for
controlling propagation characteristics via dispersion and nonlinearity was not discussed
until the late 1980s [Taj87]. Subsequent to this a great deal of work went into the design
and use of tapered optical fibres, primarily for adiabatic soliton compression, which is the
subject of the next chapter.

From the beginning of the work on tapers there have been two techniques to fabricate
them - either during manufacture or by post processing the fibre. During manufacture the
speed at which the fibre is drawn and other drawing conditions determine the transverse
fibre structure; this technique can produce arbitrary long tapers at the expense of loosing
control on very short length scales. Subsequent to manufacture, heating of the fibre and

stretching can be used to reduce the transverse fibre dimensions; this can be used to
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precisely control small tapered regions of fibre. The next two sections briefly review results

obtained with these two techniques with a focus on supercontinuum generation.

Post-processed fibre

Heating and stretching fibres to make tapers was first used for mode-matching, fused
fibre couplers and other optical components. A detailed model of this tapering process
which allows for the design and production of a wide range of taper shapes was given in
[Bir92; Ken91]. In [Mar87] it was shown that the fundamental mode was preserved if the
tapering process was smooth enough.

Initial use of these short tapers for nonlinear optics utilised the enhanced nonlinearity
for SPM [Dum93]. Following this, active devices were made with short tapers by making
the evanescent field escaping from the taper waist region overlap with a dye which was
used to provide gain [Pen93]. The use of tapered PCF to interface to small core PCF was
demonstrated in [Cha01], a particular use of the resulting high dispersion taper was to
shift solitons by the self-Raman effect.

For post-processed fibre tapers, PCF has a distinct advantage over normal fibre because
it can be manufactured to maintain a stronger outer cladding. With normal fibre, tapered
to micron sized cores, the cladding and core of the original fibre become indistinguishable
and hence the field is guided purely in the glass, clad by the surrounding air. This makes
these devices extremely delicate and sensitive to the environment as a significant fraction
of the power is contained in the evanescent field. This feature has been utilised, as
noted above, to achieve gain or as environmental sensors. For example, in [Zha04] it was
proposed to use tapered fibres passing through carefully selected liquids to tailor the
dispersion properties of the fundamental guided mode by carefully selecting the liquid
refractive index and taper core size. But this sensitivity to the environment can lead to
significant impediment for robust device construction. Post-processed PCF tapers can
avoid this if the taper initially has a large air-filling fraction and pressure is maintained
during the stretching process. In this case the core can be shrunk while the surrounding
silica-air cladding remains intact to provide a protective layer. It should be noted, however,
that the dispersive and nonlinear properties are very similar between the two, behaving
like a silica strand in air.

The use of tapered standard single mode fibre for supercontinuum generation was
actually demonstrated after PCFs had been used [Ran00b], although the technology was
available a decade before. In [Bir00; Wad02] a fibre with a short taper transition and very
short, 95 mm, waist region was used for continuum generation. In [Wad02] the resulting
continuum from a tapered standard fibre is compared to that from a very high air-filled

PCE both with a core diameter of ~ 2 um . They both produced very similar results, a broad
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continuum across the visible spectrum, with 200 fs pump pulses at 0.75 to 0.85 ym pump
wavelength. Similar tapers were used with 30 fs pump pulses at 1.25 ym [Aki02] generating
spectral components into the blue. It should be noted that supercontinuum results with
these short tapers are generally achieved with femtosecond scale pulse durations to allow
the dispersion lengths to be comparable to the fibre lengths. Longer tapers would be
required for picosecond or longer pulse durations. In addition, no deliberate use is made
of the transition region, i.e. of the changing fibre conditions. Instead the tapers are used

to efficiently pump small core, highly nonlinear fibre, avoiding coupling loss.

In [Har02] tapered standard fibre was used to move the second zero dispersion wave-
length to around 1.2 ym and supercontinuum generation was studied around this spectral
region. In [Ls04] standard fibres and PCFs were both tapered to sub-micron core diame-
ters. In such structures the nonlinearity is of course very high, but more importantly the
dispersion curves are similar to an inverted parabola, i.e. there is a peak value, typically in
the visible spectral region around 0.5 to 0.6 um and the dispersion falls off to either side.
Such structures can have interesting phase-matching properties [And04], in particular
they allow close phase-matching of processes contained within the visible spectral region,
making them interesting for the study of supercontinuum generation. The specific results
in [Ls04] lead to a supercontinuum between 0.37 and 0.65 pm. Soon afterwards, tapered
microstructured fibres with a sub-wavelength core diameter were used [Fos04]. One
important point made in this work is that the effective area of the fundamental mode does
not decrease indefinitely with shrinking core size, but will start to expand when the core
is much smaller than the wavelength. Thus relentlessly tapering a fibre does not lead to
greater nonlinearity. In [Fos04] the optimal taper size for nonlinearity was selected and
supercontinuum generation with very low energy pulses achieved. However, the result-
ing continua were limited by non-optimal dispersion profiles. Care must be taken with
tapered fibres as an excessive taper will not be optimal for nonlinear processes to occur.
Further work by the same group [Fos05] showed that the effects of waveguide loss due to
the large evanescent field significantly alters the supercontinuum spectrum. Following
this, [Sum06] showed that a silica strand would effectively stop guiding light when it had
a diameter about an order of magnitude smaller than the radiation wavelength.

Refinements to the manufacturing procedure have been made recently. In [Wad05] a
technique is described where by pressurising and then heating an existing PCF different
air-filling fractions could be obtained; they used this technique to produce a smooth

interface from an endlessly single mode fibre to a very small core supercontinuum fibre.

When using extremely short pump pulses, then the changing dispersion in the taper can
be used to control continuum generation. This was first demonstrated in [Lu05] where

dispersion was tailored over millimetre length scales to specifically enhance selected
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spectral regions across the visible spectrum. This was achieved by altering the phase-
matching conditions for soliton emitted Cherenkov radiation and four wave mixing. On
the other hand, [Tei05b] used a single standard fibre with multiple tapered regions to
enhance the nonlinear interaction length. This enabled them to use longer pulses (~ 10 ps)
to pump the continuum whereas most previous demonstrations had used femtosecond
pulses. They did not however, study how using a series of different tapers (with say
decreasing core diameter) would enhance the broadening, or utilise the actual changing
tapered regions.

Apart from supercontinuum generation, tapered fibres have been investigated in other
interesting ways. In [Mag04] it was studied how the photonic-band gap of a photonic-band
gap fibre can be shifted by tapering the PCF structure. In [Ton03] extremely small silica
strands were manufactured using a two stage tapering process. Highly uniform 50 nm
diameter strands were reported and used to guide light at 0.63 ym. Such small tapers
are of no use to supercontinuum generation, but could be very useful in nanophotonic

devices or as sensors as they have very large evanescent fields.

Tapers manufactured during fibre drawing

In contrast to the post-processed fibres, fibres tapered at the drawing tower can be as
long as the fibre drawing equipment permits — up to tens of kilometres. This allows for
slower and more controlled transitions and allows for changing the fibre characteristics as
the supercontinuum develops, something only possible with ~10-100 fs pulses with post-
processed fibre tapers [Lu05]. This leads to an extra degree of control on the nonlinear
processes which can be achieved. The predominant application of such control has been
for adiabatic soliton compression which we discuss in detail in the next chapter. But more
recently these fibres have been used for supercontinuum generation.

In [Mor97] numerical simulations and experiments showed that by pumping at the
central dispersion peak of a double-zero dispersion fibre which is dispersion decreasing,
a very flat supercontinuum can be formed. This agreed well with experiments. The
mechanism was described as being similar to adiabatic soliton compression where the
pulse broadens without acquiring significant chirp. As the dispersion decreases the
zero dispersion wavelengths in the fibre move closer together, limiting the region of
spectral broadening and thus flattening the spectrum. Work on generating highly stable
and coherent supercontinuum has also made use of dispersion decreasing fibre [TamO00;
Tam99].

In this chapter we discuss work on using long lengths of tapered PCF fibres manu-
factured at the drawing tower for efficient supercontinuum generation to the blue/UV

wavelengths from a 1.06 ym pump source. At the date of publication [Kud06; Tra06] this
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Figure 4.1: Scanning electron micrograph of the input to taper SCT1.

work represented unprecedented spectral power and smoothness for a visible/UV super-
continuum, and tapering PCF at the drawing tower was completely novel — a technique
which has subsequently opened new avenues of research.

The work reported in this chapter was done in close collaboration with the Centre
for Photonics and Photonic Materials, University of Bath where the PCF tapers were
manufactured in response to designs which we proposed. These long lengths of PCF

tapers were the first to be manufactured at the drawing tower.

4.2 Manufacturing and taper properties

4.2.1 Manufacturing

Our tapered fibres were drawn directly from a small (3 mm diameter) preform, by adjusting
the drawing parameters so as to decrease the outer diameter, while keeping the air-filling
fraction in the cladding almost constant. As a result the fibre pitch decreased by the same
fraction as the outer diameter, so that the outer diameter measurements acquired during
fibre fabrication give an accurate description of the variation of the pitch along the fibre
length. We drew a series of tapered fibres, under slightly different drawing conditions.

The detailed taper properties reported here are for the optimal taper for achieving a
flat and smooth supercontinuum across the visible spectrum. This taper is labelled SCT1.
Several other tapers were produced, providing enhanced UV generation, and results with
these are shown in Section 4.3.5. The dispersion and nonlinearity values quoted below
are taken from simulations of the fibre structure with the MPB software described in
Section 1.4.1.

4.2.2 Properties of the tapers

In this section we review the properties of the tapered PCFs which indicate why such fibre
is a good candidate for supercontinuum generation. An SEM image of the input to SCT1

is shown in Fig. 4.1, and Fig. 4.2 shows the variation of pitch of the taper with length. The
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Pitch / um

Taper length / m

Figure 4.2: (experimental) The pitch of SCT1 as it changes along the fibre
length. Calculated from optical microscope and SEM measurements.

air-filling fraction, parametrised by d/A = 0.71 was constant. The initial change in pitch
is quite steep and approximately linear with the fibre length. At the input itis ~ 4.5 yum
changing to ~ 2.1 um at 1 m. At around 0.75-1 m the rate of change of the fibre pitch slows
and for further fibre lengths tends towards a constant value of ~ 1.1 yum. The input values
correspond quite closely to the fibre HF1040 used as in the initial stage of the cascade in
the previous chapter. The second stage of the cascade corresponds to the parameters at a
length of approximately 1 m of the taper. These properties show clear advantages over
post-processed fibre, which cannot obtain the long transition regions shown here, of over

several metres.

In Fig. 4.3 we plot the calculated group velocity dispersion curves of SCT1 at various
positions along its length. For the large input pitch at the start of the taper, the zero
dispersion is very close to the pump wavelength of 1.06 um. As the pitch is reduced, the
dispersion at the pump wavelength is increased, the zero dispersion wavelength moves
shorter and eventually the second zero dispersion wavelength moves into our spectral
region of interest. Fig. 4.4 gives a better indication of how the zero dispersion wavelength
of the taper decreases with fibre length. It follows the shape of the pitch curve (Fig. 4.2)
initially rapidly moving to short wavelengths at the start of the fibre and then levelling off
atlonger lengths. At 1.5 to 2 m the taper has a zero dispersion which is the same as the

second stage of the cascaded fibre setup described in the previous chapter.

The changing dispersion curve directly affects the four wave mixing phase matching

curves of the taper. Some examples of the phase matching curves are shown in Fig. 4.5.
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Figure 4.3: (numerical) The calculated dispersion curves of SCT1 at various
lengths through the fibre.
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Figure 4.4: (numerical) The calculated zero dispersion wavelength of SCT1
as it changes along the taper length.

At the input of the taper, the curve is well suited to the initial supercontinuum dynamics.
Modulation instability in the low anomalous dispersion will have one sideband generated
in the normal dispersion and will then cascade into four wave mixing across a large
spectral region from the visible to infrared. As the pulse moves along the taper, however,
the phase matching curve changes allowing new four wave mixing processes to occur. At

the optimum curve shown (which is after 1 m of taper, this optimum is found from the best
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Figure 4.5: (numerical) Phase matching curves at three lengths through taper
SCT1.

supercontinuum extent from the results shown below), the phase matching curve spans
from 0.45 to 2.4 um whereas at the input the curve only stretches as short as 0.6 ym as in
HF1040. To see this more explicitly, the shortest phase matched wavelength through four
wave mixing is plotted as a function of taper length in Fig. 4.6. Again the shape of this curve
is similar to those of the pitch and zero dispersion wavelength. At fibre lengths longer
than the optimal curve shown in Fig. 4.5 the second zero starts to move into wavelengths
shorter than 2.4 ym and the phase matching curve closes into a loop (see again Fig. 4.5).
This enhances the range of pump wavelengths useful for wide frequency separations
of four wave mixing, but the approach of the second zero dispersion wavelength will
limit the long wavelength edge of the continuum and thus curtail the short wavelength

development.

Along with the changing dispersion and phase-matching curves, the reduction in pitch
along the fibre increases the nonlinear coefficient as the effective area shrinks. Fig. 4.7
shows the nonlinear coefficient at a wavelength of 1.06 um as it changes along the taper
length. Initially at ~ 15 W~ 'km™! it increases by nearly an order of magnitude by the end
of the taper. This will lead to a significant increase in efficiency for the nonlinear processes

involved in the supercontinuum generation.

Although the tapers clearly have many advantages compared to constant core fibres,
there are some disadvantages due to enhanced losses. Confinement loss at the long
wavelength edge becomes increasingly dominant as the pitch is reduced. This can be

understood simply: the waveguide becomes too small to contain the field at longer
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Figure 4.6: (numerical) The calculated shortest phase-matched wavelength
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Figure 4.7: (numerical) The calculated nonlinear coefficient of SCT1 at
1.06 pum as it changes along the fibre length.

wavelengths. The confinement loss of a PCF can be estimated from a model which treats
a PCF as a double clad fibre. The microstructured cladding is the inner cladding and the
surrounding silica represents the second cladding layer. Following [Kos05] the loss can
then be estimated from a pair of analytical equations which depend on the effective index
of the guided mode (n.¢y), the effective index of the fundamental space filling mode

(nrsm), the core size and the number of air-hole rings. We solved these equations with
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Figure 4.8: (numerical) The confinement loss from a 4-ring PCF similar in
structure to SCT1 (d/A =0.71 and 4 rings of air-holes), for different pitch sizes.

the values calculated from the analytical method described in Section 1.4.1. The resulting
confinement loss curves are shown in Fig. 4.8 for parameters similar to the SCT1 taper
(d/A =0.71 and 4 rings of air-holes) for a number of pitch sizes (1.1, 1.3, 1.5, 1.7 ym).
The confinement loss only becomes significant at wavelengths below 2 ym when the
pitch is reduced to below approximately 1.5 pum. In out tapers, this is for lengths beyond
4 m. The effect of the long wavelength confinement loss are visible in the results we show
below and are one limit to the tapered PCF supercontinuum extent. In addition, PCFs,
unlike conventional step-index fibres, can exhibit very significant short wavelength bend
loss [Bir97]. A number of analytical models of this process have been developed. In the
simplest, the critical bend radius, after which loss becomes significant (and for the bend
loss, the cut-off is indeed very steep) is given by another simple analytical equation, also
depending on n.fr and nrsp [Bir97; Mor03; Sor01]. To visualise the effect of this loss, the
critical bend radius is plotted with respect to wavelength for taper SCT1 for a number of
pitch sizes in Fig. 4.9. From this figure it is clear that the bend loss at short wavelengths is
reduced for smaller pitch sizes. This implies that the tapering process actually limits the
effect of bend loss in the blue/UV region, which, from Fig. 4.9 can be significant for bends
of a few millimetres in radius for the input pitch sizes. The converse effect is observed
for the long wavelength edge and hence additional losses will be incurred there at longer

propagation lengths through the taper.

In summary, the tapered PCFs clearly have many features — enhanced nonlinearity,

enhanced phase-matching curves for FWM, that change advantageously along the taper
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Figure 4.9: (numerical) The calculated bend loss for taper SCT1 for different
pitch sizes.
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Figure 4.10: Experimental setup used for pumping the tapered PCF for su-
percontinuum generation.

length — which indicates that they should be considerably better for supercontinuum

generation compared to constant core fibres.

4.3 Results and discussion

4.3.1 Experimental setup
Picosecond pumping

The experimental setup used for pumping the supercontinuum is shown in Fig. 4.10.
The picosecond laser, which was the same as that used in the previous chapter, was
spliced directly to a fibre pigtailed inline isolator which was polarisation insensitive. The

isolator had a loss of only ~ 0.5 dB and could handle the full 8 W of power from the
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picosecond laser. Therefore higher power was available for pumping the tapered PCF
than we had available when studying the cascaded PCFs previously. However, the PCF
tapers had a very large cladding diameter at the input end (a result of the procedure used
to manufacture them) and therefore it was impossible to splice directly to them. Instead
the pump light was coupled out of the isolator pigtail, and then into the taper using two
singlet lenses. The lenses were chosen so that the mode field diameters were closely
matched at both the output and input coupling. This way, less than 1 dB was lost in this
step. The resulting air-gap also allowed us to insert polarisation controlling elements
before the taper which we used to check the sensitivity of the supercontinuum process to
the polarisation orientation. The average power coupled into the tapers was ~ 5.5 W. The

corresponding peak power was ~ 25 kW.

Nanosecond pumping

The nanosecond pump systems was identical to the picosecond system described above
except for the pump laser. Instead of the picosecond laser, we used a commercially
available nanosecond pulsed fibre laser (IPG Photonics). It is based on a master oscillator
power fibre-amplifier configuration making use of an acousto-optic modulator. The
system produced 18 ns pulses with peak powers up to ~ 10 kW at a repetition rate of 5 kHz.

Unless specifically stated, all of the results shown below are with the picosecond system.

4.3.2 Optimisation of flatness and visible spectral power

As mentioned above, a number of tapers were pumped to achieve a broad and flat super-
continuum across the visible spectral region. The results in this section are just for one
taper, discussed above, which produced the best results for this aim.

Fig. 4.11 shows the results of a cutback experiment with taper SCT1 pumped at full
power with the picosecond laser source. As noted above, approximately 5.5 W of average
power (~ 25 kW of peak power) was coupled into the taper for all of these results. The
spectrum rapidly broadens in the first few centimetres of the fibre, followed by a region
of gradual expansion. After ~ 1 m of fibre however, gaps start to appear in the spectrum
around 0.6 um, followed by 0.8 um after 2 m. Later, after around 5 m of propagation
evidence of water induced losses at 1.4 um can be observed and finally the effects of
confinement loss can be observed in the long wavelength region at the end of the taper. It
is clear then that the early spectral development in the rapidly changing part of the taper
produces a very broad supercontinuum, but that several mechanisms cause the spectrum
to become less flat with further propagation. Unfortunately these gaps start to appear
before the maximum spectral width is achieved and thus one must make a compromise

to obtain an ultra-broad spectrum which is still very flat.
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Figure 4.11: (experimental) Results of the cutback experiment with picosec-
ond pumping of SCT1. The scale is: -30 HlEE__ 8 0 dB.
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Figure 4.12: (experimental) The spectral power in the visible part of the su-
percontinuum for selected spectral slices of the cutback results.

Fig. 4.12 shows close ups of the spectra measured for the visible part of the supercon-
tinuum. The vertical axis is scaled with the measured spectral power. It is apparent that a
very high spectral power was achieved across the whole visible spectrum. For the output
at 0.84 m the spectral power was above 2 mW/nm across this region. With a peak of
5 mW/nm near 0.4 ym. The total output power of the supercontinuum at this length was
over 3.5 W. At the time this work was done, these values represented a large increase over
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Figure 4.13: (experimental) The short wavelength edge (-10 dB) as the super-
continuum evolves along the taper SCT1, and the total average output power.

previously obtained results and are still the highest reported in the blue spectral region.
As noted above, further propagation induced gaps in the spectrum, visible in the curves
of Fig. 4.12 around 0.6 pm. However, the shortest wavelength edge of the continuum
extended to below 0.38 um, a significant improvement over the cascaded fibre setup of
the previous chapter. Fig. 4.13 shows how the blue spectral edge evolved along the taper,
clearly indicating the flattening of the spectral extension at 0.375 pm. Fig. 4.13 also shows
the total output power of the continuum. This drops significantly with increasing fibre
length as expected from the spectral gaps mentioned above. But even at the optimum
continuum extent the power is still over 3 W. Finally Fig. 4.14 shows a photograph of the
taper while it was being pumped — a nice way to visualise the broadening spectrum along
the taper length as the scattering turns white. Also evident is the spectral depletion around
0.6 um as the light scattered at the end of the taper is bluer than the light preceding it. The
supercontinuum was measured to have identical spectral content in both polarisation

axes and to be independent of the input polarisation angle.

The pulse duration around the wavelength of 0.5 um was measured using a streak
camera to be shorter than the resolution of the camera (~ 22 ps) as expected from the
cumulative dispersion of the taper. Short pulses, below ~ 30 ps are expected across
the visible spectrum. Considerably larger temporal spreading would be expected in the

blue/UV edge where the dispersion becomes much larger.

The mode profile of the continuum was measured at 0.39 ym and 0.5 ym, by measuring

the far field pattern after a bandpass filter. In both cases the continuum was observed to
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Figure 4.14: (experimental) The scattering from the taper SCT1 at full pump
power.
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Figure 4.15: Comparison between the experimental and simulated spectrum
after propagation through 0.9 m of the taper SCT1.

be in the fundamental fibre mode.

4.3.3 Comparison with simulations

To aid the discussion of the supercontinuum generation mechanism in the following

sections we make use of numerical simulations obtained using the techniques described
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in Section 1.4.4. From an inspection of Fig. 4.15 it is clear that the simulations reproduce
the supercontinuum generation results extremely well, considering the bandwidth of the
simulated spectrum. Critically, the short wavelength edge of the continuum is reproduced
and so we can hope to obtain an insight into the mechanism of generating the shortest
wavelength components of the supercontinuum, with an eye to further optimisation.
The long wavelength region is less well reproduced which can be readily explained by
the fact that loss, particularly the confinement loss of the taper was not included in the
simulations. The largest discrepancy concerns the pump depletion; the experimental
spectrum shows significant power remaining near the pump wavelength, which is not
reproduced in the simulated results. The model of the pump laser was the same as
that used in the previous chapter, i.e. a Gaussian pulse is amplified and propagated
through fibre which corresponds to the components of the laser - it does not account for
amplified spontaneous emission (ASE). The undepleted pump power has a bandwidth of
~ 11 nm and average power of ~ 90 mW which corresponds quite well with ASE emission
during the final amplification stage of the pump laser. This can therefore explain the
discrepancy. This should not affect the continuum simulation results as the ASE is a
continuous background signal which does not interact significantly with the continuum
generation process.

To represent the taper in the numerical solution of the generalised nonlinear Schrédinger
equation, we must account for the changing dispersion and nonlinearity along its length.
This was achieved by using the MPB software to solve for the dispersion and effective area
curves (with respect to frequency) at 30 points along the full taper length, accounting for
the required adjustment of the pitch at each point. The effective area was found from
the electric and magnetic field using the vectorial perturbative approach given in [Tzo95],
and described in Section 1.4.3. In the numerical propagation code, the dispersion, non-
linearity and dispersion of the nonlinearity (7sj,.x) Were linearly interpolated between

these reference points at each step through the fibre.!

4.3.4 Understanding the results

The initial supercontinuum dynamics are similar to those in the the non-tapered fibres
of the previous chapter. MI initiates the continuum and FWM spectrally broadens the
continuum in the very early stages. Fig. 4.16 shows spectrograms of these steps. The

fibre parameters at the input are similar to HF1040, and so, like in the previous chapter,

IDue to the extremely large bandwidth, high power and long length to be simulated, with nonlinearity
increasing to values above 100 W~ lkm™! the code was re-implemented in Fortran and parallel FFT
routines utilised to run the simulations in a manageable time frame. They were run on a quad-core
system and usually took about 75 hours to complete. The time-base contained 217 points and the adaptive
step-size algorithm was used (see Section 1.4.4) with a local relative error goal of 1 x 1078,
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Figure 4.16: (numerical) Spectrograms of the initial supercontinuum dynam-
ics.

modulation instability dynamics occur much faster than soliton fission for our pump laser.
This can be seen in the top graph of Fig. 4.16(a), after 0.25 m of propagation the pump
pulse has already broken into many much shorter pulses. This is also clearly accompanied

by the MI side lobe development in the spectral domain, visible on the right hand graph
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of the same figure. Further propagation leads initially to cascaded four wave mixing as is
clearly evident in Fig. 4.16(b) after 0.35 m of propagation. This process has been enhanced
by the taper, as the FWM based supercontinuum spans a much larger spectral range than

would phase match at the input of the taper.

Initially we thought that soliton effects played a relatively minor role in the subsequent
propagation as they do in the results of the previous chapter, and that the enhanced
cascaded FWM processes enabled by the tapering accounted for the full supercontinuum.
However, analysis of the spectral extent achieved and the phase-matching curves of the
taper questions this conclusion. In the particular taper we have looked at so far, SCT1, the
shortest wavelength achieved is around 0.38 ym. But the FWM phase-matching diagram
only stretches to anti-Stokes wavelengths of 0.42 um. But this is for a length of over 3 m.
We see generation to below 0.4 ym in a fibre length which should only phase-match
to around 0.58 ym. Thus the supercontinuum is formed to the blue/UV more quickly
than the FWM phase-matching curve of the taper has reached that spectral region. It is
therefore clear that something else is important to the supercontinuum process.

As discussed briefly in the previous chapter, soliton effects can affect the short wave-
length edge of the supercontinuum (and in femtosecond pulse systems where soliton
fission dominates the early dynamics, soliton effects are by far the dominant contributors
to all of the supercontinuum dynamics). In the constant core fibres we considered previ-
ously the soliton effects only slightly enhanced the blue spectral edge. However, in the

tapers we have concluded that they play a key role in the UV generation process.

A compelling picture of the dynamics of the dispersive waves on the blue supercon-
tinuum edge is that they are trapped and continuously scattered to shorter wavelengths
through a process of intra-pulse FWM [Gor06]. From this point of view, a blue dispersive
wave acts as the pump to a FWM process with the high power and temporally localised
soliton as the Stokes signal. A new anti-Stokes signal is generated at a small frequency
up shift from the original dispersive wave. As the new dispersive wave has a lower group
velocity compared to the pump and soliton, it is temporally delayed in the fibre. However,
the soliton is continuously down shifted to frequencies with lower group velocities by
intra-pulse Raman scattering and hence will also be delayed and eventually pass through
the new dispersive radiation. As these processes are continuously occurring the blue
dispersive wave can become localised or trapped in the temporal region of the soliton.
The process will continue as long as the group velocities are matched and the soliton
remains spectrally broad enough for self-Raman scattering. Fig. 4.17 shows spectrograms
clearly displaying the dispersive waves trapped by the solitons and Fig. 4.18 shows group
velocity curves at various fibre lengths. From this figure we see that as the soliton shifts to

longer wavelengths through the Raman effect, its reduced group velocity delays it so that it
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Figure 4.17: (numerical) Spectrograms of the trapped dispersive wave dy-
namics.

stays close to the dispersive wave which is also slowing as it moves to shorter wavelengths.

Note that the FWM phase matching criteria for the soliton and dispersive wave in this

process is different from the purely CW criteria we considered previously because the
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Figure 4.18: (numerical) Group velocity curves for taper SCT1 at various
lengths through the taper.

propagation constant of the frequency components of the soliton must account for the
suppression of group velocity dispersion in solitons [Skr05]. One consequence of this is
that the soliton (Stokes) and newly generated dispersive wave (anti-Stokes) do not have to

be symmetrically separated in frequency about the pump wave.

Further understanding of the trapping of solitons with dispersive waves has recently
been developed [Gor07c; Gor07a; Gor07b]. The dispersive wave, which is on the tail of the
localised soliton (as is clear from Fig. 4.17), is trapped on one side by the refractive index
modulation of the intense soliton (through the nonlinear refractive index). However, the
soliton is accelerating (or actually decelerating) due to its constant Raman shift to longer
wavelengths (regions of lower group velocity) and thus so is the modulated refractive
index which traps the dispersive wave. This understanding led the authors of [Gor07c;
Gor07a; Gor07b] to interpret the trapping of the other side of the dispersive wave as being
due an inertial force in the frame of reference of the accelerating soliton, drawing an
analogy with the inertial force observed by a set of balls in an accelerating box. Of course
the inertial force, outside of the soliton reference frame, is simply due to the fact that
the decelerating soliton stays close to the dispersive wave which is similarly delayed as it
moves to shorter wavelengths. Nevertheless it is an elegant picture of the dynamics.

The understanding of the blue continuum extension, as expressed above, encompasses
and extends the explanations previously reported in terms of XPM and FWM by a number
of authors trying to understand the soliton trapping of dispersive waves [Gen05; Gen04a;
Gen04b; Gor06; Nis02a; Tar03].
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Figure 4.19: (numerical) Ratio of |B,|/y at various lengths through taper
SCT1.

In a non-tapered fibre suitable for visible supercontinuum generation, a soliton formed
from MI which is shifting to longer wavelengths through intra pulse Raman scattering
will increase in duration due to the increase in dispersion and decrease in nonlinearity
at longer wavelengths, because the duration of a soliton of constant energy is directly

proportional to the ratio of dispersion to nonlinearity:
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Fig. 4.19 shows this ratio at various lengths in the taper SCT1. From this figure, it can
be seen that if the fibre characteristics where to stay the same as at the input (i.e. a non-
tapered fibre) a soliton would be 7 times longer at 2.0 ym than it was at 1.4 ym. This
broadening could easily be sufficient to reduce the soliton bandwidth such that intra-
pulse Raman scattering does not occur. This would halt the red-shifting of the soliton and
hence the blue shifting of the blue edge of the supercontinuum. However in a tapered
fibre, if the pitch is reduced along the length of propagation, then the dispersion at long
wavelengths can actually decrease, while the nonlinearity will increase, along the fibre
length. Referring again to Fig. 4.19 the soliton duration can remain constant if the taper
profile is such that as the soliton red-shifts it walks through a fibre region with a suitable
dispersion to nonlinearity ratio for its current wavelength. This can be directly used for
soliton compression as we will see in Chapter 5. However, in the present discussion, this
fact means that the solitons will remain short, and hence will have sufficient spectral

bandwidth for self-Raman scattering to longer wavelengths. In the taper SCT1, analysis of
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the results of numerical simulations, which agree very well with the experimental results,
show that the solitons maintain a duration of less than ~ 100 fs up to at least 2.1 ym. This
is one of the key facts about tapered fibre supercontinuum generation as it means that
the soliton trapping of dispersive waves remains efficient and can occur for fibre lengths
far exceeding those in constant core fibres.

However, there is another, equally important fact about tapered PCF which also plays a
significant role in enhancing the blue/UV supercontinuum edge. In a constant core fibre
suitable for supercontinuum generation (i.e. relatively low group velocity dispersion at
the pump around 1.06 um) the group velocity curve has limited matching between long
and short wavelength regions. For example, the first curve (z=0 m) shown in Fig. 4.18
represents the group velocity at the input to taper SCT1. Here we see that the group
velocity matching cannot be maintained to wavelengths shorter than ~ 0.5 um. However,
tapered fibres can maintain the required conditions at the start of the fibre to initiate
supercontinuum generation, while also enhancing the matching of group velocities at
shorter wavelengths due to the reduction in pitch and hence change in the dispersion
curve (see Fig. 4.18). To see this, Fig. 4.20 shows the group velocity matching curves
for various lengths through taper SCT1. As noted above, the curve for the taper input
(length=0) does not match to wavelengths significantly short of 0.5 um. At further lengths
through the taper (i.e. as the pitch is reduced), the group velocity matching curve shifts
down and shorter wavelengths become matched. For the taper length of 1.06 m, the
highly red-shifted solitons would match with dispersive waves as short as 0.38 ym in this
taper, in agreement with our experiments. However reducing the pitch too far introduces
a minimum group velocity matched wavelength (see last curve in Fig. 4.20). This is to do

with the second zero dispersion wavelength, which we will discuss below.

4.3.5 Optimisation of Blue/UV extent

From the above analysis it is clear that to enhance the UV spectral region even further,
group velocity matching to the UV wavelengths should be maintained over longer fibre
lengths. We can establish an optimal set of fibre parameters to achieve this by considering
the group velocity curves over a range of fibre parameters.

Shown in Fig. 4.21 is a density map of the shortest group velocity matched wavelength
as a function of the two fibre parameters, pitch and hole diameter to pitch ratio (d/A).
It is clear that a pitch of around 2 ym gives the shortest matched wavelength almost
independently of d/A. For larger pitches, the group velocity curve on the long wavelength
edge increases, because the field is less confined to the core of the fibre and hence has
a larger overlap with air. For smaller pitches, the second zero dispersion wavelength

moves down to this spectral region. This means that there is a minimum in the group
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Figure 4.21: (numerical) Map of the shortest group velocity matched wave-
length as a function of pitch and hole diameter to pitch ratio (d/A). Darker blue
indicates shorter wavelength matching.

velocity curve and hence a limit to how small the group velocity on this long wavelength
edge can be, 2 um appears to be a compromise between these two positions. In terms
of the ratio d/A, the larger the ratio, the shorter the group velocity matched wavelength
becomes. This is because the higher air-filling fraction confines the mode more tightly

into the silica core and hence keeps the group velocity at long wavelengths lower. There is,
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Figure 4.22: (experimental) The variation of pitch for the three taper samples
considered for enhanced UV generation.

however, a practical limit to how large this ratio can be, fibres with d/A ~ 0.95 are readily
available. Therefore we can see that the SCT1 taper, with d/A = 0.71, was not optimal for

UV generation.

The optimal taper profile is less easy to deduce. We can limit the input fibre characteris-
tics to those which allow highly efficient initial MI/FWM dynamics to occur. The output
is defined by the optimal parameters above. But what about the change in between? To
properly determine this would require a detailed experimental or numerical study of
the soliton dynamics. Once the solitons are formed from the MI and their peak powers
and durations known, then it would be possible to determine how they will shift due to
intra-pulse Raman scattering and compress due to the changing nonlinearity and disper-
sion. Of course these two effects will affect each other. But to achieve an optimal design,
the group velocity of the dispersive wave must also match that of the soliton as it shifts
through the fibre. Thus we have a complicated multi-objective optimisation problem that

is non-trivial to solve.

However, we have a limited choice as we are constrained by the manufacturing proce-
dure of the tapers. In essence this means that the taper profiles can have a defined start
and end point and defined length, but the shape in between is limited. The shape of three
tapers we used to obtain increased UV generation are shown in Fig. 4.22. Here we see that
the tapers start and end almost flat and the central region is approximately linear, with
smooth transition between the flat end and central linear parts. The three tapers differ

significantly only in the end pitch size and the rate of change of pitch with length. In all
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(a) Input. (b) Output.

Figure 4.23: Scanning electron micrographs of the input and output of taper
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Figure 4.24: (experimental) The measured spectra after pumping the UV
tapers with the full pump power of the picosecond laser.

cases the hole diameter to pitch ratio was d/A =0.87 to 0.89 and the start pitches were
all 6.0 um. Fig. 4.23 shows SEM images of the input and output of taper UVT1. Note that
these figures are to different scales.

Fig. 4.24 shows the short wavelength edge of the supercontinua achieved with picosec-
ond pumping of these tapers. We can see that significant extension below 0.38 um is
achieved in all three tapers in agreement with the idea that higher air-fill fractions en-
hances the UV generation. For taper UVT1 the cut-off of the continuum is between 0.33
and 0.34 pum significantly into the UV, far exceeding any previous results with a 1.06 pm
pump wavelength. For this taper, the peak at 0.36 ym had a spectral power over 2 mW/nm.
This taper had a final pitch value of ~ 2.4 ym (the largest). According to Fig. 4.21 this
is still not at the optimum value. Of the other two tapers (UVT2, UVT3) ending with a
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Figure 4.25: (experimental) The measured spectra after pumping the UV
tapers with the full pump power of the nanosecond laser.

pitch at ~ 1.5 pum, UVT3, which was the slowest changing (or maintained a largest pitch
for longer) extended further into the UV. The total output power in the supercontinua
of UVT1, UVT2 and UVT3 was 3.16, 2.85 and 1.8 W respectively, thus very high spectral
power was maintained for these tapers. The supercontinua generated in all three tapers
exhibited large peaks at the short wavelengths. This can be explained due to the bunching
of trapped dispersive waves at the short limit of the group velocity matching. This indi-
cates that the short wavelength cut-off of these supercontinua was not caused by loss, but
by the possible group velocity matched wavelengths of the given fibre structures. This
enhancement could be deliberately used to provide increased spectral power in the UV
if desired. The observation that the supercontinua are not loss limited leads one to the
conclusion that further extension is possible. Thus for a yet higher air-fill fraction in the
taper, with a pitch changing from around 6 ym to 2 um, greater UV generation could be

expected.

Fig. 4.25 shows the short wavelength edge of the supercontinua achieved with nanosec-
ond pumping of these tapers. In this case the supercontinuum cut-off is much smoother
and less spectral power is concentrated in the UV. It would have been reasonable for one
to expect that the nanosecond continuum would shift further because walk-off due to
differing group velocities would have been less significant. However, the fact this is not
observed is probably because much less peak power was available from the nanosecond
source, which is estimated to be ~ 5 kW in comparison to ~ 25 kW for the picosecond

pump. Given this disparity in pump peak power, it is actually impressive that the contin-
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Figure 4.26: (experimental) The measured long wavelength spectrum of a su-
percontinuum generated in a taper similar to SCT1 pumped with the picosecond
laser.

uum stretches so far and could be expected to perform better than the picosecond source

for equivalent peak powers.

4.3.6 Mid-infrared extent

Fig. 4.26 shows the long wavelength spectrum of the supercontinuum generated by pi-
cosecond pumping of a taper similar to SCT1. The lines near 1.8 um are due to water
absorption in the spectrometer used and not features of the continuum spectrum. The
continuum extends up to 2.4 um at the -20 dB level, although the -10 dB edge is only at
2.2 pym. This is expected due to the very high losses in silica glass at these wavelengths.
The dip just beyond 2.2 um is probably due to the second dispersion wavelength which
will limit self-Raman scattering of solitons to longer wavelengths, the extended spectral
power being due to dispersive wave generation in the normal dispersion region beyond
this point.

4.4 Limits to short wavelength generation

4.4.1 Limits inherent to the nonlinear processes

We discussed above the optimal fibre structure for group velocity matching of dispersive
waves at the shortest wavelength edge. From that analysis, the continuum edge will be

limited to around 0.33 to 0.35 ym which we have already reached in the above results.
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Given that we have also found the limit to continuous wave four wave mixing, any further
extension must be due to different nonlinear mechanisms than those discussed in this
thesis.

Harmonic generation and four wave mixing effects mediated through polarisation,
or high order mode phase-matching can provide such mechanisms as evidenced by
experimental reports. In [Pri03] four wave mixing in higher order modes is cited as the
mechanism for UV generation as short as 0.3 pym from a 0.82 um pump source of 150 fs
pulses with low average power. In [Efi03] the generation of high order UV modes through
phase-matched processes was reported. Generation as short as 0.26 um was observed in
a discrete spectrum separate from the main continuum with ~80 kW peak pump power.
However, even if these new processes could be made efficient and a continuum generated
to much shorter wavelengths, loss will ultimately limit the spectrum.

4.4.2 Limits due to loss

Linear loss due to material absorption, Rayleigh scattering, scattering from imperfections
in the microstructure and short wavelength bend loss will limit the continuum extent.
Although we should note again, that short wavelength bend loss is reduced along with the
fibre pitch and so in our tapers is not a significant limiting factor. In fact, the limiting linear
loss at short wavelengths will certainly be due to scattering as the wavelength becomes
similar in scale to the microstructure imperfections or material imperfections (Rayleigh
scattering).

But, for any linear loss a higher pump power and shorter fibre length can be used, i.e.
we could make use of the power - length scaling of nonlinear optics. Lengths of the order
of a few millimetres have been successfully used. This cannot be utilised indefinitely
though. Either practical problems due to extremely short fibre lengths, or excessively
high peak powers, or a fundamental limit inherent in the nonlinear mechanisms would
eventually be reached and therefore the shortest wavelength achievable will be limited.
However, before this point is reached, nonlinear loss mechanisms will place an even more
fundamental limit as two-photon absorption also scales with peak input power, severing
the power-length scaling.

Two photon absorption (TPA) will start to limit supercontinua at around 0.26 ym twice
the band-gap wavelength of silica which has been found to be in the region of 0.13 ym.

The two photon absorption is given by:

BrpaP
Aeff

aATpA = (4.2)

where B1pa is the two-photon absorption coefficient. Therefore as this loss mechanism is
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Figure 4.27: Measured values of Brps (from the literature) with a fit of
Egn. 4.3.

nonlinear, shortening the fibre and increasing the peak power brings no advantage. Thus
as the TPA loss increases towards shorter wavelengths there will come a point where no
nonlinear process has sufficient gain. A model of two-photon absorption [deS96] defines

Brpa to be given by:

3
Brpa= a(b(“;,;)ls)z (4.3)
- 2n
b= o (4.4)

where a is a fitting parameter, w is the frequency and Ej is the band-gap of the material (in
terms of energy). As is seen from this model, Srp4 is very strongly wavelength dependent
(as you get closer to the band edge, the absorption increases dramatically). The two
photon absorption in silica has been measured multiple times at a variety of wavelengths,
Fig. 4.27 shows a fit, based on Eqn. 4.3 to the values from the literature [Sla03]. From
these values we can calculate the expected loss in a tapered fibre structure at these
wavelengths. Taking the extremely conservative estimate of just 1 mW in a tapered fibre
with A, ¢ = 3.5 x 10712 m? (which is an estimate for our tapers) we get the attenuation
curve shown in Fig. 4.28 along with Rayleigh scattering. For higher powers, the attenuation
increases in proportion to the power. From these estimates it is clear that no significant
supercontinuum can be generated below 0.26 ym in silica fibre. This coincides with the
extreme limit of the broadening observed in [Efi03] and is shorter than the limit imposed

by the currently understood mechanisms of supercontinuum generation.
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Figure 4.28: (numerical) Estimated values of Rayleigh and TPA loss at the
output end of taper SCT1. The TPA loss is estimated with a peak power of just
1 mW. The TPA loss increases in proportion to the power.

4.5 Conclusion and future development

In conclusion we have demonstrated the first use of tapered PCFs manufactured at the
drawing tower. Such a manufacturing technique allows for longer tapers with better
control of the dispersive properties along their lengths. We used tapers several meters
long, with a constant air-fill fraction and a continuously changing pitch along their lengths,
over several meters, for supercontinuum generation to the very short visible and UV
wavelengths. By selecting the taper profiles, either a very flat, very high average power
supercontinuum from 0.38 to 2.2 um with a spectral power of over 2 mW/nm across the
visible/UV was achieved, or an enhanced UV continuum as short as 0.34 ym was obtained.
The mechanism of the blue/UV edge generation was found to be initially four-wave
mixing in the zero dispersion decreasing taper followed by trapping of dispersive waves
due to high power solitons. As the tapers aid the self-Raman scattering of the solitons by
preserving their bandwidth, the taper significantly enhances the dispersive wave trapping
process. In addition, as the taper ensures group velocity matching to shorter wavelengths
over extended fibre lengths, the blue/UV edge is driven to very short wavelengths. We
used tapers which were optimal for this trapping process to further enhance the UV
development. Finally fundamental limits to the short wavelength edge, due to linear and
nonlinear loss were analysed.

Future directions would include power scaling by engineering the pump source to

achieve higher spectral powers, and optimisation of the taper profiles to try and further
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enhance the UV continuum edge until the loss limits are reached.
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5 Pulse compression in dispersion
decreasing PCFs

5.1 Introduction

Optical pulse compression is an important tool for many systems which require pulses
much shorter than 1 ps because primary seed lasers, particularly reliable fibre based
lasers around 1.06 um, are often not short enough themselves. One of the most compact
and versatile compression schemes is adiabatic soliton compression in long lengths of
dispersion decreasing fibre. This technique can guarantee bandwidth limited output while
still offering very high compression ratios. Until recently, adiabatic soliton compression
had not been demonstrated at wavelengths shorter than ~ 1.3 ym because it requires
anomalous group velocity dispersion — as it is a soliton effect — which is unachievable in
conventional single-mode optical fibre below this wavelength. In this chapter we make
use of dispersion decreasing photonic crystal fibre, made by tapering the PCF structure,
to achieve decreasing anomalous dispersion at 1.06 ym and use these fibres to perform
adiabatic soliton compression. The ability to taper PCF structures over several tens of
meters was developed at the University of Bath as a collaboration on this project. The
motivation was to achieve a compact fibre-based compression scheme at 1.06 um while
maintaining high pulse quality.

At the same time as the work in this chapter was being carried out, a theoretical [Hu06]
and experimental [Tse06] result with the same goal were reported. In the experimental
result, a small compression factor of 2 was demonstrated in a tapered PCF at 1.06 ym in

an 8 m fibre.

5.2 Pulse compression techniques with optical fibres

In this section we review the three most important pulse compression techniques which
utilise optical fibre. They are all fundamentally based on the same principle. To compress
an optical pulse two things must be achieved. First the spectral bandwidth of the pulse

must be expanded to accommodate the shorter pulse duration and secondly, the phase
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across the expanded spectrum must be made flat, i.e. the pulse must not be chirped
(although some degree of pulse compression can, of course, be achieved without fully de-
chirping the pulse). The expansion of the spectral bandwidth must be achieved through a
nonlinear effect, in all of the cases considered here, self-phase modulation is utilised. The

removal of the pulse chirp is achieved through dispersive effects.

5.2.1 Fibre-grating compressors

Fibre-grating compressors are based on some of the earliest pulse compression schemes
which themselves were based on techniques for chirped radar. A suitably chirped pulse is
passed through a delay line (usually a pair of gratings) so that the chirp is exactly cancelled.
Usually the chirp must be linear as most gratings are also linear. In original schemes,
the optical pulse was chirped through SPM in a nonlinear material. However, only the
central portion of the pulse will be linearly chirped in this case. A significant advance was
made when it was recognised that the combination of SPM and positive group velocity
dispersion (normal dispersion) produced a linear chirp on the pulse. Clearly an optical
fibre is perfect for such a task. This setup was first described and used in the early 1980s
[Sha82; Gri82]. A second advantage of the fibre scheme is that the chirp is uniform across
the spatial distribution of the pulse, which is not the case with the use of SPM in bulk
materials. In modern setups the delay line consists of a pair of transmission gratings and
the pulse is passed through twice. This ensures that the spatial chirping of the gratings is
fully compensated for. By carefully selecting the power of the input pulse, the length of
fibre used for the chirping and the separation between the transmission gratings a highly
tunable source of bandwidth limited pulses can be produced.

In the first demonstration of a fibre-grating setup 90 fs pulses were passed through
15 cm of fibre and then compressed with a pair of gratings with a 1.6 um pitch separated
by 6.4 cm. This resulted in pulses compressed to 30 fs which was a record at the time
[Sha82]. Further results soon followed leading to pulse durations of 90 fs [Nik83], 16 fs
[Fuj84], 12 fs [Hal84] and then 8 fs [Kno85].

Significant increases to the overall compression ratio were achieved by using both
fibre-grating compressors and then soliton-effect compressors in sequence (see following
sections). First 1100 times compression resulting in 90 fs pulses was reported [Tai86], then
compression of 90 ps pulses to 33 fs was achieved, a compression ratio of 2700 [GN87].

The power scaling of the system is limited by the onset of Raman scattering in the chirp-
ing fibre. The main drawbacks of fibre-grating compressors are the bulk setup, leading to
alack of robustness, and the need to considerably readjust the setup to accommodate
different input or output pulse durations. Even so, fibre-grating compressors remain one

of the most versatile and primary tools for pulse compression.

164



5.2 Pulse compression techniques with optical fibres
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Figure 5.1: Experimental setup for fibre grating compressor. YDFA = ytterbium
doped fibre amplifier; PM = polarisation maintaining.
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Figure 5.2: (experimental) Intensity and phase of pulses measured at the
input and output of the gratings of the fibre grating compressor.

To illustrate this technique, we consider the pulse source used as the pump in the
compression experiments described below. This was, ironically, based on a fibre-grating
compressor so that we could optimise the input pulse duration to the dispersion de-
creasing fibre. This setup was based on a system constructed by my colleagues in the
Femtosecond Optics Group [Ken07] and is shown in Fig. 5.1. A semiconductor saturable-
absorber, mode-locked fibre laser producing linearly polarised 6 ps pulses was used as the
seed source. This was amplified in a low power, polarisation preserving ytterbium fibre
amplifier to a power of a few tens of milliWatts. The pulses were then passed through a
variable length of normally dispersive polarisation maintaining fibre (~20 m) with a non-
linearity ~5 W~ 'km™! and dispersion ~ —34 ps nm~'km™!. The degree and shape of the
phase of the output pulses was measured with a FROG (frequency resolved optical gating)
setup. Fig. 5.2 shows the result for one optimally adjusted pulse, where the parabolic phase

of the input pulse is evident (linear chirp). Due to the dispersion of the fibre stretcher, the
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pulses have broadened to 9 ps and the time-bandwidth product increased to 12. These
pulses were then double passed through a pair of transmission gratings with a pitch of
0.8 um and separation optimised for maximum compression (approximately 35 mm). The
reflecting mirror was tilted up slightly from the optical axis thus enabling the compressed
pulse to be separated. The resulting pulse and phase are also shown in Fig. 5.2. The
compressed pulses in this case were 560 fs with a time-bandwidth product of 0.7. The
compression ratio achieved was therefore 10 across the whole system.

By adjusting the amplifier power, fibre length and grating separation, the pulse duration
at the output can be varied while maintaining a small time-bandwidth product. For the

experiments below we used a tuning range of 100 to 900 fs.

5.2.2 Using hollow photonic band-gap PCF for pulse compression

With the introduction of hollow photonic band-gap fibre a new technique for pulse
compression became available. This is essentially the same as a fibre-grating compressor,
except the delay line is now implemented with a photonic band-gap fibre. Such fibre
makes a very good delay line because is has very low nonlinearity and strong anomalous
dispersion at the long wavelength band-edge — a fundamental feature of a photonic band-
gap. This technique was first demonstrated in the context of chirped-pulse amplification
[dMO03; dM04c; Lim03] and then also directly for compression [dM04a]. This technique
can be implemented in a fully fibre-integrated fashion and hence maintains the benefits

of both the fibre-grating compressor and the fibre format.

5.2.3 Soliton effect compressors

Soliton effect compressors (SEC) utilise the propagation of high order solitons. As we
reviewed in Section 1.5.3, a high order soliton follows a periodic evolution of temporal
splitting, compression and expansion. The pulse compression technique is to simply
remove the soliton from the fibre at its point of maximum compression. Essentially
the spectral broadening through SPM and chirp cancelling through dispersion occur
simultaneously, distributed throughout the fibre.

To illustrate this technique we have run some simulations of the propagation of an
N = 8 soliton through a fibre, the results are shown in Fig. 5.3. The initial N = 8 soliton
has a very small amplitude compared to the compressed pulses and hence can barely
be seen on the scale of Fig. 5.3. The input pulse compresses to a considerably shorter
pulse in a fraction of a soliton length. If the fibre is cut at the optimum location, then large
compression factors can be realised. For this numerical example the input pulse of 1 ps is
compressed to 157 fs after propagation through 0.03z; of fibre. A compression factor of

over 6.
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Figure 5.3: (numerical) A perspective plot of the temporal power of an N =8
soliton through an optical fibre in the time domain.

After this point of maximum compression, however, the high order soliton fissions (see
the discussion of soliton fission in Chapter 1 for details of this process). The first ejected
soliton starts to be delayed due to a lower group velocity and hence the pulse spreads
apart. Further solitons will be emitted and no recompression will occur. Due to this the
correct length for a given input power has to be carefully selected, usually by experiment.
An approximate guide to the achievable compression and optimum length was given
in [Dia86]. The compression factor was determined to be approximately 4.1 N, however
this analysis did not take Raman or high order dispersion effects into account and so
this is an over estimate, due to the soliton fission process. However the separation of the
fissioned soliton through intra-pulse Raman scattering is a useful way to separate the

compressed pulse from the pedestal and the remains of the input pulse [Agr90].

It should also be noted that the compressed pulse will not have a sech? shape and will
tend to have a large pedestal as N is increased. For example, a compression ratio of 60
will lead to up to 80% of the pulse energy moving to the pulse pedestal [Pel97]. As high
compression factors require higher N this means that available pulse quality degrades as

high pulse compression is achieved.

The first demonstration of soliton effect compression was in 1983 [Mol83]. The idea was
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expressed as being a combination of SPM chirp and dispersion compensation, distributed
throughout the fibre. A compression ratio of 27 was obtained. A compression to below
19 fs was subsequently reported [Mit87]. Soliton effect compression at 1.06 ym in a PCF

was recently demonstrated by my colleagues [Ken05].

5.2.4 Adiabatic soliton compression

Adiabatic soliton compression can be understood by considering the balance between
soliton energy and pulse duration and the fibre dispersion and nonlinearity which is
described by Eqn. 5.1, which is just a reorganisation of the soliton equation given in

Section 1.5.3.
_ 2N?|Bo|

YE;s

Where E; = 2Py1y is the soliton energy, 7o = 0.5687 s is the soliton duration and

To (5.1)

and the other symbols have their usual meanings. Fundamental solitons display the
remarkable property of being highly stable to small perturbations. The technique of
adiabatic soliton compression utilises this fact to compress a soliton by gradually adjusting
the parameters in Eqn. 5.1. Note that a fundamental soliton is simply a balance between
SPM and dispersion and so the same basic processes, mentioned above, of nonlinearity
and dispersion are being utilised to achieve the pulse compression.

Soliton propagation is adiabatic when the fibre parameters such as dispersion and
nonlinearity, or the soliton energy (through gain or loss) vary slowly with respect to the
soliton length z;. In this regime the total energy is contained in the soliton, which behaves
according to Eqn. (5.1). In this case, it is clear that the soliton duration will change if
either the dispersion or the nonlinearity is changed along the fibre. These parameters
are changed by varying the core size (tapering) in a conventional fibre or by changing
the microstructure parameters in a PCF. It has been shown that the length of the taper
and the taper profile are not critical parameters for the soliton compression as long as
the adiabatic condition is maintained by using sufficiently long tapers (typically several
soliton lengths) [Mos97]. In this case, and neglecting the variation in v, the input to
output pulse duration ratio 7¢/7, is equal to the ratio of the input and output dispersion
B2(0)/B2(z). In practise, the soliton energy is not constant, due to the attenuation of
the fibre. This reduction of soliton energy leads to pulse broadening and so must be
compensated for by additional dispersion decrease. In contrast, additional gain increases
the soliton energy and pulse compression can be achieved by this mechanism alone,
typically using Raman amplifiers which are very well suited to provide the distributed
gain required for adiabatic soliton propagation [Gou89; RH00; Guy98]. The compression
due to Raman gain is eventually limited by the gain bandwidth.
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Fundamental limits to the minimum pulse duration achievable with adiabatic soliton
compression result from higher order dispersion (which disturbs the balance between
SPM and dispersion) and intra-pulse Raman scattering which will eventually shift the
soliton into regions of higher or normal dispersion. Though it should be noted that use
has been made of intra-pulse Raman scattering to shift solitons into regions of lower dis-
persion and hence enhance the compression (even without tapering the fibre) [Mam93].

The technique of adiabatic soliton compression was derived from original ideas de-
veloped to solve the problem of soliton spreading through loss in optical communica-
tion systems [Taj87]. The original idea was to compensate for the soliton broadening
(which arises due to a decrease in soliton energy) by decreasing the dispersion along
the fibre length. Further analysis [Kue88; Smi89; Iva92] showed that soliton compres-
sion can be achieved by over compensating for the fibre loss with the dispersion de-
crease, and that decreasing dispersion is equivalent to gain. Many results soon fol-
lowed [Mam90; Che91; Che92; Che93]. It has also been demonstrated that a continuous
decrease in dispersion is not required, but a step-like dispersion profile can be utilised as
long as the individual steps are small compared to zs [Che94a; Che94b].

In standard optical fibre the input to output dispersion ratio is limited by the largest
core/cladding refractive index profile. Typically, ratios around 20 are possible [Pel97].
Although 38 times compression has been demonstrated with careful control of the third
order dispersion [Tam99]. This ratio can be increased significantly by using PCF as greater
control of high order dispersion is possible.

Outside of the adiabatic regime, the soliton will shed energy into non-solitonic radiation
leading to spectral and temporal distortion of the pulse and therefore the useful pulse
compression achievable will be limited. As the soliton length is proportional to the square
of the pulse duration, this dictates that longer tapers are required for compression of
longer pulses and hence for high compression ratios.

Although true adiabatic compression is achieved by injecting N = 1 solitons it is possible
to mitigate the effects of fibre loss and enhance the pulse compression by injecting pulses
corresponding to 1 < N < 2. This can lead to considerably higher compression ratios
without significantly decreasing the pulse quality [Pel97].

5.2.5 Combined adiabatic and soliton effect pulse compression

As noted above, the soliton effect compression of high order solitons and adiabatic com-
pression in a dispersion decreasing fibre can be combined to achieve the higher compres-
sion ratios of the former with the higher pulse quality of the later [Kue88; Pel97]. This
technique allows one to use shorter fibre lengths, as short as one soliton period, while still

obtaining the high pulse quality. It also allows for achieving higher compression ratios
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5 Pulse compression in dispersion decreasing PCFs

than possible using the decreasing dispersion alone. From the example given in [Pel97]
an N = 1.5 soliton can achieve twice the compression ratio of pure adiabatic compression,
in half the fibre length, emitting only 11% of its energy to non-solitonic radiation. Further-
more, subsequent propagation of the compressed pulse showed it did not significantly
change shape and behaved similarly to a fundamental soliton, rather than a high order
soliton, even though an N = 1.5 soliton would eventually evolve into an N = 2 soliton in
a constant dispersion fibre. Further increases in the output pulse quality of combined
SEC and dispersion decreasing systems can be obtained by using Gaussian rather than
the hypersecant shape of a soliton for the input pulse. Simulations suggest that in this
case the pedestal is reduced [Pel97]. It should be noted however that the results achieved
in a non-adiabatic compression system will not be as high quality as those of a properly
adiabatic compression where fundamental soliton propagation is assured [Fat02].

If the fibre length used is relatively short with respect to the soliton length then a
dispersion decreasing profile that is slow initially, such as an exponential profile, is opti-
mal. However, for longer fibre lengths the profile shape has no significant effect on the

compression which can be achieved.

5.3 Design of dispersion decreasing PCF

5.3.1 Manufacturing technique

The dispersion decreasing PCE like that used in the previous chapter, was manufactured
by J. C. Knight’s group at Center for Photonics and Photonic Materials, University of
Bath. Refinements were made to the process used for the supercontinuum tapers to gain
greater control over the tapering process. These were achieved by more careful control
over the stopping of the fibre draw and by variation of the pressure in the fibre air-holes.
The result was the ability to produce much longer tapers, with the air-hole size varying

independently of the pitch.

5.3.2 Controlling the dispersion in a tapered PCF

As we discussed in the previous chapter, short tapered PCF has been produced either
by simultaneous stretching and heating to post-process a fibre [HumO06] or, as for the
supercontinuum generation tapers we discussed in Chapter 4, at the drawing tower as the
fibre was being drawn [Kud06; Tra06]. However, it is impossible to use these short tapers
to achieve high compression ratios or to compress pulses longer than a few hundred
femtoseconds because they are not sufficiently long compared to the soliton period. In

this chapter we report tapers which are up to 50 m long and which have much lower loss,
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Figure 5.4: (numerical) The dispersion curves of Taper S1 (d/A constant at
0.8, A changing from 2 to 4.2 ym) at various lengths along the fibre (shown in
percent of the taper length as the actual taper length can vary).

significantly broadening the range of applications for which tapered PCFs can be used.

The fibres used in our compression experiments were produced after extensive nu-
merical modelling with the generalised nonlinear Schrédinger equation to optimise the
interplay between the loss, dispersion and nonlinearity. In particular, the change in y
can be very significant and care must be taken to ensure that it increases as the disper-
sion decreases or some cancelling of the compression effect can occur. The dispersion
profiles of the PCFs used in these simulations were calculated using the analytical vector
effective-index method for efficiency (see Section 1.4.1). While designing the PCF tapers
we concentrated on achieving the correct input/output ratio of dispersion and nonlinear-
ity for pulse compression. We assumed that the taper profiles would be approximately

linear.

To illustrate the importance of this interplay we discuss two different tapered PCF
structures. The first taper (S1) has a constant air-hole diameter to pitch ratio (d/A) while
the pitch is increased by a factor of 2. This structure is similar to those we used for
supercontinuum generation (though used here in reverse) [Kud06; Tra06]. Fig. 5.4 shows
how the dispersion curve evolves along this taper. The zero dispersion wavelength moves
to longer wavelengths as the pitch increases and hence the dispersion at the fixed pump
wavelength of 1.06 um decreases. However, as the pitch increases, the effective area also
increases and hence the nonlinearity decreases. The effect of this can be to compensate

for the dispersion decrease.
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Figure 5.5: (numerical) The dispersion curves of Taper S2 (d/A changing
from 0.55 to 0.44 and A changing from 1.76 to 1.56 ym).

In the second taper we considered (S2) the air-hole diameter to pitch ratio is reduced
by 20% and the pitch is reduced by just over 11%. This structure is similar to that used in
the experiments described below. Fig. 5.5 shows how the dispersion curve evolves along
this taper. In this case, the dispersion at the pump wavelength decreases as the second
zero dispersion wavelength of the fibre moves to shorter wavelengths. But in this taper
the pitch is actually reduced and combined with the reduction in the hole diameter, the

effective core stays approximately constant and hence so does the nonlinearity.

We simulated the propagation of an N = 1 soliton through both of these structures over
6 soliton periods. The results are shown in Fig. 5.6. Fig. 5.6 also shows the comparison of
input/output dispersion and nonlinearity along the tapers. From these figures, we see that
both have comparable dispersion decrease along the taper, but S1 has a commensurate
decrease in nonlinearity whereas S2 has almost constant nonlinearity. The resultant

compression ratios are 2 and 8 respectively.

We studied a number of structures within our manufacturing capability and concluded
that working around the second zero dispersion wavelength as in taper S2 was the optimal

way to achieve compression in a tapered PCE
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Figure 5.6: (numerical) Profiles of (a) the dispersion and (b) the nonlinearity
along two illustrative tapers S1 (d/A constant at 0.8, A changing from 2 to 4.2 ym)
and S2 (d/A changing from 0.55 to 0.44 and A changing from 1.76 to 1.56 um).
(c) The simulated pulse compression factors along the tapers. All are shown
over a length corresponding to 6 soliton periods. The input pulse duration was
Trwam = 800 fs and both tapers had a realistic loss of 25 dB/km.

5.4 Experimental results

5.4.1 Properties of the dispersion decreasing PCF

Experiments were carried out with two tapers we label A and B. Fig. 5.7 shows SEM images
of the tapers used in this work. Taper A had a pitch changing from A =1.44 to 1.25 ym
and a hole diameter to pitch ratio changing from d/A = 0.52 to 0.42. Taper B had A =1.48
to 1.20 ym and d/A = 0.55 to 0.45.

The dispersion of the fibres was measured using an interferometric technique. A short
section (~ 40 mm) of fibre was placed in one arm of a Mach-Zehnder interferometer
equipped with a moveable mirror. An optical supercontinuum was used as a light source,
and spectral interferograms were recorded for different values of the delay. From this
the group delay was obtained, and used to find the group velocity dispersion. Fig. 5.8
shows the measured dispersion curves for the two tapers. Taper A was 17 m long and had
ameasured dispersion changing from D ~ 33 to~ —5 ps nm ™! km™! at 1.06 um. Taper B
was 56 m long and had a measured dispersion varying from D ~ 40 to 10 psnm ™! km™1.
In both tapers the attenuation was measured by the cut-back technique to be around

30 dB/km in the spectral range of interest. The nonlinearity of both fibres varies from
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(a) Taper A input (b) Taper A output

(c) Taper B input (d) Taper B output

Figure 5.7: Scanning electron micrographs of the input and output ends of
the tapers used in the pulse compression experiments.
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Figure 5.8: (experimental) The measured dispersion profiles of the tapers

about 40 to 50 W~! km™! with the core diameter varying from 2.2 to 2 um.
Although the dispersion of Taper A is slightly normal at the output, it is so only for a very

174



5.4 Experimental results

short propagation length at the end of the taper (estimated from the previous cut-back of
the taper), therefore we expect it to have only a small influence on the pulse compression

process.

5.4.2 Experimental setup

The tapered PCFs were pumped with pulses from the fibre-grating compressor setup
shown above in Fig. 5.1. The pulse duration could be varied between 100 and 900 fs.
The pulses always had a time-bandwidth product of less than 0.75. They were then
injected into the tapers with a coupling efficiency of approximately 60% and the output
pulses were analysed using a second-harmonic generation autocorrelator and an optical
spectrum analyser. The pulse energy was controlled using a half-wave plate before the
polarised transmission gratings. The polarisation of the pulses entering the tapered fibre
was adjusted by an additional wave plate. The input pulse durations were optimised for
the highest compression ratio in each taper. For Taper A, 655 fs pulses were used; for Taper
B, 830 fs pulses were used.

In what follows we often refer to the soliton order N when discussing results, however,
this value of N was calculated from the input pulse energy. As the time-bandwidth product
of the input pulses and the pulse shape did not perfectly agree with an ideal soliton of
0.31 and hypersecant profile, not all of the energy was used to form the soliton and these

values of N are an over estimate.

5.4.3 Results

The results for Taper A are shown in Fig. 5.9 to Fig. 5.12. From Fig. 5.9 the highest order
soliton, estimated as N = 2, compressed to a pulse of sub 50 fs duration, a compression
factor of over 13. The N = 1 soliton actually broadened, though this may be due to
the inaccuracy in N. Other factors possibly leading to the broadening are loss and the
short length of normally dispersive fibre at the taper end. Increasing the pulse energy
led to greater pulse compression. It should be noted that the optimal soliton effect
compression (SEC) of an N=2 soliton in an optimal fibre length will be a factor of 8 [Dia86],
this would occur in a fibre length of 4.7 m and subsequent propagation would degrade the
compression. Here we have a suboptimal SEC length and so the decreasing dispersion is
clearly significant for obtaining the 13 times compression observed. However, the soliton
length z; = 11 m in this taper, and thus the taper length of 17 m is insufficient for adiabatic
compression alone. It is the combined effect of SEC and decreasing dispersion which
achieves the pulse compression ratio of 13 in this taper. Fig. 5.10 shows a fringe resolved
autocorrelation trace of the compressed N = 2 soliton. From the good quality 8:1 contrast

ratio and smooth wings it is evident that the temporal structure of the compressed pulse
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Figure 5.9: (experimental) Output pulse duration (FWHM) from Taper A for
given soliton order (input 7 rw gar = 655 f5).
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Figure 5.10: (experimental) Fringe-resolved autocorrelation of the output
pulse of Taper A when pumped with a pulse corresponding to N = 2.

is good. Fig. 5.11 shows the input and output pulses on the same scale, showing the large
compression ratio. We believe that the output pulse duration from Taper A was inhibited
slightly by the onset of normal dispersion at the end of the taper. Evidence of this can
be seen from the spectra shown in Fig. 5.12 where for the N = 2 input, a dispersive wave
at long wavelengths is observed. The compressed soliton is actually shifted to shorter
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Figure 5.11: (experimental) Intensity autocorrelation of input and output to
Taper A for N = 2. Input pulse duration is estimated to be 655 fs, output 43 fs
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Figure 5.12: (experimental) Spectra of the output pulses of Taper A at various
soliton orders.

wavelengths around 1050 nm and could be filtered from the dispersive components if

desired.

The results for Taper B are shown in Fig. 5.13 to Fig. 5.15. From Fig. 5.13 we see that
compression to a 55 fs pulse was achieved at the highest pulse input soliton order N = 2,
this is a compression factor of 15. In contrast to Taper A, an N = 1 soliton is compressed

by a factor of 3 in this taper and hence the assistance of SEC is not required. In fact at the
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Figure 5.13: (experimental) Output pulse duration (FWHM) from Taper B for
given soliton order (input 7 rw gar = 830 fs).
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Figure 5.14: (experimental) Spectra of the output pulses of Taper B at various
soliton orders.

pump wavelength the input/output dispersion ratio of this taper is approximately 4 and
so, accounting for the inaccuracy in N, we see that we achieve the expected adiabatic com-
pression. This is in contrast to Taper A because the length of Taper B is approximately 3-4
soliton lengths. However, a significant increase in compression is obtained for N > 1. The
pulse spectra shown for the output of Taper B in Fig. 5.14 indicate soliton self-frequency

shifting of the output solitons to longer wavelengths. By considering Fig. 5.8 it is clear
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Figure 5.15: (experimental) Intensity autocorrelation of input and output to
Taper B for N = 2. Input pulse duration is estimated to be 830 fs, output 55 fs.

that such a shift further decreases the dispersion and hence enhances the compression'.
This explains why the compression factor is so much higher than that expected from
the dispersion ratio at the pump wavelength alone. We should note here that the use
of the Raman shift to cause a soliton to compress through decreasing dispersion in a
non-tapered fibre has also been observed [Mam93]. From the spectra in Fig. 5.14 we
confirmed that the time bandwidth product of the solitons was 0.31. Fig. 5.15 shows the

input and output autocorrelations of the N = 2 soliton on the same scale.

5.5 Future possibilities

Many improvements can be made to the above experiments. The use of shorter input
pulses and longer tapers to more clearly demonstrate the adiabatic compression would
be interesting. More significantly, the use of much longer tapers (which depends only on
improvements in manufacturing) should allow for the direct compression of the output
of the compact SESAM source laser which was used in these experiments. If this can be
achieved then a source of 50 fs solitons in 10 x 10 cm package could be realised.

Other possibilities include the use of dispersion decreasing PCF in a nonlinear loop
mirror to achieve pulse compression, as discussed in the introduction to this chapter.
Alternatively, correct engineering of the PCF structure could allow for adiabatic soliton

compression purely by increasing the nonlinearity of the PCE v, while keeping the disper-

1 Although the dispersion at the very end of the taper is normal at 1.2 ym it will be only for the very end of
the taper and hence will not have significantly broadened the output pulses.
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5 Pulse compression in dispersion decreasing PCFs

sion approximately constant. It may also be possible, by careful PCF design to achieve a
decreasing dispersion PCF in the visible spectral region, suitable for pulse compression.

Finally, interesting results could be achieved by moving to the 1.55 ym region and
carefully flattening the PCF dispersion to achieve extremely short pulses. Simulations

suggest that pulses as short as a single optical cycle could be achieved.

5.6 Conclusion

In conclusion, we have demonstrated pulse compression ratios of over 15 in dispersion de-
creasing PCF by utilising soliton compression at 1.06 pym. By analysing the PCF dispersion
and nonlinearity characteristics we optimised the tapering parameters of PCFs to produce
pulses as short as 55 fs from input pulses of 830 fs. This demonstration has proved that
the use of PCF tapers can enable high pulse compression ratios through adiabatic soliton
compression at wavelengths where it is impossible to use conventional optical fibre. By
further reducing the fibre loss and by careful control of the third order dispersion it should

be possible to produce even shorter pulses.
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6 Conclusion and outlook

In this thesis we have used the ability to tailor the dispersion and nonlinearity of photonic
crystal fibres to control and enhance nonlinear effects. The results and analysis we have
discussed have contributed to the body of knowledge on supercontinua and demonstrated
original and improved techniques for their generation. We have also demonstrated
adiabatic soliton pulse compression in spectral regions not previously accessible to this

technique.

In particular, in Chapter 2 we made a study of the modelling and physical mechanism
involved with continuous wave supercontinuum generation. We found that more detailed
models of the pump lasers are required for full agreement between experiment and
numerical results. We gained insight by taking a statistical approach to the distribution
of soliton energies from MI and the expected spectral shift from self-Raman scattering.
From these considerations we could understand the effect of the dispersion slope and
change in nonlinearity with wavelength. We also found that the role of soliton collisions
was important to the explanation of the full continuum bandwidth. Experimentally, we
demonstrated a two-fold increase in CW supercontinuum bandwidth by using specialised
low water loss fibres. We also made studies of the continuum noise and the effects of
pump bandwidth. Further experiments to understand the dynamics are required. In the
near future it should be possible to scale the CW supercontinuum powers up to the 100 W
region. Also, by carefully designing the dispersion and pump parameters, it should be

possible to generate a visible CW supercontinuum.

In Chapters 3 and 4 we looked in detail at the generation of visible supercontinua with
picosecond pump pulses with high average power. In Chapter 3 we found that the pump
and fibre parameters placed us in the MI/FWM regime, and we could understand the
limits to the supercontinuum extent from the possible FWM phase matched processes
allowed in the fibre. It was shown that simply moving the zero dispersion wavelength of
the fibre towards the visible was not sufficient to extend the supercontinuum to the blue;
but instead a cascaded fibre approach which optimises the initial MI process and later,
extends FWM processes to shorter wavelengths was found to work well. In Chapter 4 we

demonstrated that taking this technique to its natural limit, by tapering the PCE produced
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significantly enhanced and flatter supercontinua. We experimentally demonstrated over
3.5 Win a supercontinuum spectrum spanning from 0.34 to 2.4 um. The visible region
had less than 3 dB peak to peak variation and over 2 mW/nm spectral power. The initial
mechanism was also found to be through MI/FWM leading to a broad visible continuum,
but the UV extension was understood to be due to trapping of dispersive waves by high
energy solitons. The unique group velocity matching features of the tapers, in addition
to their preservation of the soliton bandwidth, enhance this process, enabling the short
wavelength extension. This source has already found application to fluorescence lifetime
microscopy [Owe07]. Further optimisation of the taper profiles ought to be possible
to slightly extend the bandwidth, although two photon absorption will finally limit the
process. Average power scaling of the continuum by engineering the pump source to

achieve higher spectral powers could also lead to new areas of application.

In Chapter 5 we used completely different PCF tapers for adiabatic soliton compression.
These tapers were optimised to preserve nonlinearity while decreasing the group velocity
dispersion along their length. Due to this feature we were able to use them to achieve
compression ratios of over 15 at 1.06 um. Pulses as short as 55 fs were achieved from input
pulses of 830 fs. By reducing the fibre loss and careful control of the third order dispersion
it should be possible to produce even shorter pulses. The particular significance of this
result is because conventional fibre cannot be used for adiabatic compression in this

wavelength region.

Photonic crystal fibres have enabled the results of this thesis to be achieved. Future
work will no doubt make use of new PCF designs — the versatility of these fibres has not
been exhausted. For example, although hollow core photonic band-gap fibres have been
widely used, especially for dispersion compensation, the use of solid core photonic band-
gap fibres has been less widespread. However, these fibres have similar photonic band-
gap guidance properties to hollow core fibres, with the associated extreme dispersion
properties, while maintaining nonlinearity. Many applications can make use of this
feature, for example for nonlinear processes with suppression of effects outside of the
band-gap, or phase-matching due to the unique dispersion. Alternatively, the hollow core
fibres can be filled with new materials to change their properties. The use of hydrogen
filled fibres for enhanced Raman effects has been widely explored [Ben02], but the use of
liquids has received little attention. By filling the core or cladding holes with a nonlinear
liquid strong enhancement of certain processes could be observed. Also, the dispersion
properties of the resulting structure could be more easily tunable as it is easier to change a
liquid concentration than re-fabricate a structure [dM07]. The interplay of the dispersion
tunability and nonlinear effects of liquid filled PCFs has also been suggested as a new

route to supercontinua [Zha06]. Also, the use of liquid crystals may enable electrical
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control of fibre properties [Lar03].

Other than new PCF structures, or different material inclusions, it is possible to use
completely different glasses to make fibres and PCFs. Much interest has been expressed to-
wards chalcogenide glass fibres and waveguides because of its enhanced nonlinearity and
transmission to mid-infrared frequencies [As097]. However, its use may be limited by its
particular sensitivity to the environment and toxicity. It also has a very unfavourable zero
dispersion wavelength. More interesting are fluoride fibres, which have been extensively
studied for nearly 30 years [Fra90]. They have zero dispersion wavelengths around 1.6 ym
and transmission deep into the mid-infrared. The emerging high power thulium fibre
laser technology is well suited to generate supercontinua or other nonlinear processes
beyond 2-3 um in these fibres. Other types of fibre have been suggested or used including
tellurite [Pri07], and sapphire [Yin08].

Apart from the specific fibre structures or materials, nonlinear fibre optics in general
is moving in new directions. Most of the basic processes have been well understood
for some time. The more complicated emergent processes such as supercontinuum
generation, which have been intensively studied over the past decade, are also now
reasonably understood. Even so, new phenomena are being uncovered or re-discovered
from previous generations (as supercontinuum itself was). For example there has been a
revival of interest in soliton spectral tunnelling [Ser93; Kib07]. Another recent excitement
has been about so called rogue waves in supercontinuum generation, with analogies to
tidal waves in the ocean [Sol07]. These appear to simply be statistical fluctuations of the
soliton generation process from MI, as we analysed in Chapter 2, but the conclusions
and cross discipline input is novel. Other examples of such cross fertilisation include
the reference to gravity like potentials when discussing soliton trapping, as we noted in
Chapter 4 [Gor07b], and more recently, stimulating ideas relating nonlinear fibre optics
with Hawking radiation from black holes [Phi08].

As with all research, many of these new analogies and ideas or fibre types and designs
will prove incorrect or unsuccessful; but some will work. Nonlinear fibre optics in novel
types of fibres is a vibrant and active field. This thesis has provided some examples of

what can be achieved, but there is much more to do.
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