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The project consists of an experimental characterisation of optical vector rogue wave (RW)
events by using three different testbed fibre laser setups. The first testbed is a long cavity
fibre laser (615 m). Here, we have demonstrated for the first time, a new type of vector
resonance multimode instability that inherits some features of modulation and
multimode instability. This instability leads to emerging different pulse laser regimes from
longitudinal modes synchronization to different types of optical RW events. Using the same
testbed fibre laser, we have also shown experimentally for the first time fibre twist-based
chiral symmetry breaking. This leads to versatile laser dynamics tuneable from a periodic
pulse similar mode-locked regime to chaotic oscillations which are revealed as a
mechanism for the emergence of RW events. The observed optical RW events have been
classified as fast optical RWs or slow optical RWs depending on the autocorrelation function
of the experimental data. The classified optical RWs have been studied by collecting
experimental data of a 19x19 grid of polarization positions through tuning both intra-cavity
and pump polarization controllers.

The second testbed is a passively mode-locked fibre laser. Using this system, the control,
appearance and disappearance of the soliton rain flow were demonstrated for the first time
using a low range of pump power. Harmonics soliton rain, soliton fission and soliton-soliton
interactions leading to the emergence of optical RWs have also been demonstrated in this
experiment at a different pump power and intra-cavity birefringence. High harmonic (902
MHz) mode-locked fibre laser based on acoustic-optic effect has been realized in the same
laser experiment.

In the third laser testbed experiment with, a stretched mode-locked fibre laser, vector bright-
dark optical RWs were observed experimentally for the first time. These bright-dark RWs
have formed in the laser cavity due to modulation instability at close pump power threshold
or due to the polarization instability (incoherent coupling) at higher pump power.

Key Words: Optical rogue wave, mode-locked fibre laser, harmonic mode-locked fibre
laser, polarization dynamics, and modulation instability.
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Fig. 4.16: (a) 3D spatiotemporal intensity dynamics of the BDRW for one round trip
over 10000 round trips (0.34 ms) (b) getting inside the soliton pulse evolution over
200RT and 4ns showing the unstable output intensity evolution; (c) getting inside the
RF showing the absence of the MI; and (d) random periodic of the mini-comb PI feature
over 5 nm of the optical spectrum.
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Fig. 4.17: Bright-Dark optical RW pattern at a pump power of 24.3 mW; (a) oscilloscope
traces of 1.2 ms; (b) PDF histogram (vertical lines are the RW threshold) and (c) RF
spectrum.
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Fig. 4.18: (a) Spatiotemporal intensity dynamics of the BDRW for one round trip over
10000 round trips and (b) soliton pulse evolution over 200RT and 4 ns of 24.3 mW
pump power.

100

Fig. 4.19: Bright-Dark optical RW pattern at the pump power of 27 mW (95 mA); (a)
Oscilloscope trace for 1.2 ms; (b) PDF histogram; (c) RF spectrum and (d) the optical
spectrum.
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Fig. 4.20: (a) 3D front view of the pulse evolution for one round trip over 10000 round
trips; (b) getting inside the 3D spatiotemporal (c) getting inside the optical spectrum
showing the periodic mini-comb PI feature over 5 nm.
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Fig. 4.21: Bright-Dark optical RW pattern at the pump power of 28 mW; (a) 103
Oscilloscope trace for 1.2 ms; (b) PDF histogram; (¢) RF spectrum and (d) the optical
spectrum.
Fig. 4.22: (a); 3D side view of the spatiotemporal intensity dynamics for one round trip 103
over 10000 round trips;(b) getting inside the 3D spatiotemporal and (c) getting inside
the optical spectrum showing the mini-comb PI feature over 5nm.
Fig. 4.23: Bright optical RW pattern at the pump power of 32 mW, 100 mA; (a) 104
oscilloscope traces over 1.2 ms; (b) PDF histogram; (c) the RF spectrum; and (d) the
optical spectrum.
Fig. 4.24: Polarization dynamics measurements of the bright-dark RW (1 us resolution, 106
i.e. averaging over approximately 30 round trips, 16 slices with 1024 points per slice):
(a—c) Stokes parameters at the Poincare” sphere, (d—f) optical total power I=Ix+lyof
orthogonally polarized modes, (g-l) phase difference (green) and degree of
polarization (red) and (j-i) PDF histogram. Parameters pump power: 88 mA, 20 mW;
95mA; 27 mW; and 96 mA, 30 mW respectively.
Fig. 4.25: Schematic representation of the interrelation between various optical rogue 108
wave emergence mechanisms.
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Chapter 1

Introduction and Literature Review of

the Rogue Waves

1.1: Introduction

Rogue Waves (RWSs) which also have been named freak waves, giant waves, extreme
waves, monster waves, killer waves, abnormal waves and massive waves, are a
spatiotemporal localized natural phenomenon that can appear to come from nowhere and
disappear without a trace. Such waves exhibit a series of events with unexpectedly high
amplitudes which are far beyond that of the background waves and which appear more
frequently than would be expected. The first recorded description of RWs dates back to the
mid-1960s when giant waves were reported by ship’s captains and fishermen [1]. However,
this phenomenon was first introduced to the scientific community in oceanography in the
mid-1990s when the first RWs were detected in the North Sea by the Draupner platform [1,
2]. It was found that abnormally giant waves with great destructive power emerged
unexpectedly from nowhere and disappeared very quickly without leaving a trace [3] (the
waves are similar to the waves shown in Fig. 1.1 (a)). Such giant waves can reach very high
amplitudes. In Fig. 1.1 (b), for instance, it reached a maximum wave height of 25.6m which
is high compared to the significant wave height (SWH) of 12 m. Waves which are larger
than the SWH, can sink ships during their voyage or cause damage as shown in Fig.1.1 (c).
Such disasters from RWs can occur not only in the ocean or deep water, it has been
observed also in seaside areas [4] where RWs can cause sudden flooding. These waves,
despite being extremely rare can bring destruction for nature and civilization. RWs
frequently have a negative impact on nature as well as presenting considerable danger as

they are rare, unpredictable, appear suddenly and without warning, and can impact with
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tremendous force. It is found that RWs natural hazards related to water flows cause

remarkable losses every year in terms of human lives, ships, buildings, and infrastructure.

b) <)

Aston University
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Fig. 1.1: (a) RW events appeared unexpectedly, (b) very high amplitude RWs hit the ship, and (c)
the RW impact on the ship [adapted from gCaptain newsletter].

During 19", 20" and 21t centuries, many of RW events have been reported and recorded
by many passengers in container ships, oil tankers and fishing boats; some of these
disasters have been published in New Scientist Magazine [5]. It is believed that more than
22 super-carriers were lost between 1969-1994 in the Pacific and the Atlantic Ocean
because of RWs and 525 have been death caused. Moreover, more than 12 collisions
between ships and RWs were recorded in the Indian Ocean near the Agulhas Current and
in front of the coasts of South Africa [6, 7]. Furthermore, more than 130 RW events have
been reported during 2006—2010 [8]. Fig. 1.2 illustrates the up to date places where the
RWs have collided with ships causing a number of fatalities. Up to now, no existing ships
have escaped damage following a crash with a high destructive power RW which can reach
up to 30 meters [9]. Furthermore, the tendency of RWs to dramatically appear from nowhere
increases the level of the hazard and probability of collisions [10].

Despite these destructive effects, RWs may also have some beneficial applications. Most
researchers interested in the RWs would like to reduce the probability of RWs emerging in
the ocean to salvage ships and people life, but, on the other hands, some others have
suggested the use of RW events (if they can be controlled) as defence weapons to protect
countries against enemy ships [11].

Compared to other natural phenomena’s such as tsunamis and the storms associated with
typhoons, which can be predicted hours or sometimes days in advance [12], the oceanic
RW events can suddenly appear from nowhere for a few seconds before hitting a ship, as
has been confirmed by several observers. Indeed, this behaviour has made RWs difficult to
investigate, difficult to predict and some uncertainty still remains on their fundamental
origins. Many researchers have deduced that the probability of encountering RWs in the

open ocean is much larger than would be expected from the normal distribution of wave-
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amplitudes [13-15]. The mysteries behind such waves leads to difficulties in devising a
systematic approach to studying their characteristics, including the originating or
emergence mechanisms and the predictability of their appearance. However, some ways
have been developed for an understanding of the origin of these giant waves such as, the
probability of observation and the type of system which is able to generate them [12].
However, RWs are still elusive and intrinsically difficult to predict or monitor, we are a long
way from achieving a full understanding and this problem merits further careful study in any
physical system.

* Draupner wave 1995
*Norse Variant «Christianaki , Feb 1994 Max. Hexght: 25.6m.
“Norwegian Spirit, 2006 Mar. 1973, Deaths: 29 Deaths: 28 5 ﬁRS g‘s,“’:"e?g" lFeb~ 2060
«Naval research lab. 2004 R/V Ballena Nov. *Anita, March 1973 *Marina de Equa, Dec rax eight: 29.1m.
; - 29%% 1] 2000, Max. Deaths: 32 1981, Deaths: 20 *Riverdance, 5 Feb, 2008
Max. Height: 27.7m. i A .
«Aleutian Ballad. 2005 Height: 6.1m. «Silvia Ossa, Oct 1976 *Tito Campanella
o Deaths: 37 Jan 1984, Deaths: 27
Max. Height: 18m. - :
Brittany Ferries
s ge - May 2006
Fishing Competition :
Tune 2%05 P Max. Height: 15m.
Height of Boat: 35 ft
et Norwegian Dawn
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Fig 1.2: Statistics of RW collisions with super-carries since1968.

Nonlinear dynamics provides a good platform for the study of many interdisciplinary
nonlinear natural phenomena such as in soliton waves. It has been shown that the nonlinear
Schrodinger equation (NLSE) is suitable versatile and efficient theoretical framework that
provides the basic features of generating and understanding the RWs. But, experimental
difficulties are found in developing and understanding giant waves through collecting data,
especially in the open ocean. Therefore, attempts to study this natural phenomenon has
spread around other fields of science such as plasma physics, optics, and laser physics.
The phenomenological and physical similarities between the RW events in the ocean
system with optical systems as both share the same physical laws such as reflection,
refraction, diffraction, interference and the interplay of linear and nonlinear effects as well
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as the process of the modulation instability which is common in both systems have
motivated researchers to study the RWs in optical systems in order to understand similar
giant waves that appear and disappear without a trace in the ocean. The analogy between
the ocean and optical systems has been studied in detail both theoretically or numerically.
This has opened up the opportunity to study this natural phenomenon using testbed optical
experiments which can be realised much more easily than ocean waves. In particular,
optical fibre systems offer great advantages in studying these nonlinear dynamics that are
related to a much faster field evolution and hence a high number of events can be recorded
in a relatively short time.

Therefore, the aim of this thesis is an experimental contribution to understanding the
mechanisms of optical RWs and their emergence in a testbed fibre laser. Indeed, the
mechanism of the emergence of RW events is still under intense discussion [16, 17].
Understanding the physics of RWs is crucial not only to prevent ships from hazardous
impacts in the ocean, but it can also offer a promising technique to generate localised
intense and high output power generation in optical fibre for supercontinuum generation,
and high power fibre laser applications. This chapter begins with a brief introduction to the
definition of RWs that are commonly used in oceanography, followed by a brief historical
account of documented observations of these unexpectedly emerged giant waves in the
ocean. Then, RW identification properties and the criteria commonly used in their
characterisation are discussed in section 1.2. In section 1.3, RWs in the various scientific
systems are presented. Subsequently, different laser systems are presented in section 1.4.
The motivation of this thesis, thesis outline and chapter conclusion are presented in section

1.5, 1.6 and 1.7 respectively.

1.2: Rogue Waves ldentification

To identify the high intense events as RWSs, the oceanography and optical specialist often
uses three main features: First, the dynamics should manifest abnormality of unpredictable
rare wave events. The ratio of the wave amplitude or SWH (distance from trough to crest)
to the height of the average normal wave amplitude in a time series is measured [18], (i.e.
the mean amplitude of the highest third of the waves) [19, 20]. According to this analysis,
each event that has an amplitude greater than 2.2 times the SWH meets the extreme wave
criterion as shown in Fig. 1.3 (a). Second, to classify the high intense events as RWs, these
events should be rare transient waves that appear unexpectedly and disappear very fast
without a trace [21, 22]. Third, the extreme events should arise more frequently than
predicted from Gaussian or Rayleigh distributions. This means the events occur more
frequently than calculated using the standard deviation (o) of the normal probability
distribution. Hence RW events have a long-tail (L shape) probability distribution function
(PDF) as shown in Fig. 1.3 (b) and their probability significantly deviates from Gaussian or
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Rayleigh distributions for normal ocean events or stochastic events respectively. Therefore,
event waves that have an amplitude larger than the mean surface value plus 8 o are
considered RWs [18]. At present, it is more common to use the third criteria of the RWs
where the RW’s amplitude should exceed the standard deviation of the ocean’s surface

variations in more than eight times [20].
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Fig. 1.3: (a) Wave height measurement as a function of recording time showing the RW at the
Draupner oil; (b) PDF showing both Gaussian and L-shape distributions [adapted from

https://physics.aps.org/articles/v2/86].

1.3: Rogue Wave events in Different Scientific Areas

Theoretically, rational space-time localized amplitude peaks were firstly described by
Peregrine breather [23] shown in Fig. 1.4 (a), which are also called a Peregrine soliton
through solving the self-focusing NLSE analytically in hydrodynamics. It was found that the
amplitude peaks were formed due to the interaction of the nonlinearity and dispersion in the
NLSE. After that, some other kinds of NLSE solutions have been presented considering the
two solitons interaction for describing the time-periodic solitons named Ma or KM soliton
breathers [24] as shown in Fig. 1.4 (b) which were later on classified as a mechanism of the
RW events emergence. Thereafter, space periodic soliton named Akhmediev breathers
(AB) [25] shown in Fig. 1.4 (c) have obtained which also classified as a mechanism of the
RW emergence due to the soliton-soliton interaction in the space domain. Therefore, in the
mathematical community, the term of RWs has been linked with these kinds of breathers or

the exact rational solutions of partial differential equations of the NLSE.

a) Peregrine breather b) Ma breather ¢) Akhmediev breather
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Fig. 1.4: The differences between (a) Peregrine soliton breather; (b) Ma soliton breather and (c)
Akhmediev soliton breather [26].
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Indeed, the difference between RW and breathers is that both Peregrine soliton and RW
are nonlinear localized structures in both space and time. This is of fundamental
significance because these are localized in both time and space, whereas breathers such
as the Ma breather or Akhmediev breather are localized in only one domain. The Ma
breather is localized in the time domain and the AB in the space domain. The existence of
Peregrine was not observed experimentally in any physical system over three decades,
until 2010 when it was observed in an optical fibre experiment [26]. Therefore, this confirmed
that the Peregrine soliton is a formal prototypical that can describe the origination of RW
events. Since then, RWs events have been observed and become a ubiquitous and hot
topic in the study of localized waves in various scientific fields, from nonlinear optics [27],
capillary waves [28], finance [29], nonlinear waveguide [30] and plasma waves [31], and
these studies have supplied a better understanding of the general features and observation
of RWs. However, RWs are not restricted to the ocean, and these have been found, for
instance, in hydrodynamics in the form of turbulence, hurricanes, tsunamis, geosciences
(earthquakes, floods, landslides), power grid and computer networks (black-outs),
economics (financial markets), social sciences (distributions of populations), medical
sciences (neuronal avalanches, epileptic seizure), material failures, environment and
climate sciences (forest fires, evolution and competition of animal and plant species) [32].

As the RWs in different physical systems have the same underlying mechanism, then
understanding the emergence and propagation of RWs in one system can be expected to
strengthen the understanding in other systems. In addition, the important consequence of
the RW studies is that predictability of the existence of such disaster waves, based on the
observation of a suitable precursor, could be possible. The observation of precursors could
be used to trigger a proper feedback signal before the emergence of the RW which then
may allow the controlling or even suppression of such events. However, among these
different systems, nonlinear optical systems offer an excellent platform for RW observation
and emergence mechanism studies over a wide range of scales due to sharing similarities
with ocean waves such as the interplay of linear and nonlinear effects. In particular, optical
fibre experiments can provide relatively easily studying of RW emergence which can be
beneficial in giving insight into the study of oceanic RWs [33]. Also, concerning the
predictability of RWs is very difficult in oceanography system due to the scarcity of available
data and measurements compared to the large and fast data collection capabilities in the
testbed of a nonlinear optical system. For these reasons, it is important nowadays to study
the mechanisms of the RW emergence in an optical system which is an analogy with the
oceanography system. The common features between systems or objects of different
nature and scale allow the researchers to use laboratory observations to understand the
oceanic giant waves that are normally difficult to study in real life due to the dangerous

conditions of the oceans. However, the collective efforts of experts from the various
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scientific disciplines area are, indeed, providing fast progress in the RWs research field [34].
The optical systems, in particular, are revealing themselves as the most useful field in
leading this progress [35]. Therefore, the laboratory physics studies allow a faster data
accumulation from smaller scale processes than a real or direct study of the ocean RW
evolution.

Therefore, in this thesis, we focus more on vector RW events emergence in optics and
particularly in optical fibre laser experiments because of their similarities with ocean
systems as well as having a high nonlinear dynamic and the capability to record a high
amount of the data. The next section describes the observed optical RWs in different laser

experiments.

1.4: Optical Rogue Wave Events in Different Laser Experimental Schematic

Due to the similarities with the ocean system, the studies of the RWs in the optical system
have rapid growth over last decade. It can be used as a suitable testbed for the well-
controlled investigation of such natural phenomena that cannot be easily investigated in
their own environment. In addition, the emergence of the RW in optical systems could also
affect the system’s technological performance, for instance, it could damage the optical
detector in the optical communication systems.

To mitigate the impact of the RWs on the natural life and technology, as well as move
towards building the high power localized laser system, it is necessary to have a detailed
understanding of the underlying optical RW mechanisms. Therefore, studying these RWs
is of great importance for the design of localized output laser pulses.

However, in the optical system, it seems that the nonlinear dynamics are the suitable
versatile and highly efficient theoretical frameworks that can be a success in developing the
understanding the basic features of RW emergence [10, 36]. In particular, optical fibre
systems offer great advantages in nonlinear dynamics which are related to faster field
evolution and a higher number of events that can be recorded with relatively short time.
Therefore, an extensively studied of the optical RW formation have been done
experimentally and theoretically in fibre laser using comprise nonlinearly driven cavities [37],
Raman fibre amplifiers and lasers [38, 39], pump-modulated fibre lasers [40]. In addition, it
has been found that there was main role of gain active media and dissipative systems in
the fibre laser to drive the instabilities in the RW formation such as Q-switching instability
pulsating regimes [10], bunched chaotic multiple pulsing interaction [41], multiple soliton
collisions [11], and the interaction with dispersive waves [42] which have been identified as
a key mechanisms in the formation of RWs in the fibre laser. This has also stimulated
research in diverse areas of nonlinear optics to study optical RW in other different optical

systems included parametric amplifiers [43, 44], linear light propagation in multimode fibre
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[45], optically injected semiconductor lasers [18], Ti:Sapphire mode-locked laser [46] and
fibre lasers [47-49]. Therefore, optical systems have become an excellent playground for
the studies the RW not only due to the similarity to the oceanic RWs as studied in the NLSE
but, indeed, more generally for the study of large and statistically defined events. Thanks to
such broader vision, the significance of the field has increased a lot, in particular, the general
physical or dynamical concepts which can lead to the emergence RWs.

1.4.1: Optical Rogue Waves in Supercontinuum Fibre Lasers

The Concept of the optical RW has arisen in analogy with hydrodynamics to describe the
extreme rare intense fluctuations events in the value of an optical field. Optical RW was first
observed experimentally in high nonlinear microstructured optical fibres (Fig. 1.5 (a)) near
to the threshold of the soliton fission supercontinuum generation [27]. These events have
been studied numerically using the generalized NLSE which explained that optical RWs
arise infrequently from initially smooth pulses due to power transfer seeded by small noise
perturbation instabilities. However, in this experiment, a new real-time detection technique
based on wavelength-time transformation has been used in the detection of such optical
RW events. It was found that the output pulses from microstructure fibre are strongly
dependent on the instabilities that are generated by the power level as shown in Fig. 1.5 (b-
d). The PDF statistic histogram is shown in Fig. 1.5 (el-e3) confirmed that the events that
surpass the RW criteria increased dramatically with increasing the pump power level. The
statistical analysis showed that the rare waves have long-tailed PDFs signature statistics
characterization which are quite different from Gaussian statistics for the normal waves [21,
22, 27, 50-52]. Based on these statistics, optical specialists have added the PDF as third
identity step for identification of the RWs [51, 52]. Then, this term has been generalized to
describe many other processes in the field of optics because it provides a convenient
platform for the study of RWSs, with its fast field evolution and ease of parameter control.
Since this initial study, the optical RWs have been observed in other supercontinuum fibre
experiments using various external pump modulations from CW to picoseconds to study the
evolution of statistical properties [27]. Moreover, optical RW statistics properties have also
been studied using stochastic numerical simulations in the supercontinuum generated in
two zero dispersion wavelengths photonic crystal fibre. The results of this study showed
that the PDF statistics that were characterized in terms of peak power, wavelength and
pulse duration strongly depend on the input pulse energy. They used the input pulse energy
to control the dispersive wave generation which is the main source for optical RW
emergence [51]. However, from most of the experiments, it was found that the strong power
fluctuations which appeared and disappeared from nowhere resulted from soliton collisions

inside the microstructure fibre [53]. Therefore, soliton collisions and soliton fission have
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been recognized as the principal optical RW emergence mechanism in supercontinuum
fibre laser systems. To observe such RWs, highly nonlinear fibre, as well as the high pump
powers, are required. In contrast, chapter 3 presents the experimental observation of the
emergence of optical RW by both soliton fission and soliton collision without the need of the
high nonlinear fibre and also at low pump power.

Aston University
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Fig.1.5: (a) Experimental setup of the optical RWs observation in supercontinuum fibre; (b-d) the
oscilloscope traces for three different pump power levels (increasing from top to bottom) and (el-
e3) the corresponding PDF histograms [27].

1.4.2: Optical Rogue Waves in Fibre Raman Laser

RW events have also been experimentally observed in the fibore Raman amplifier shown in
Fig. 1-6 (a); it was found that a series of temporal extreme intensity spikes can be developed
by raising the injected noise of the incoherent pump power that is applied using either a CW
or a picosecond pulsed laser as shown in Fig 1.6 (b1, b2) respectively. Therefore, this
external modulation instability played a key role in emergence of the spikes intensity and
therefore this is classified as an optical RW emergence mechanism. The histograms of the
PDF statistical analysis evolution of both Stokes and anti-Stokes bands showed their
intensity had the L-shape signature typical of RW events [54]. There was good agreement
with a numerical model that was developed using a coupled NLSE [55]. Optical RW has
also been found in the Quasi-CW Raman fibre laser as shown in Fig. 1.7. It was found that,
depending on the pump power; the laser could operate in different regimes from partial
mode-locked to stochastic (Fig. 1.8) that surpass the criteria of the optical RW. The inset of

Fig. 1.8 showed that the PDF histogram has developed gradually with increasing the pump
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power and became broader with a high-intensity tail confirming the generation of optical
RW events [39]. Such statistical properties have also been studied numerically for the same
laser. This analysis confirms that the mechanism of the optical RW events was a turbulent-

like four-wave mixing of numerous longitudinal generation modes [56].
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Fig.1.6: (a) Experimental setup of the Raman amplifier; (b1) output intensity spikes in the case of
CW launched with the pump power and (b2) in the case of the pulsed laser launched with the pump
power [38].
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Fig. 1.7: The experimental setup of the quasi-CW Raman fibre lasers [39].

Aston University
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Fig. 1.8: Temporal dynamics and PDFs (inset) for different pump powers a) 1.5 W of pump power,
b) 2.0 W, c) 3.0 W, and d) 3.25 W. All traces presented show stochastic nature of the output emission
[39].
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1.4.3: Optical Rogue Waves in Fibre Brillouin Laser

Optical RW due to stimulated Brillouin scattering (SBS) in the fibre laser shown in Fig. 1.9
have also been observed experimentally. In this system, high intensity localized structures
have been observed that are related to optical rogue events through their statistical
behaviour. Highly-skewed intensity distributions are observed when the pump power is
twice the laser threshold as shown in Fig. 1.10 (compare c, d with a, b). It was also confirmed
that the emergence of these SBS-induced RWs is attributed to the interplay between laser

operation and resonant Stokes orders and this has also been confirmed numerically [57].
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Figure 1.9: The experimental setup of the optical RW generation in SBS fibre laser [57].

a) 1.1 x Threshold b)
0.16, 01
0.15 001
s > i
o 014 B =
o $ 0,001 %)
g g @
%. :;‘ o~
g ¥ o~
< g
o
05 0 0,12 0,14 O.ZIG 0.’18 0.’20 0.’22 0.’24
Time (s) Amplitude (V)
c) 2 x Threshold d)
0.1 =
=
2 =
0,01 ‘Q
— N
> 2 i
= 2 0,001 =
° 8 ‘
g' Z 14 i
g' g !' |
< [ [ '
& 1ES (it !
[T
Il Il
1E-6
i it
I 0 i I 1 {
6

05 0 : . 02 04 06 08 10 12 14 1,
Time (s) Amplitude (v)

18 20

Fig. 1.10: Time traces and PDFs just above laser threshold (a, b) respectively and at twice the
threshold (c, d) respectively showing the evolution to an unstable state with intensities exceeding the
RW intensity i.e. with intensities exceeding twice of the SWH (solid vertical line) [57].
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1.4.4: Optical Rogue Wave Events in Semiconductor Laser

Semiconductor lasers also have rich nonlinear dynamics which make them of interest for
optical RW studies. Optical injection into vertical cavity surface-emitting lasers (VCSELS)
has been investigated experimentally in the observations of deterministic optical RWs. It
was found the optical RW appeared as results of the collision of chaotic pulses that
developed due to the electrical pump injection. The long-tailed of the PDF of the pulse
amplitude displays clear non-Gaussian features that confirm the RW character of the
intensity pulsations. Simulations of a simple rate equation model showed a good qualitative
agreement with the experimental results and provided a framework for understanding the
observed RW events in semiconductor lasers as the result of a deterministic nonlinear
process [18]. It was found that the PDF histogram shape is very sensitive to the injection
current as it dramatically changed from Gaussian distribution (Fig 1.11 (a)) to the L-shape
distribution (Fig. 1.11 (b)) confirming the emergence of the optical RWs in the output of the
laser by just increasing the injection current from 0.972 mA to 0.976 mA (4pA). Furthermore,
these events have been observed experimentally in a polarisation-resolved dynamic
VCSEL. As such lasers are rich in the nonlinear dynamics, RWs have been observed not
only in weak and strong chaotic dynamics but also in different dynamic regimes including a

stable mode locking [58].
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Fig.1.11: (a) PDF histogram shape of the optical injected VCSEL at (a) 0.972mA, (b) 0.976mA [18].
1.4.5: Optical Rogue Waves in Fibre Laser with Modulation Instability

Fibre lasers with nonlinear dynamics provide a suitable, versatile and highly efficient
theoretical framework that can be successful in developing an understanding of the basic
features of RWs. The fundamental nonlinear dynamics concepts range from modulation
instability (MI) in both scalar [59] and vectorial [59] generated by coherent [59], incoherent
[43, 60] or partially incoherent [43] pump source waves, to optical soliton dynamics [61, 62],

and self-similarity [63]. Therefore, in this section, the Ml role in the form of the different kinds
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of breathers is presented as it was addressed in section 1.3 as the RW events emergence
mechanism.

Ml is a phenomenon that manifests itself in the dynamical exponential growth evolution of
weak periodic perturbation in a continuous wave background. It is classified as one of the
distinguished features of nonlinearity in the optical fibre; it is a result of striking consequence
between the interplay of dispersion and high power Kerr effects. But, indeed, where it has
been found that the generation of RWs is not restricted to this condition; it was extended to
the normal dispersion regime where it predicted by Berkhoer and Zakharov by considering
the extra degree of freedom due to the vectorial nature of light [64]. This MI has appeared
in the form of spectral sidebands which exponential amplification in active medium with the
expense of the pump power, but the dynamics are more complex and various scenarios of
energy exchange between the spectral modes could be possible. Therefore, the exponential
growth of weak perturbation of Ml at the expense of continuous or quasi-continuous pump
wave in the fibre laser can be either frequency-shifted signal wave or quantum noise (i.e.,
spontaneous MI). In the frequency domain, Ml is equivalent to the four-photon parametric
mixing process where two pump photons are annihilated to create a Stokes (signal) and
anti-Stokes (idler) photon pair. Based on that, the links between spontaneous Ml and their
effect on the development of optical RW instabilities have been studied in optical fibre
supercontinuum generation [27, 52] and in a high order of optical fibre nonlinearity [44]. It
was found that the intrinsic characteristics of the RW existence are connected directly to
the MI which require high nonlinearity to appear in the optical fibre. Therefore, fourth-order
scalar MI nonlinear dynamics in the ultra-broadband optical wavelength converters have
been numerically studied [44]. It was supported also the idea that, the spontaneous
emergence of solitons and trapped radiation waves during the frequency conversion
process, leading to significant blue and red spectral expansions. The statistical analysis of
both blue and red spectral frequencies showed an L shape signature of the optical RW. The
dynamics of rare pattern formation and intense localized optical peaks have also been
studied in an optical system with optical feedback far from the modulation instability
threshold. These intense optical peaks have been analysed numerically and experimentally
by statistics and shown that their PDF have a long tail indicating the occurrence of rogue
events [45].

1.4.6: Optical Rogue Wave Events in Mode-Locked Fibre Laser

The study of instabilities and RWs events in mode-locked fibre lasers is particularly
desirable for two reasons. First, mode-locked fibre lasers offer a relatively simple system
for complex nonlinear dynamics studies [65] as it has 1D guided-wave which extremely

simplifies the theoretical analyses. Second, mode-locked fibre laser system architectures
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at different wavelength operation have made such system unprecedentedly attractive to
many practical applications [66, 67].

Compared to the bulk, passively mode-locked fibre lasers possess attractive features
including compact size, no optical alignment, low cost, high beam quality, and the potential
for environmentally stable operation. Therefore, passive mode-locked laser operation with
multiple pulses per cavity round trip is also considered as a favoured way for optical RW
mechanism investigations. Soto-Crespo et al. [47] have predicted numerically the
generation of optical RW events in passively mode-locked lasers which were then observed
experimentally by Lecaplain et al. in dissipative fibre laser systems [41]. But, these
experiments required the conjunction of both anomalous dispersion and very high pumping
power of up to 600mW as in the NPR shown in Fig. 1.12 (a) [41]. Due to the nonlinear
dynamic, in addition to the soliton pulses and breathers, a bunch of pulses, can be formed
in fibre laser (Fig. 1.12 (b)) which have long tail shape distribution with more than 2.2 of the
SWH line compared to the classical distribution in the yellow line in Fig. 1.12 (c). The pulses
in the regimes can have different speeds, amplitudes, and phases, which make the
possibility of strong interactions and energy exchange between pulses which classified as

a mechanism of optical RW events emergence.

Aston University

Hustration removed for copyright restrictions

Fig. 1.12: a) the experimental setup of the NPR, (b) Output pulse amplitude evolution over round
trips showing the RW event; (c) PDF Histogram showing a large deviation above the classical
distribution (yellow line) confirmed the RW event [41].

However, the multiple pulses, or dissipative solitons, can interact either weakly or strongly.
The weak interaction processes are amplified by an active medium due to the endless
recirculation of pulses in the cavity. This kind of interaction of multiple pulses can be through
their tails, or through dispersive waves (soliton rain), made a bunch of pulses which have a

time shorter than the cavity round trip time [47, 68]. Whereas, strong interactions are
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affected by the cavity parameters, controlling these parameters can explore various
pulsation behaviours like breathers. Also, optical RW events as intermittent regime have
been studied experimentally in all normal dispersion passive mode-locked, fibre laser [49].
In addition to the studied of the mechanism were behind the emergence of the RW event in
different laser experiments, there are also some other reviews that have been published on
achieving a better understanding optical RW origination.

An overview of the breather, soliton dynamic and RW have been provided in a review by
Dudley. This review discussed the optical systems have generated the extreme events with
the consideration of defining a feature of RWSs through statistical features such as long-
tailed probability distributions [33, 69]. Roadmap on optical RWs and extreme events have
introduced different original concepts in a single review article to stimulate and encourage
further research of understanding RWs emergence [34]. Also, Dudley and co-author
addressed a series of challenges and questions relating to understanding optical RW
phenomena which were carried out mathematical, numerical and experimental studies in
this field [69]. Moreover, a brief review of the RWs and their generating mechanisms in
various physical fields have been reported by M. Onorato et al. in 2013 showing the RWs

experiments laboratory performed in water basins and in different physical contexts [20].

1.5: Motivations of the Work

Despite the fact that there has been a considerable effort focused towards understanding
the physical mechanisms behind the emergence of optical RW events, the complete picture
still remains uncertain and unclear. This is because these waves appear from nowhere and
disappear without trace as well as having statistical PDF that is completely different from
that found regularly in normal waves. Hence, the general consensus is that one unique
causative mechanism is unlikely. Based on that, the extreme events have been shown to
emerge in many ways: from linear effects such as directional focusing or the random
superposition of independent of wave trains to nonlinear effects that are associated with the
increase of instabilities and noise to originate the localized wave structures. Also, to develop
a capability to forecast RW events, it is necessary to build a testbed experiment that can be
compared with previous observations. It would be very interesting to exploit such events in
analogue physical systems where well-controlled experiments can be set up, producing
large data set as well as allowing fast analysis of the data. The development of testbed
experiments as illustrated in section 1-4 was based on the observation that many RW
events in optical sciences have been described in scalar terms with the same universal
statistical distributions. These statistics are characterized by the presence of RW events,
which are associated with the properties of the tail ends of the corresponding distributions.

From a theoretical point of view, it has been shown that vector RWs demonstrate a richer
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structure than scalar ones, such as bright-dark RWs (BDRW) [70], dark RWs [55, 71],
interactions between RWs and other nonlinear waves [70, 72] and four-petaled RWs [73]
have been founded. Such studies indicate that nonlinear waves outcome in coupled NLSE
systems is much more diverse than the ones in uncoupled systems.

This motivates us to propose a vector testbed fibre laser system which takes into account
the laser dynamic instabilities, particularly natural vector instability (polarization) that have
been ignored in most of the previous experimental studies. The scope of this thesis is to
provide a simply accessible testbed fibre laser system for exploring in a well-controlled
system the dynamics of the optical RW events. This could help to study as much as possible
of the optical RW events mechanisms, it means, rather than to build one experiment to
study only one or two events, we build fibre laser experiments that can observe most of the
RW events. Therefore, the outcomes of this testbed experimental study can be beneficial
towards predicting and controlling the appearance of optical RWs in optical systems. In
addition, understanding the physics behind the RWs emergence is important not only to
prevent the particular system from hazardous effects, but it can also provide a promising
method for localized (time-space or both time and space) high power laser generation.
Therefore, the main objective of this dissertation is an exploration of optical RW emergence

mechanisms.

1.6: Thesis Organization

This thesis provides a testbed experiential system to study the optical RW emergence
mechanisms in an optical fibre based on different instabilities. Five chapters are organized

as follows and presented schematically in Fig. 1.13.
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Fig. 1.13: Display the organization of thesis.

We begin with a brief fundamental definition and concepts of RW overview in Chapter 1,
focussing on RW emergence in the ocean and disaster effect. We then discuss the
statistical properties and the criteria used for identification of extreme events as RWs,
followed by their emergence in different physical systems. RWs in the different optical
schematic system are discussed showing different emergence mechanisms. Finally,
motivation of the work, thesis organization and chapter conclusion are presented.

Chapter 2 is devoted to demonstrating, experimentally, a new type of the low threshold
vector resonance multimode instability (VMMI) which inherits features of multimode and
modulation instabilities. The instabilities are driven by in-cavity birefringence that is
adjusted using an in-cavity polarization controller (PC) in a long fibre laser. Using the
same fibre laser, we also demonstrate another vector instability named chiral symmetry
breaking (CSB) which drives the laser dynamic by a fibre twist which is induced by an
in-cavity PC. We show that both of VMMI and CSB can drive the laser system from
periodic longitudinal modes synchronization to quasiperiodic motion and further to the
chaotic pulse behaviour satisfying the optical RWs criteria.

The experimental classification of slow and fast optical RWs which were observed using the
long laser system as well as different kinds of fast optical RW such as lonely, twin and three
sisters are also discussed in this chapter. Finally, the generation mechanisms of optical
RWs using the long fibre laser are evaluated based on pulse-pulse interactions.

Chapter 3 presents both soliton rain and soliton fission that are intriguing nonlinear
dynamics mechanisms for optical RWs emergence. It is experimentally observed for the
first time that optical RWs can emerge as the result of soliton interactions in anomalous
passive mode-locked fibre laser at a low threshold of pump power. High harmonic mode-
locked fibre laser (~1GHz) also obtained and demonstrated at the beginning of chapter 3.

The variation of harmonic soliton rain, soliton fission and soliton interactions as mechanisms
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for optical RWs emergence on varying the initial parameters are also observed and
discussed in this chapter.

Chapter 4 reveals the importance of the state of polarization as an additional degree of
freedom in a fibre laser. It provides for the first time an experimental observation of BDRW
in a stretched mode-locked fibre laser. It found that the BDRW can emerge as the result of
either MI or polarization instability (PI) or with the contribution of both of them due to the
coherent coupling between the polarization components of the light pulse within the laser
cavity that results in such complex instabilities. Finally, Chapter 5 draws conclusions from
the entire thesis and presents a summary of the results.

1.7 Conclusion

This chapter introduced fundamental concepts of the optical RWs. In the beginning,
definition and the concepts of RWs and its identification were introduced. Then, RWs in
different scientific fields and also in the optical experimental schematic are presented, as in
illustrated in flowcharts 1.1 and 1.2 respectively, showing the mechanism behind the
emergence of such rare events. From that, it concludes that mode-locked fibre lasers are
the most promising framework for success in developing an understanding of the optical
RW emergence.

Flowchart 1.1: RW observation in different scientific areas.

RW Events in Different Scientific Areas

Capillary Nonlinear Plasma
Waves Waveguide Waves

Flowchart 1.2: Optical RW observation in different fibre laser schematic.

RW Events in Optical Experiments

Supercontinuum J Fibre Raman [ Fibre Brillouin § Semiconductor § Mode-Locked
Fibre Laser Lasers Laser Lasers Fibre Laser

Mode-locked fibre lasers are the perfect candidates frameworks that can be success
in developing an understanding and may be predicting the RW events emergence
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Chapter 2

Vector Optical Rogue Wave Based on
Resonance Multimode and Chiral

Symmetry Breaking Instabilities

2.1: Introduction

In this chapter, a testbed fibre laser design is proposed to address the challenge of
investigation the vector nature of the laser dynamics. We will experimentally
demonstrate a new type of vector resonance multimode instability that inherits some
features of modulation and multimode instability (VMMI). Using the proposed fibre
laser, we have justified for the first time that an increased in-cavity birefringence strength
causes spatial modulation of the two orthogonal states of polarization (SOP) with a
period equal to the beat length and so leads to different level of coherent coupling
(synchronization) depending on the birefringence strength. We have shown that by tuning
the interaction of two orthogonal SOPs of the laser cavity, we obtain polarization instability
as a feature of MI leading to emergence of different pulse laser regimes including
longitudinal mode synchronization and different types of optical RW events.

Using the same testbed fibre laser, we have also demonstrated experimentally for the first
time that fibre twist-based chiral symmetry breaking (CSB) leads to a versatile laser
dynamics which can be tuned to give periodic pulses similar to the mode-locked regime,
harmonic, multi-pulse, and chaotic oscillations. This shows that this is a mechanism for the
emergence of RW events and these can be varied depending on the coherent coupling

between the left and right polarization modes.
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For the optical RW events emergence mechanism, we provide evidence of optical RWs that
can emerge due to either multimode instability or chiral symmetry breaking at a pump power
of only 18.4 mW which is close to the lasing threshold of 16 mW. This power is much less
than the 600 mW that has been demonstrated previously in NPR [74]. Furthermore, we
have observed two different classifications of optical RW pattern; fast optical RW (FORW)
and slow optical RW (SORW). Both emerge due to the incoherent coupling of polarization
components in the laser cavity, but for FORW this coupling is in the form of pulse-pulse
interaction; while for SORW it is in the form of attractors. Both the FORW and SORW have
been studied by collecting experimental data over a matrix of 19x19 polarization positions
(polarization map) through tuning both the intra-cavity and pump birefringence. In addition
to the SORW and FORW, different types of the FORW have also observed through
polarization mapping including lonely, twins, three sisters and crossing pulses.

The organisation of this chapter is as follows: in section 2.2, we describe the testbed laser
experiment and its characterization showing the modulation of the SOP as a feature of MI.
The multi-pulsing laser regimes based on both VMMI and CSB instabilities are presented
in sections 2.3 and 2.4 respectively. In section 2.5, we discuss optical RW classification as
either SORW or FORW based on the characteristic time of the events. This is calculated
from the autocorrelation function (AF) of the experimental results. More details of the SORW
and FORW are presented in sections 2.6 and 2.7 respectively. Finally, we make some
conclusions on the experimental results that are concluded and shown in flow and pie charts

in section 2.7.

2.2: The Testbed Experimental Laser Setup

The testbed fibre laser system is based on a 615 m long unidirectional ring cavity oscillator
as illustrated in Fig. 2.1.

1480nm

Pump laser pca WDM

o e Er-doped fiber
20%
output
ocC ]
J 614m SMF

PC1
ISO
@ CEE i

Fig. 2.1: Schematic of the long cavity (615m) testbed fibre ring laser. WDM: wavelength Division
multiplexing; PC: polarization controller; ISO: optical isolator and OC: output coupler

In contrast with the mode-locking schemes based on nonlinear polarization rotation, only
one in-line cavity polarization controller (PC1) was placed inside the cavity. The second

polarization controller (PC2), was used to control the SOP of the pump wave. The angles

31



of the polarization controllers were measured relative to the vertical position. The whole
cavity was assembled with 1 m of Er** doped fibre Liekki Er80-8/125 (B-+59 ps?km at
1550nm) and 614 m of single mode fibre SMF-28 (B.=-21 ps?km). The polarization
insensitive optical isolator (ISO) was used to ensure unidirectional lasing and had an
attenuation of 51 dB. The 80/20 fibre coupler was used to sample a portion of the signal
wave. The cavity was pumped via a 1480/1550 WDM using a 1480 nm laser diode which
had a built-in isolator. The supplied pump power was measured after the pump polarization
controller (PC2) and the wavelength division multiplexing (WDM) but before the Er®* doped
active fibre. The output signal of this experiment was detected using an InGaAs UPD-15-
IR-2-FC detector with a bandwidth of 17 GHz connected to a 2.5 GHz sampling oscilloscope
(Tektronix DPO7254). The oscilloscope has the built-in option of a variable electronic filter
for the incoming signal. The oscilloscope was set on 10 Gs/s trace points and 100 ps/pt
resolution. For a trace length of 5 ms, this yielded a total of 50x10° points and these were
processed to detect the RW patterns. An optical spectrum analyser (Yokogawa AQ6317B)
with 0.02 nm resolution and an RF signal analyser (FSV signal analyser Rohde Schwarz;
10 Hz-13.6 GHz) were used to record the laser optical spectrum and radio frequency (RF)
spectrum respectively. The SOP and the birefringence strength that drives the output to
different laser dynamics were studied using an in-line polarimeter (Thorlabs IPM5300). A
set of 16 frames with 1024 samples in each frame and 1 ps resolution were collected over
an interval of 1 ms (25 — 25000 round trips) in each measurement of the polarization. The
data was analysed to measure the normalized Stokes parameters Si, S,, Sz and the degree
of polarization (DOP). These parameters are related to the output powers of two
perpendicular linearly polarized polarization states Iul? and 1142, and the phase difference

between them Ag as follows:
S, =[u[* =, S,= 2Ju|v|cos Ag, S 4= 2Ju[v[sin Ap,

| NI
> DOP=Y> "2 7% 4_1,3)

s =
JSZ+82+52 So

It was found that the RF spectrum of the output signal has three frequencies as shown in
Fig. 2.2 (a). The central peak (325 KHz) corresponds to the round trip frequency which is
linked to the laser cavity length; the two satellites labelled as polarization are related to in-
cavity birefringence-mediated instabilities. The frequency of this modulation depends on the
induced birefringence strength (coherent coupling) in the cavity and this can be adjusted by
varying PC1. In addition, there are; another two smaller satellites which are amplified in the
right insert. These appear because of pump power inform of modulation instability in the
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long ring cavity. The frequency offset of these smaller satellites depends on the pump power
as illustrated in Fig. 2.2 (b). The left insert in Fig. 2.2 (a) shows the output power vs pump

power with a lasing threshold of 16 mW.
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Fig. 2.2: a) The output RF spectrum of the testbed fibre laser; in left insert power versus pump; in
right insert the amplified central RF peak with satellites due to power instability; b) power instability
satellites distance from the RF central line as a function of the pump power.

2.3: Multi-pulsing Via Vector Resonance Multimode Instability

Using the experimental system discussed in section 2.2, we demonstrated experimentally,
for the first time, several new types of low threshold vector resonance multimode instability
[75]. These instabilities inherit features of both multimode and modulation instabilities in the
form of the polarization satellites illustrated in Fig. 2.2. We found that the pump power at
the first lasing threshold for the CW regime was 16 mW and this was followed by a second
threshold for multimode instability at 18.4 mW. At this pump power, we observed that the
laser can operate in different output laser regimes by changing the laser cavity birefringence
(PC1) as shown in Fig. 2.3. At this threshold, a large number of longitudinal modes are
excited without synchronization (incoherent coupling) and this leads the laser cavity to emit
pulses in a chaotic fashion with few pulses amplitude surpass the RW threshold (red-dotted)
as shown in Fig. 2.3 (a). The RW criteria which illustrated in chapter 1 has been used to
identify the observed optical RW. However, the periodical amplitudes that are related to the
round trip period have excluded in view of predictable nature of the optical RW emergence.
To enable multimode instability, we need to modulate the SOP of the lasing signal at the
period of the beat length by adjusting the in-cavity birefringence (PC1) and the SOP of the
pump power wave (PC2). By adjusting these parameters, we show that the output laser
regime could be tuned from chaotic emission to periodic pulses similar to the mode-locked
regime which is illustrated in Fig. 2.3 (al-d1). These output laser regimes are based on

the synchronization of the two orthogonal states of polarisation producing resonance
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matching between the beat (polarization satellites frequency) and cavity lengths (central
frequency line). As can be deduced from Fig. 2-3 (al-d1), the chaotic operation regime is
due to completely incoherent coupling, whereas adjustment to give coherent coupling
results in regime stabilization initially towards a less chaotic state and then to an ordered
multi-pulsing regime as in Fig. 2.3 (b1, c1). In the case of the partial coherent coupling, the
polarization satellites move closer to the central frequency line (Fig. 2.3 (b2, c2)). Periodic
single pulsing, similar to mode-locking (Fig. 2.3 (d1)), is obtained in the case where the
polarization satellites match the main central laser line (Fig. 2.3 (d2)). These single pulses
propagate in the laser cavity due to modes synchronization in the form of coherent coupling
between the two orthogonal polarizations. The pulse train in Fig. 2.3 (d1) has a pulse width
of 40 ns, which is much less than the round trip time of 3 ps. This indicates the excitation of

many longitudinal modes along with their relative phase synchronization.
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Fig.2.3: The oscilloscope traces (al-d1) corresponding RF spectrum (a2-d2) and optical spectra
(a3-d3) for different setting of the PC1: al, a2, a3) ¢,=-80°; b1, b2, b3) ¢=-78% c1, c2, c3) t=-74°
di, d2, d3) 6=-69°.
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The fundamental frequency seen in the RF spectra was 325.2 kHz and this matches the
cavity round trip length. The RF spectrum evolved as in-cavity polarization controller was
adjusted and the peak better resolved in the case of the 1000" harmonic, i.e. a pulse
frequency of 325.2 MHz (Fig. 2.3 (a2-d2)). As shown in Fig. 2.3 (a2-d2), switching between
the different laser regimes was achieved by adjusting the polarization control over a very
narrow margin where the birefringence-dependent satellites neighbouring the 325.2 MHz
main peak were visible. The orientations of the paddles of the polarization controllers (PC1
and PC2) were measured with respect to the vertical position. The paddle of PC2 was set
at 0,=-59° whereas paddle of PC1 was set at four different positions, namely 6,=-80°,-78°,-
74°,-69°. The corresponding optical spectra are shown in Fig. 2.3 (a3-d3) evolve from a
twin-peaked spectrum (Fig. 2.3 (a3)), due to the incoherent coupling of chaotic pulses, to a
single wavelength centred at 1565nm. This is because the dynamics are changing from the
case where there is a mismatch between the beat length and the cavity length to the case
where these are matching.

The results on the polarization dynamics shown in Fig. 2.4 (a, b) support this conclusion.
The polarization results are shown in Fig.2-4 (a). The size of the spot on the Poincaré
sphere indicates the deviation from the resonance position of the N-fold beat length, i.e.
decreasing this size by adjusting 6; moves the N-fold beat length towards resonance with
the cavity length. When an arc forms in the Poincaré sphere as shown in Fig. 2.4 (a), this
demonstrates that the beat length deviates far from any resonance length resulting in a
chaotic pulse regime. The variation of the output power and polarization phase difference
are shown in Fig. 2.4 (b and c) respectively. There are only small oscillations in the output
power So and the phase differencedp. The DOP is relatively small at around 40%. These
results indicate that in this regime, with the PC1 setting at 0:=-80°, the laser dynamics is
fast with a time scale less than 1 ps. Further tuning of PC1 suppresses this fast dynamics.
The constant output and high (over 80%) DOP for the case when 0:=69° in Fig. 2.4 (b)
indicates stable mode locking accompanied with stable SOP locking (i.e. matching the N-
fold beat length to the cavity length). We have found that modulation and multimode
instabilities are the main mechanisms that drive spontaneous spatial and temporal pattern
formation in a vast number of nonlinear systems with complex chaotic regimes which
satisfied the criteria of the RW events. Apart from the interest in laser physics for unlocking
tunability and stability of dynamic regimes, the proposed mechanism of the vector
resonance multimode instability can be of fundamental interest for nonlinear dynamics of

various distributed systems.
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Fig. 2.4: (a) The map of the SOP on the Poincare sphere; (b) output power (So) and the
corresponding phase difference between linearly polarized modes(c left) and (c right) DOP for
different setting of the PC1: from the top ¢1=-80°, -789°; -749; -69°,

This experimental result has been confirmed theoretically by Sergeyev et al. [75] and has
also been validated experimentally using a fibre laser based on high birefringence (HiBi)
fibre as shown in Fig. 2.5. The beat length is around 3 mm, and this is much less than the
single mode fibres. The experimental setup with HiBi fibre is slightly different from that
described in section 2.2 and had a total cavity length of 20 m which includes 10 m of

the HiBi fibre and the system was pumped at 980 nm.

980nm
um
pump m Er-doped fiber
30%
output
oC
PMF
ISO PC1

- __»

Fig. 2.5: The Experimental setup of the HiBi experiment. WDM: wavelength Division multiplexing;
PC: polarization controller; ISO: optical isolator; PMF: polarization maintaining fibre; and OC: output
coupler.

We have justified, experimentally, that increasing the in-cavity birefringence strength
by using HiBi fibre inside a laser cavity without any saturable absorber element, also
causes spatial modulation of the SOP of the in-cavity lasing field so that it can
synchronise with the period of the cavity round trip to generate different regimes from

a periodic longitudinal mode similar to mode-locked to chaotic regimes.
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The cavity can self-mode-lock when the pump power is set to 35 mW which is slightly
beyond the laser threshold (~25 mW). Different output laser regimes were observed using
the HiBi laser configuration as illustrated in Fig. 2.6. As in previous section, we obtained
several different regimes as shown in Fig. 2.6 (a) including single periodic pulse mode,
multi-pulsing and chaotic pulses. Switching between the laser regimes was done by
changing the laser cavity birefringence through tuning PC1. By tuning the laser cavity
birefringence, we induced polarization multimode instability (PMMI) inside the laser cavity
which was then further amplified by the gain fibre section in the cavity. The physical principle
behind the regime where there is a single pulse per laser cavity round trip emission as in
Fig. 2.6 (a) is also coherent mode coupling between the two orthogonal polarization modes.
This regime appeared when PC1 was set at 40°. Thus, if the light is coupled to both
fundamental polarization modes of the HiBi fibre and the beat length is matched to the cavity
length, the SOP will be repeated after each distance of the beat length. Indeed, if there is a
small difference between the beat length and the cavity length, the laser emits an ordered
multi-pulses output as shown when PC1 is set at 45° (Fig. 2.6 (b1)); while in the high
difference case, the laser emits a chaotic regime as in the cases of the PC1 at 48° and 50°
shown in Fig. 2.6 (c1, d1 respectively). This is the case of out of resonance (incoherent
coupling) between the modulated SOP with the beat and cavity lengths and this leads to
the emergence of more complex regimes.

We found that there was no sign of the emergence of optical RWs in these complex regimes;
ORW events were found at higher pump powers (90 mW) in the HiBi laser experiments.
Compared with the RF spectra in Fig. 2.3 (a2-d2), the polarization satellites on the RF
spectrum in Fig. 2.6 disappeared during the HiBi laser experiment due to this mode coupling
which is related to the modulated SOP, beat and cavity lengths. Partial and uncoupled
polarization modes have been further investigated by bending the HiBi and this led to re-
appearance of the polarization satellites as shown in Fig. 2.6 (c2 and d2). The optical
spectrum traces for all these regimes is illustrated in Fig. 2.6 (a3-d3). This confirmed that
the mode coupling between the two orthogonal states of polarization give an “M-shaped”
optical spectrum (Fig. 2.6 (a3)). The two peaks wavelengths are 1568.5 nm and 1569.87.
So, the difference between them is 1.37 nm. The calculated beat length (L) for this distance
between the two laser lines is equal to about 8.7 mm; this implies that the difference
between the two orthogonal polarization refractive indices is equal to 1.79x10*. Also, as
seen in Fig. 2.6 (b3-c3), the optical spectrum at the laser output of other laser regimes
appears to have a similar shape to the many soliton lasers with Kelly sidebands clearly
visible and with some interesting features which reveal that the two orthogonal polarizations
are still coupled suggesting that this is a multi-wavelength soliton emission. But, at high

intra-cavity birefringence (chaotic laser regime), this laser system is influenced to generate
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spectral filtering like a frequency comb as illustrated in Fig. 2.6 (c3, d3). It also found that

the characteristic of these combs can be controlled by both PCs and the pump power.
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Fig. 2.6: The oscilloscope traces of the lasers regimes at different places of the intra-cavity
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2.4: Multi-pulsing operation via Chiral Symmetry Breaking.

Chiral symmetry breaking (CSB), where mirror-symmetry is distorted under perturbation, is
an underlying mechanism for many fundamental phenomena in different areas ranging from
nuclear physics to nonlinear optics. Here in this section, we have demonstrated
experimentally, using the same experiment described in section 2.2, that a fibre twist-based
chiral symmetry breaking left and right polarization modes also leads to a versatile laser

dynamics which is tuneable between the regimes of longitudinal mode synchronization,
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harmonic, multi-pulse, and chaotic oscillations. This symmetry breaking is also a
mechanism for the emergence of RW events.

The laser dynamics have been adjusted from the chaotic regimes due to incoherent
coupling to mode locking at the fundamental frequency of 325.2 kHz by adjusting both PC1
and PC2 at the same pump power as in the previous section (18.4 mW). These results are
shown in Fig. 2.7 (a) shows, multi-pulsing and chaotic oscillations and demonstrate the
presence of optical RWs as some output amplitudes exceed the RW threshold (dotted line
in Fig. 2.7 (a)). Here, the RW criteria which were discussed in chapter 1 were used to
confirm that these are optical RWs. However, the periodical amplitudes that are related to
the round trip period have excluded in view of predictable nature of the optical RW
emergence. Out of phase and desynchronized excited modes led the laser system to emit
multi-pulses in the bunch that propagates chaotically (Fig. 2.7 (al) or multi-pulses with
consistent separation (Fig. 2.7 (b1) in the laser cavity. This regime was observed when the
positions of the PC1 and PC2 were 20° and 40° respectively from the vertical position. The
single pulse similar to the mode-locked pulse in Fig. 2.7 (cl1) formed as results of the
matching between the beat lengths with the cavity length. This regime was observed when
both PCs were adjusted to be -80°. The harmonic oscillations shown in Fig. 2.7 (d1) are
obtained as results of the resonance coherence coupling of the two polarization satellites
with the central frequency line. The switching between the regimes is indeed driven by the
CSB instability. The RF spectra for the different regimes are shown in Fig. 2.7 (a2-d2). For
the sequence, a2—d4, the main peak becames wider and two new sets of peaks separated
on ~380 Hz and ~95 Hz appeared for the regimes of chaotic bunches of pulses (Fig. 2.7
(a2). The satellites related to the power modulation instability also became wider and more
visible. These satellites disappear in the coherent coupling when the two left and right
polarization are coupled as shown in Fig. 2.7 (b2, c2). In the case of the harmonic
oscillations shown in Fig. 2.7 (d2) demonstrates that the two satellites are in resonance
coupling with the central frequency line. The signal to noise ratio (SNR) for most of the laser
regimes is higher than 69 dB, which means the laser regimes are quite stable.

The corresponding optical spectra of these different laser regimes are illustrated in Fig. 2.7
(a3-d3). As follows from a3-d3, the optical spectrum of the multi-pulsing chaotic regime has
two peaks (Fig. 2.7 (a3)) which means that the laser operates with incoherent coupling
between the two polarization modes and emits chaotic pulses. The wavelength difference
between the two central peaks is 0.5 nm which implies a beat length Ly is equal to about
19.6 cm; this gives the difference between the two orthogonal polarization refractive indices
as 7.97x10°%. We also observed that the right side of the optical spectrum of partial coupling
that emits pulses with consistent separation (Fig. 2.7 (b3)) revealed a sideband structure or
ripples meanwhile the left side remained smooth which apparently could be related to the

soliton energy quantization. A clear single central peak at about 1566 nm and 1565 nm
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were found for coherent coupling that emits a single periodic and harmonic pulses as shown

in Fig. 2.7 (c3, d3) respectively.
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Fig. 2.7: Multi-pulsing laser dynamics observed by CSB; al-d1) the output power in the
oscilloscope measurement for different positions of the PC1 and PC2 (dotted line is the RWs
threshold), a2-d2) RF spectrum and a3-d3 the corresponding optical spectra.

The polarization properties of these multi-pulsing regimes have also been studied using the

polarimeter. Both PC1 and PC2 were adjusted to achieve polarization dynamics shown in
Fig. 2.8.
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Fig. 2.8: Polarimeter results corresponding to the dynamics in Fig. 2-6: a) trajectories in Poincaré
sphere; b) the phase differencesAg vs time; ¢) the output power vs time.

The Stokes parameters on the Poincaré sphere are shown in Fig. 2.8. For single and
harmonic pulse regimes, the SOP is shown as a fixed point on the Poincaré sphere. This
fixed point indicates a stable polarization with its axis defined by Si, S;, Ss due to the
coherent coupling. This means that by controlling PC1 and PC2, it is possible to adjust the
anisotropy and in-cavity birefringence to enable strong SOP coupling leading to coupling of
the longitudinal modes. The S;, S;, S; and DOP are changed when the laser is switched to
a multi-pulsing regime and the polarization attractor forms an arc shape as can be clearly
observed in the multi-pulsing regimes in Fig. 2.8 (a). The periodic variation of the Stokes
parameters in this regime is due to fast switching between two polarization states. A chaotic
attractor was observed in the chaotic pulses with random switching between orthogonal
SOPs in Fig. 2.8 (b), which is connected to the emergence of RWs in Fig. 2.7 (a). This
corresponds to the weak coupling between the SOPs resulting in random jumps in the
phase difference (Fig. 2.8 (c)) and so to the emergence of spikes in the dynamics of the
output power. It was also found that the location of the fixed point on the Poincaré sphere
is altered by switching between the single periodic pulse and the harmonic oscillation
regimes.

These experimental results are consistent with the theoretical model in reference [75] and
similar results have been observed experimentally using low birefringence (spun fibre)
instead of the HiBi in Fig. 2.5. Using spun fibre, different laser regimes can also be obtained
and some examples showing stable regimes with periodic pulses similar to mode-locked to
chaotic pulsing are found at a pump power of 72 mW as illustrated in Fig. 2.9. The power is
2 times higher than was used in the HiBi fibre laser. The switching between the lasers
regimes, including single mode, multipulses and chaotic pulses (Fig. 2.9 (al-dl)
respectively) have also been done by changing the coherent coupling between the beat
length and the cavity length via changing the PC1. The physical principle behind the
generation of mode-locked pulses is mode synchronization due to the matching of beat
length with the cavity length. This matching was achieved with PC1=-10° and PC2=5°. In
the slightly mismatched case, the laser emits an ordered multi-pulse with a consistent
separation (Fig. 2.9 (b1, c1)). While the incoherent coupling when far from resonance leads
to chaotic emission (Fig. 2.9 (d1)). These various regimes were formed when the SOP
travelled down in the cavity from one point to another when we tuned the intra-cavity
polarization and a different polarization mode coupling occur.

The RF spectra in Fig. 2.9 (a2-d2) show no sign of polarization satellites; this is because
polarization is prevented by the spun fibre during the propagation and this leads the mode

coupling. The SNR of all of these regimes is about 70 dBm which confirms highly stable
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laser operation. The central peak of the spectrum is 9.9 MHz, which is matched to the laser
cavity round trip and has a spectral linewidth of about 30 KHz. The optical spectra for each
of these regimes are illustrated in Fig. 2.9 (a3-d3). The spectra show that the central
wavelength peaks at about 1573.53 nm, whereas the distance between the peaks for the
first and second is about 2nm (Fig. 2.9 (c1)). We calculate that the beat length Ly is equal
to about 12.7 mm; this gives a difference between the two SOP refractive indices equal to
1.23x10*. The multi-peaks of Fig. 2.9 (b3, d3) confirm multi-pulsing per round trip in the
output of the laser. In the case, the distance between the peaks narrows down to about 0.4
nm and confirms the higher birefringence and phase difference (Lb 2.544 mm; refractive

indices difference is 6.17x10*) of the excited modes.
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2.5: Classification of Optical Rogue Wave Events

For optical RW studies that emerged due to both MMVI and CSB instabilities, the testbed
fibre lasers that are described in section 2.2 provide an opportunity to obtain a huge amount
of data under laboratory controlled conditions in a relatively short time. This helps to study
the mechanisms of optical RW emergence. Several mechanisms were discussed previously
for the emergence of fast optical RWs (FORW). These are based on soliton-soliton
interactions and soliton-dispersive wave interactions [74] which are obtained in nonlinear
optical systems when these operated under high pump power (600mW). Here, we have
shown that the FORW also emerged in our long fibre laser which was described in section
2.2 at a very low pump power (18.4 mW) [76]. On the other hand, slow optical RWs (SORW)
have previously been observed in a driven laser cavity via modulation of the pump source
[40]. However, the SORW in our fibre laser, emerged without needing to modulate the pump
power [77]. The classification of RWs as either FORW or SORW has previously been done
by a theoretical estimation of the laser photon lifetime. This can be used in a fibre laser.
Here, we show that the classification criterion between FORW and SORW is a comparison
of the RW event lifetime with the main characteristic time of the system which is calculated
from the decay of autocorrelation function (AF) of the experimental results [78]. In this
experiment, SORWSs have been observed over a long time scale as illustrated in Fig. 2.10
(a), where the events have a lifetime that can be in the scale of many seconds. Whereas,
FORW in Fig. 2.10 (b) have been observed in the short time (sub-round trip time) where the

event lifetime is in the ms or ps scale.
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Fig. 2.10: (a) SORW event; (b) FORW event emerged in our proposed fibre laser.

The characteristic times of these observed optical RW events were calculated by using an

oscilloscope trace with the length of 50 million points and a resolution of 0.1 ns. We found
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that the AF of the SORW event decreased linearly over the measured range (Fig. 2.11 (a))
which allows the characteristic time to be calculated directly from the fitting line. The AF of
the FORW pattern has decreased exponentially (Fig. 2.11 (b)); we replotted this data on a
log scale to calculate the characteristic decay time of the AF (Fig.2.11 (c)). Indeed, the
shapes of AF provide the information about characteristic times of the different processes
which take place in the laser cavity. Therefore, the filtered AFs have different shapes in the
different laser regimes. The small oscillations on the curves of the AFs in Fig. 2.11
correspond to the oscillations of the power with few 100 Hz or kHz frequencies shown in
Fig. 2.7.
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Fig. 2.11: Autocorrelation functions; (a) the AF of the SORW patterns, (b) AF of the observed
FORW pattern in linear scale and (c) in Log scale with linear fitting. In all cases, the length on the
one Lag was 0.1 ns.

We calculated the characteristic time 1¢ of the AF from the fitting line (y=at+b) for both of the
SORW and FORW; here (1c=1/a) in s. We used x instead of t in insets of Fig. 2.11 because
of the scale of the horizontal axis is in Lags (0.1 ns per Lag). We found that the characteristic
times were 1.39 ms and 0.59 ms for SORW and FORW respectively (the round trip time
was 3.0773 ps). These times are quite similar to the Er*® doped lasing photon lifetime;
because of that, the observed events have been classified to the SORW and FORW. The
AF also give information about the time the system can remember an initially induced
perturbation. For instance, when the lifetime of the RW events is significantly longer than
the first characteristic time (1.39 ms) as in the case for SORWSs, the system loses
information about how the pattern developed and thus the tail of the events is independent
on the front of it (the system forgets how the pattern began while the pattern is still active).
Meanwhile, in the case of FORW as the event lifetime is shorter than the characteristic time
(0.59 ms), the system can remember the shape of the beginning of the RW pattern, and
these patterns are affected by the periodic amplification in each round trip which can be
considered as a kind of memory. Therefore, we have classified these optical RW events as

either SORWs or FORWSs depending on the ratio of the events lifetime to the AF decay
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time. FORW events have a lifetime duration shorter than the AF decay time and SORW

events have a longer lifetime than the AF decay time.

2.6: Slow Optical Rogue Wave Events

The SORWSs have been studied by polarization mapping over a matrix of (19x19) positions
of PC1 and PC2. We found that the mechanism responsible for the emergence of SORW
patterns is polarization hopping as illustrated in Fig. 2.12. We can see that the system jumps
from attractor (AO) to another (A1) as shown in Fig. 2.12(a, b) for two different positions of
PC1. While the system switches between 3 different attractors in Fig. 2.12(c) which shows
clear signs of optical RW events over a long time scale. Fig. 2.12(d) clearly has four
amplitude attractors; therefore, hopping between the attractors (with appropriate excited
frequencies) can lead to the generation of RW patterns in the second time scale. Actually,
the same four attractors were observed in experimental records for water surface elevation
in [79, 80] and were partially predicted theoretically [81, 82]. This situation apparently was
also observed with external pump modulation [40]. The hopping between the attractors is
probably occurring due to intrinsic low-frequency modulation (polarization instabilities) of a
signal wave inside the cavity which is exactly coupled to an external pump modulation in
[80]. This modulation is generated as a result of incoherent coupling between the two

orthogonal polarization interactions inside the laser cavity.

Amplitude, mV

Time, s

Fig. 2.12: The intermittencies of the SORW, showing the system apparently has four attractors
labelled with AO-A3.
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The PDF corresponding to the SORW pattern (illustrated in Fig. 2.13) was calculated from
saved oscilloscope trace. The units of the horizontal scale were normalized to the output
amplitude and expressed in units of standard deviation (o). It can be seen from the PDF,
that due to the optical RW events, the PDF has L-shaped and is significantly different from
the PDF of a normal Gaussian distribution. From this result, the probability of SORWs was
calculated to be ~0.195%. The PDF curve has a point of inflection when the abscissa is
equal to ~4 units of 0. The normal output pulses in PDF were fitted with a Gaussian function,

while optical RW event was fitted with a polynomial function.
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Fig. 2.13: PDF of the SORW events.

SORW events have been observed in many positions of the polarization controllers PC1
and PC2 as illustrated in Fig. 2.14. The blue points show where the SORW events were
observed with a high probability (>10); the black points show where SORW events were
observed with a medium probability (107'< Probability <104); the red points show the
positions where the system has SWH or very low probability of SORW events (<10*%); and
finally, the empty positions show where the laser operated in the either multi-pulse, CW or
FORW regimes.
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Fig. 2.14: The position of the observed SORW during all of the 19X19 PCs (red) low RW
probability<10-7; (black) middle RW probability 10-7< Probability <104 and (blue) high RW
probability>10-4.

2.7: Fast Optical Rogue Wave Events

In the case of the FORW, the events have a lifetime shorter than the characteristic time of
the AF (0.59 ms). FORWSs were also studied by collecting experimental data of 19x19
polarization positions (polarization map) through tuning both intra-cavity and pump
birefringence. We found that the FORW patterns were generated due to a pulse-pulse
interaction in periodic amplification in each round trip, which can be considered as a kind of
memory because the system remembers the frontier shape of the events. While, in the
second scenario (SORW), the system forgets how a pattern began while the pattern is still
active. This strongly affects the statistics of the optical RWs. However, in FORW, many
events have been observed and then classified into two groups. The first group of patterns
are the common patterns that are observed over most of the polarization space with a
relatively high likelihood. These common patterns can be classified into three kinds of
FORW (lonely, twins and three sisters). The second group of the patterns are rare patterns;
inside of this group, two mechanisms of pulse-pulse interaction have been considered: the
resonance interaction (the accelerated pattern) and the collision (the cross pattern). This
group of the patterns have a relatively low likelihood. The switching between the regimes of
interest can be adjusted simply by changing the birefringence in the cavity at pump power
(18.4 mW) which is slightly higher than the laser threshold (16 mW). This allows the

observation and classification of this wide range of FORW patterns in the same experiment.
2.7.1: The Common Optical Rogue Wave Patterns

2.7.1. A: The Lonely FORW Patterns

47



The lonely or solitary FORW patterns have been more commonly observed throughout the
polarization space of this experiment than the other FORW patterns. This pattern has been
observed in regimes similar to ordered multi-pulses and also at variable speed patterns.
The oscilloscope trace of the lonely FORW patterns is shown in Fig. 2.10 (b). This pattern
was observed with PC2 and PC1 at positions of -50° and 20° respectively. Also, it appeared for
most of the positions of the PCs where FORWSs have been observed.

To see the FORW mechanism formation inside the laser cavity, the saved oscilloscope
trace results were analysed using the spatiotemporal evolution as shown in Fig. 2.15. The
spatiotemporal evolution provide more details in the position of the round trip for 1600 round
trips; the number of round trips was calculated from the length of the oscilloscope trace (5
ms) and the round trip time (3.077 ps). The oscilloscope resolution was 100 ps/pt. With
these parameters, we have a 50M points from each oscilloscope trace that were processed
to detect the FORW patterns. Fig. 2.15 shows the pattern itself in (a), the result of filtering
FORW detection in (b), as well as a 3D view of the front (¢) and the back (d) of the pattern.
The pattern illustrated in Fig. 2.15 corresponds to a cavity polarization birefringence of 1-
7.71x10%, this means that the events are propagating at about 1544 m/s faster than the
average speed of light. The pattern oscillated during ~200 round trips or ~600 ps (the red-
coloured in Fig. 2.15 (a)); after that, the FORW events lost energy to an event with less
amplitude (beyond SWH; the yellow-coloured top in front and back views) over 152 pus. After
that, the yellow-coloured pulse became unstable over 80 round trips (~240 us) and finally,
after a short period of uncertainty, it split into two different pulses as shown in the encircled
area in Fig. 4.15 (a). Both the follower and the precursor were affected during the
uncertainty splitting time as labelled 1 and 2 in Fig. 2.15 (a). The precursor showed a similar
behaviour, however, the follower just has vanished without oscillating. Fig. 2.15 (b) shows
the digital filter of regime indicating the RW event. The ratio between the overall energy and
the pulse speed after the interaction also remained approximately unchanged as shown in
front and back view of 3D spatiotemporal evolution shown in Fig. 2.15 (c, d). That shows
the splitting of this pattern was an elastic process. The estimated likelihood of the pattern
as the ratio between the number of observations of this pattern and the number of

observations of the FORW patterns is a high value of 0.6.
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Fig. 2.15: A lonely FORW:; (a) 2D spatiotemporal evolution, (b) the pattern after digital filtering; (c)
front view of the pattern; (d) back view of the pattern.

2.7.1. B: The Twins FORW Pattern.

The pattern of two ORWSs propagating in parallel as twins has been observed in a few
positions of the polarization mapping and has a significantly smaller likelihood than the
lonely pattern in the previous section. The spatiotemporal pattern of this event is shown in
Fig. 2.16 (a), (b) shows the result of digital filtering to indicate the RW events, and 3D views
of the front and the back of the pattern are presented in ¢ and d respectively. This pattern
was observed when the PC2 and PC1 were set to -70° and 40° respectively. This behaviour
is similar to the two-pulse soliton molecule in reference [83], although the pattern in the
illustrated case has a significantly longer lifetime. This pattern shows oscillations in a
breather like style with a period of ~0.615 ms (~1.5 kHz). This frequency of oscillation
matches the frequency of satellites observed in the RF spectra in Fig. 2.2. At the same time,
the pattern of pulses was propagating ~2000 m/s faster than the average speed of light and
the polarization birefringent refractive index difference for the pattern was calculated to be
1-9.6-10°.

49



1000
950 i f.08 950
900 0.07 900 -
3 S 850
3 830 0.06 5
g 800 2 800 |
=) 0.05 g
g 750 < 7501
E e 004 2
g 700 o S 700}
~ ; Y bt ‘ =
650 . . ’ o , 6.5()‘ .
600 e / : 0.02 600|
5o A o -
0 2 4 6 8 10 0
Time (ns)
©)
0.08
0.08 57
3
& 10.06
z
& | 10.05
8
g
0.04
0.03
ol 0.02
Y] Time (ns) % Time (ns)

Fig. 2.16: A twins FORW pattern; (a) 2D spatiotemporal evolution, (b) the pattern after digital
filtering; (c) front view of the pattern; (d) back view of the pattern.

It can be seen from this figure that the twin FORW events have a typically long lifetime
which is approximately 333 round trips (~1 ms). After that, the continuous pattern vanished
and the laser surpassed the RW threshold only in oscillation maxima forming kind of a chained
or coupled lonely pattern. At the same time, the first pulse of the pattern became split in
two. The remains of it interacted with the precursor and the follower forming two practically
equal SWH pulses separated with a small pulse in the middle between them. This
mechanism of the destruction of a long-living RW pattern when the pulse loses part of its
energy after being split in two was observed frequently, being one of the most common
ways of the destruction of twin patterns. It was also observed that this kind of pattern
appeared either close to the main pulse or close to a high sub-harmonic pulse (in the case
of a multi-pulsing regime). The extremely long lifetime of the twin patterns can probably be
explained by a periodic amplification of the pattern in each round trip; that is to say, the
pattern cannot appear between pulses because the energy of the system is depleted and
is not enough to amplify the pulse above the RW threshold. The likelihood of this pattern

was ~0.3.

2.7.1. C: Three Sisters FORW Patterns.
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The pattern illustrated in Fig. 2.17 shows three FORW propagating in a bunch. The direction
of the observer moved in the direction of the time axis which can be observed three
consecutive RW events. This was observed when the laser operated in chaotic multi-pulsing
per round trip which is not related to the main mode-locked pulse or a periodic sub-pulse.
Unlike the twin pattern, this pattern shows a structure quite similar to Akhmediev's breather
structure [27].

It can be seen in Fig. 2.17 (a), that the third optical RW event formed from the attraction (A)
of two SWH pulses as in the lonely RW; at this time, the amplitude of the precursor of the
third RW has increased above the RW threshold. After that, the optical RW split again into
two repulsion (R) pulses of SWH. Such attraction and repulsion between pulses have been
observed previously [84, 85]. The lifetime of this pattern was about 75 round trips (~225 us).
After the third RW event was split into two SWH pulses, this pattern disappears and did not
emerge again. The speed of propagation of the pattern was ~1600 m/s slower than the
average speed of light. The period of oscillations of the pattern was similar to the period
observed in the case of the twin pattern. The likelihood of this pattern was low (~0.1).

Furthermore, it appeared for only a few positions of the polarization controllers.
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Fig. 2.17: Three sisters FORW pattern. (a) 2D spatiotemporal evolution, (b) the pattern after digital
filtering; (c) front view of the pattern; (d) back view of the pattern. The white circle labelled with "A"
indicates the attraction of the pulse before merging, meanwhile, the red circles labelled with "R"
show the process of the repulsion of pulses.
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2.7.2: The Rare optical Rogue Wave Patterns

2.7.2. A: The cross Rogue Wave pattern

When the laser operated in a multi-pulsing per cavity round trip regime, it was found that
some pulses could propagate at different velocities leading to pulse-pulse collision and the
formation of FORW events as illustrated in Fig. 2.18. At first view, this pattern seems to be
similar to the patterns that had been theoretically illustrated by Antikainen in [86] for solitons
with a duration of ~30 fs or as also illustrated in second order RW [13]. However, unlike in
both of these cases, the observed pattern has a pulse duration of ~400 ps and integration
of the oscilloscope traces have revealed that the intensity of the peak is just a sum of the
intensities of the collided pulses.

Also, it seems that this pattern is formed only due to the collision of two pulses without any
interference between them. There was no sign of energy exchange due to the very high
difference in the pulse speeds (~100 m/s). This high speed difference allowed the pulses to
collide with each other and form FORWSs with an event lifetime of about 10 round trips with
a lifetime duration of 30 ps. Therefore, the cross pattern can be considered as the limit case
of the same pulse-pulse interaction mechanism. This pattern was observed over a very
narrow range of the PCs positions. The likelihood of this pattern was extremely low (<0.01).
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Fig. 2.18: A cross FORW pattern; (a) 2D spatiotemporal evolution, (b) the pattern after digital
filtering; (c) front view of the pattern; (d) back view of the pattern.

2.7.2. B: The accelerated Optical Rogue Wave pattern

By analysing our experimental results over the spatiotemporal domain, collision patterns
could be observed corresponding to the situation where two pulses collide with each other
leading to FORW formation. It was observed that the speed of FORW events can accelerate
over time as illustrated in Fig. 2.19. The pulse acceleration has been discussed in [42, 87]
where the effect was due to soliton-soliton interactions with a duration of a tenth of a
femtosecond and a peak power of a tenth of a kW. Whereas, in our fibre laser, the pulse
has a very low pump power (18.4 mW) and a long pulse duration of 40 ns. That means the
acceleration of the pulse was probably observed as the result of intrinsic nonlinearities in
both the active and the passive fibre. At the beginning of the observation, the RW has
propagated far from the oncoming pulse showing oscillations in a breather like style (Fig.
2.19 (c, d)), but when the pulse labelled 2 has interacted with the precursor labelled 1
(relative speed between pulses ~10 m/s) the RW pattern stopped oscillating; after a short
transition process, it has acquired an acceleration of ~20 km/s?, which was lost gradually
over approximately 600 round trips (~1.8 ms). Through this process, the speed of the pulse

(relative to the average light speed) has increased from ~-74 m/s to ~-54 m/s; the precursor
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labelled with 3 has lost energy and the approaching pulse labelled with 4 has gained this

energy. The whole pattern has propagated ~10 m/s faster than the average speed of the

rest of the pulses.
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Fig. 2.19: A solitary FORW propagating with acceleration. (a) 2D spatiotemporal evolution, (b) the
pattern after digital filtering; (c) front view of the pattern; (d) back view of the pattern. The black
arrows show the direction of the pulse propagation.

The most notable characteristic of the RW process events is the highly skewed PDF
associated with it. The PDF of the FORW shown in Fig. 2.20 was calculated from the 50M

point long record oscilloscope trace. We observed that the FORW patterns have a strongly

asymmetric shape and large deviation from a Gaussian distribution with a long tail more

than 8 o from the mean value on the right side of the PDF.
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2.7.2.3: Other Different Optical Rogue Wave patterns.

We have also observed high order FORWSs pattern that emerged as the result of many
pulses interacting as illustrated in Fig. 2-20. Fig. 2-21 (a), shows 3 pulses which emerged
due to interacting with each other and formed FORWSs with an amplitude higher than the 8
o of the normalized amplitude. After a certain time (RW lifetime ~100RT), the RW event
starts to lose the energy to SWH which became unstable for about 80RT (246.1 us) and
then separated back to 3 pulses which propagated with the normal amplitude. This classifies
this process as an elastic interaction. Fig. 2.21 (b) shows the 3D front view of the pattern.
The same scenario has been found for the FORW patterns that emerge when 4 or 5 pulses

interact to form FORW and then separate back into the original 4 or 5 pulses.
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Fig. 2.21: FORW pattern emerged as results of 3 pulses interaction. (a) 2D spatiotemporal
evolutions, (b) 3D front view of the pattern.
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It was also found that there are some pulses that can lose all of their energy and vanish
during the RW formation time. For instance, the FORW in Fig. 2.22(a) shows that the pattern
emerged from the interaction of 3 pulses, but it separated back into only 2 pulses confirming
inelastic interaction. The same scenario has also been found for the FORW patterns that
emerge as the result of the interaction of 2 pulses which formed an optical RW and then
lose energy gradually to propagate with the normal amplitude as one pulse.
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Fig. 2.22: FORW pattern emerged as results of interaction of 3 pulses and then separated into 2
pulses (a) 2D spatiotemporal evolution, (b) 3D front view of the pattern.

2.8: Conclusion

In conclusion, we have experimentally demonstrated a new type of low threshold vector
resonance multimode instability which inherits features of multimode and modulation
instabilities in a unidirectional long cavity fibre laser system. This instability has driven the
laser system to tune from a chaotic regime to the single pulse similar to the mode-locked
laser regime. The RF spectra show two types of satellites in addition to the fundamental
laser frequency line: the first one of which is close to the round trip frequency and is related
to the power modulation instability; and the second one is related to polarization rotation in
the laser cavity. Another instability mechanism that is related to chiral symmetry breaking
has been demonstrated using the same fibre laser. Using this mechanism, the output can
be tuned from chaotic to single pulse regimes. Based on both of the instabilities, we have
presented the first experimental classification of optical RWs temporal utilizing the
autocorrelation function. Thus, in comparison with the AF characteristic time, FORW events
have a lifetime duration shorter than the AF decay time and emerge due to the result of
pulse-pulse interactions and nonlinear pulses dynamics. While SORW events have a
lifetime duration significantly longer than the decay time of the AF and are the result of

polarization hopping between different attractors due to incoherent coupling from the
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polarization instability. This could occur in both active and passive fibre through polarization
hole burning by means of polarization attractors. Therefore, our results can be explained in
terms of hopping between different attractors in a multi-state oscillation system.
Meanwhile, the dynamics of the interaction between pulses leads to the conclusion that all
of the observed FORWSs have been placed in an active fibre due to nonlinearity induced by
the inverse population as well as the intrinsic nonlinearity in the passive part of the cavity.
Most of the mechanisms of the pulse-pulse interaction were found to be mutually exclusive.
This means that all the observed RW patterns namely, the lonely, twins, three sisters and
cross are probably different cases of the same process. The particular pattern observed
depends on the speed between the pulses. The PDF of the output amplitude is highly
dependent on the cavity birefringence, and satisfies the criteria for RW identification for both
the FORW and SORW events.

Finally, we can summarise the observed optical RW patterns in our unidirectional long laser
cavity in the flow and Pie-charts which are illustrated in charts 2.1 and 2.2 respectively.
Also, we summarise the lifetime, likelihood and the formation mechanisms of the optical RW

patterns in table 2.1.

Chart 2.1: Flow-chart of all RW events observed in our experiment unidirectional long laser cavity.

RW patterns

Rare Patterns
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Chart 2.2: Pie-chart of all RW events observed in our experiment unidirectional long laser cavity.

Three
sisters

Table 2.1: The observed RW patterns lifetime its likelihood and mechanism.

Pattern Lifetime (round | Likelihood Mechanism
trips)
~0.6

Lonely Hundreds Pulse-pulse interaction

Twins Thousands ~0.3 Pulse-pulse interaction

Three sisters Hundreds ~0.1 Pulse-pulse interaction

Accelerated Hundreds <0.01 Pulse-pulse interaction
Cross <1O_4 <0.01 Pulse-pulse collision
Hundreds of 0.195 Polarization trapping
thousands
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Chapter 3

Optical Rogue Waves Based on
Soliton Rain and Soliton Fission

3.1: Introduction

The mode-locked fibre laser as a source of ultra-stable pulse trains has been of fundamental
technological importance in the revolution of a wide range of natural and applied research
areas [27, 88-90]. These include material processing, optical communications, natural
science, optical frequency metrology, sensing and medicine [27, 88, 91-94]. Moreover,
these ultrashort pulse lasers have attracted significant interest in the field of nonlinear
dynamics studies [27, 89]. This is because of the complex interplay of linear and nonlinear
effects, as well as gain and loss mechanisms, which can give rise to a rich diversity of
nonlinear dynamical forms that can be systematically explored by controlling individual laser
parameters such as pump power, polarization, and cavity dispersion. Adjusting parameters
such as these can enable high flexibility in the generation and the ways to control the
nonlinear dynamic states. These states include the high harmonic mode-locked regime
soliton rain and soliton fission which are the most intriguing phenomena in mode-locked
lasers. This chapter presents for the first time, soliton rain and soliton fission as a
mechanism for originating optical RWs at low pump power. High harmonic mode-locked
(HML) states are also presented in the beginning of this chapter.

Typically, most of the fibre lasers operate at a repetition rate of tens of MHz due to the
relatively long laser cavity. However, applications such as telecommunication, spectroscopy
and metrology require higher repetition rates. The HML is a practical path to increase the
repetition rate by a factor of 100 through the selective excitation of the harmonic of the

fundamental frequency. The HML is based on the multi-pulsing which emerges because of
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the interplay between the laser cavities’ bandwidth constraints and the energy quantization
associated with the resulting mode-locked pulses [95]. The increase in the mode-locked
spectral bandwidth with growing pump power is limited by the gain bandwidth of the cavity.
To overcome this constraint, a single pulse is split into many pulses with the energy shared
between the pulses and bandwidth remaining within the gain bandwidth window. This
splitting is accompanied with the electrostriction effect in the form of excitation of radial Rom
and torsional-radial TRom acoustic modes. Interaction of such acoustic modes with the multi-
pulse regime can result in a 1.2 GHz repetition rate for passive HML based on nonlinear
polarization rotation (NPR) [96, 97]. The HML with 2.2 GHz repetition rate has also been
realized using a tilted fibre Bragg grating in NPR [98]. A 10 GHz harmonic repetition rate
has been achieved using a nonlinear amplifying mirror (NALM) [99]. However, both NPR
and NALM techniques are intrinsically environmentally unstable as both technigues use an
artificial saturable absorber (SA). Furthermore, the development of novel materials as SAs
have been evolved from semiconductor towards nanomaterials for a stable high laser
repetition rates [100-102]. Therefore, researchers have spent considerable efforts
investigating HML using SAs, such as semiconductor saturable absorbers (SESAM) [103],
carbon nanotubes (CNT) [104-106], graphene [107] and other nano-materials [108-110].
Although SESAMs provide a stable 2.6 GHz HML, it also possesses some inherent
drawbacks, for instance, having a narrow bandwidth and requiring a complex multi-layer
fabrication. Therefore, nanomaterials such as CNT and graphene have been found to be
good candidates for fabricating excellent SAs. Single-layer graphene has an intrinsic ultra-
broadband SA, but it often has a low modulation depth. The CNT [111, 112] possesses
some advantages such as wavelength-independent SA characteristics, a low saturable
absorbing threshold, and a large modulation depth due to their high optical nonlinearity,
high damage threshold, low insertion losses, wide spectral range and fast recovery time
SA. Furthermore, SAs using single-wall CNT (SWCNT) are insensitive to environmental
instability. Therefore, much attention has been paid to CNT SA-fibre lasers in recent years.
Recently, various techniques and configurations have been investigated for SWCNT mode-
locking in EDFL. Also, SWCNT SAs have been embedded in various kinds of polymer matrix
for different mode-locking studies including high power [113], tuneable wavelength and
pulse duration [114] and switchable wavelength [115, 116]. Using this technique, a 23rd
(8328MHz) harmonic of the fundamental cavity frequency was experimentally observed
[116]. Also, a stable 10" harmonic of 245 MHz repetition rate was achieved [106].
Nevertheless, a challenging task still exists in the context of understanding the role of the
polarization independent radial Rom and polarization-dependent torsional-radial TRom
acoustic modes in the stabilization of HML. Therefore, high HML near to 1GHz is discussed
at the beginning of this chapter as we have observed for the first time in a SWCNT passive

mode-locked fibre laser.
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Another intriguing nonlinear dynamic phenomenon in mode-locked lasers is the soliton rain.
Soliton rain is a process whereby existence a complex self-organized intermediate regime
with of the order of tens of small soliton pulses aggregated in a condensed soliton phase
constitutes with CW in the form of spontaneously noisy background as a necessary
condition for their appearance [9]. When the fluctuations in the CW exceed a certain level,
these small solitons are formed, as a droplet would be formed from a vapour cloud. It then
drifts towards a soliton cluster with a high probability to interact with other pulses or
overlapping through their tails. This complex dynamic has been addressed as the main
source for optical RW formation. Therefore, the investigation of this natural nonlinear
dynamic is of interest for both fundamental and applied studies. The soliton rain
phenomenon was first identified experimentally in laser physics using dissipative soliton
generation by NPR [10]. Then it was observed in some other laser experiments such as in
ultra-long fibre lasers [11] and NALM or figure of eight [12, 13]. But with all these lasers, a
high pump power (>430 mW) was required before soliton rain regimes were observed. In
addition, both NPR and the NALM, are environmentally unstable. Therefore, due to the
drawback of the high pump power as well as the multiple interaction processes involved
with such lasers, the modeling of soliton rain dynamics represents a challenging task. This
modelling remains to be undertaken even with the previous research, where comprehensive
experiments have demonstrated a clear way towards building a model which can reproduce
soliton rain. Therefore, it is important to develop a more stable mode-locked laser that is
able to observe soliton rain with low pump power.

The objective of this chapter is to provide an experimental platform for a nonlinear localized
dynamic framework for observing soliton rain, soliton fission and soliton interaction based
on a testbed SWCNT-SA passive mode-locked laser at low threshold pump power.

This chapter is organized as follows: In section 3.2, the experimental setup of the testbed
passive mode-locked fibre laser and its characterization are described. High harmonic
mode-locked operation at up to 902MHz driven by Rom and Tom acoustic resonances are
found and are explained in section 3.3. In section 3.4, the soliton rain regimes are
demonstrated in the range of low pump powers. The appearance, flow and the numbers of
small pulses can be controlled by intra-cavity birefringence and the laser pump power and
this is presented in this section. High harmonic soliton rain is presented in section 3.5.
Soliton fission and the effect of temporal spacing and frequency separation at different laser
parameters on the optical RW emergence are studied in section 3.6. The soliton rain
interactions that lead to the emergence of optical RWs are demonstrated in section 3.7.
Finally, the ranges of soliton parameters for achieving nonlinear localized dynamics are

concluded in section 3.8.
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3.2: Experiential Setup and Characterization

The schematic of the testbed SWCNT-SA passive mode-locked fibre laser is illustrated in
Fig. 3.1(a). The laser cavity contained a 0.75 m long erbium-doped fibre (EDF) which is
used as an active medium and has an absorption of 80 dB/m and a second order dispersion
(B2) of +59 ps?/km at 1550 nm. The rest of the cavity is a 10.55 m SMF with B, of =22 ps?
km; the overall cavity length is 11.3 m. Therefore, the net cavity dispersion supplied soliton
pulses. A fibre-pigtailed 980 nm laser diode was used to pump the EDF through a 980/1550
WDM. Polarization insensitive isolator with 51dB attenuation was used to ensure
unidirectional operation of the ring cavity. The intra-cavity birefringence was controlled by
PC1, while PC2 was to control the SOP of a pump laser diode. These PC1 and PC2 as well
as the pump power gave a high flexibility in the generation and controlling the nonlinear
dynamics of this laser. A 70:30 output coupler (OC) was used to output 30% of the cavity
light. The SWCNT-SA which was used in this experiment is a high purity, high metallic
content (CG200). A concentration of 0.2 mg/mL of CG200 was placed in deionized water
with 2% of Sodium dodecylbenzenesulfonate surfactant. The solution was placed in an
ultrasonic bath for about one hour at 130 W and 20 kHz. Large bundles and impurities were
removed using ultracentrifugation. The resulting solution was mixed with Polyvinyl Alcohol
(PVA) powder and placed in a Petri dish to form a SWCNT-PVA film. Then a 1mm x 1mm
piece was placed as a sandwich between the two fibre connectors. The laser output from
the 30% coupler was detected using an InGaAs UDP-15-IR-2_FC detector with a bandwidth
of 17 GHz and recorded using a 2.5 GHz sampling oscilloscope (Tektronix DPO7254). The
oscilloscope has the built-in option of a variable electronic filter for the incoming signal. An
optical spectrum analyzer (Yokogawa AQ6317B) with a maximum resolution of 0.02 nm
and radio frequency spectrum analyzer (Rohde and Schwarz) with a 3 Hz resolution were used
to observe the optical spectrum and the RF line respectively.

For identifying the optical RW emergence mechanism, a 50-GHz fast photodetector (Finisar
XPDV2320R) with a bandwidth of 33 GHz was used and its output was recorded with an 80
GSa/s sampling rate oscilloscope (Agilent DSOX93204A). The oscilloscope traces were
recorded for 26 ms with an effective resolution of 12.5 ps per point with an amplitude resolution of
8 bits. To analyse the results using the spatiotemporal dynamics, the 26 ms oscilloscope traces
were split into segments. The length of each segment is equal to the one round trip. Then these
segments were processed as a matrix which providing the intensity evolution through 10000 round
trip.

Due to the use of a SWCNT SA, self-started mode-locking can be easily achieved as soon
as the lasing threshold (18 mW) was reached. The fundamental pulse repetition rate was
56.6 ns (17.67 MHz) (oscilloscope traces Fig 3.1 (b)). The optical spectrum of the mode-

locking pulses (Fig. 3.1 (c)) has the shape typical for the soliton operation regime with clear

62



distinct Kelly sidebands in the spectrum. The main components of the spectrum were in
wavelength near 1563.6nm, with a 3dB spectral bandwidth of 2.85 nm. The pulse duration
is shown in Fig. 3.1 (d) is about 990 fs and the pulse profile has been fitted to a hyperbolic
secant pulse profile. Correspondingly, the time-bandwidth product is 0.3481, indicating that
the output pulse width is almost transformed limited. Fig. 3.1 (e) shows the RF spectrum
which confirmed that the mode-locked laser regime has a high signal to nose ratio (>70dB).
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Fig.3.1: (a) The Experimental setup. WDM: wavelength Division multiplexing; PC: polarization

controller; ISO: optical isolator; CNT: carbon nanotube SA; and OC: output coupler; (b) Mode-

locked oscilloscope traces at 23mW; (c) Optical spectrum (d) corresponding pulse duration and
(e) the RF spectrum.
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3.3: High-Frequency Harmonic Mode-Locking Driven by Acoustic Resonances

In this section, the polarization role of the acoustic modes (Rom, TR2m) on the stabilization
of HML has been addressed to generate a high HML (~GHz) based on SWCNT-SA for the
first time. It was found that the characteristic of the HML in the proposed fibre lasers is that
the pulse repetition rate increases with increase pump power and adjusting the polarization
controller PC1. For example, with the proper adjustment of both PC1 and PC2, the first and
second HML were obtained at pump powers of 27 mW and 29 mW respectively. Then
multiple pulses from 3 up to 515 are generated within the laser round trip as shown in Fig.
3.2 (b-e) with further increasing of the pump power and adjustment of PC1. For a pump
power of 32 mW, the observed multi-pulsing which was transformed to HML with increased
the pump power as follows: 14" harmonic (247. 38 MHz) at 63 mW, 42" harmonic (742.14
MHz) at 138 mW and 51 harmonic (902 MHz) at 180 mW (Figs. 3.2 (c-e)) respectively.
The RF spectra for the sequence of ML and different HML regimes at different pump powers
are shown in Fig. 3.3. The RF spectrum at a fundamental frequency f; =17.67 MHz at 23
mW (Fig. 3-3 (a), peak 1) has a peak-to-pedestal ratio of ~80 dB. Additional peaks (peaks
2) with spectral power in 30 dB smaller emerge at 63 mW at different frequencies. These
peaks moved towards their centre of mass located at a distance of f1/2 from the main peak
with increased pump power and related to the birefringence depended satellites (adjustment
by the PC1). The small peaks (peaks 3) are moving towards each other with increased
pump power and adjustment of PC1.
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Fig. 3.2: (a) Oscilloscope trace of the output pulses at a different pump power; (a) 23 mW; (b) 32
mW; (c) 63 mW; (d) 138 mW; (e) 180 mW.
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Fig. 3.3: RF spectrum of the output pulses at the different pump powers: (a) 23 mW; (b) 32 mW; (c)
63 mW; (d) 138 mW; (e) 180 mWw.

The emergence of the birefringence-dependent satellites in Fig.3.3 means excitation of
linearly polarized states along with the HML and excitation of acoustic mode TRzm. Where
there is an absence of polarization satellites as in Fig. 3.3 (b), the HML pulses distribute
randomly inside the laser cavity (Fig. 3.2 (b)) due to the absence of the acoustic-optic effect.
The adjustment of the two neighbouring polarization modulation satellites (Fig. 3.3 (c-e)
leads to a resonance interaction via the induced acoustic-optic effect in the optical fibre
which results in a stabilized order distribution of soliton multi-pulses (HML) in the laser cavity
as shown in Fig. 3.2 (c-e). It was found that it is very hard to match the two neighbouring
polarization satellites as it reaches a limit space and the repulsive far from each other. Also,
the matching of the polarization satellites with the fundamental frequency or even near to it
leads back the laser to emit normal mode-locking regimes. However, the RF peak-to-
pedestal ratio of the 515 harmonic is about 68dB as shown in Fig. 3.4. The linewidth of this
harmonic laser line is 50 KHz. The optical spectra of the HML regimes are illustrated in
Fig.3.5; the optical spectrum (OS) was centred at about 1564 nm at low pump power (Fig.
3.5 (a-¢)) and then shifted towards 1562 at higher pump power (Fig. 3.5 (d, e)). Also, the
spectrum at a pump power of 63 mW (Fig. 3.5 (c)) exhibits a strong CW feature which may
have appeared as the result of the polarization and pump power satellites explained in Fig.
3.3 (c). The CW component has increased as two CW lines appeared at increasing the
pump power to 138 mW Fig. 3-5 (d). These two CW components became closer (Fig. 3.5
(e)) to each other exactly as the two neighboured polarization satellites in Fig. 3.3 (e). In
addition, Fig. 3-5 (e) shows many sidebands in the optical spectrum.
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Fig. 3-5. Optical spectra of the HML at the

different pump powers: (a) 23 mW; (b) 32 mW;
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Fig. 3-4. The RF spectrum of the 51° HML pulses.

Figure 3.6 (a) shows the obtained output pulse repetition rate and the harmonic order that
was measured as a function of the pump power. The pulse repetition rate changes almost
linearly from 17.67 MHz to 902 MHz together with the harmonic order. The pumping
efficiency which is defined as the obtained HML frequency divided by the optical pump
power was estimated to be ~5.44 MHz mW™™. Figure 3-6 (b) shows the average output
power and pulse energy that were measured. The maximum average power was 37.2 mW
at a maximum pump power of 180 mW. The pulse energies of the output pulses were in the

range from 38 to 97 pJ.
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Fig. 3.6: (a) Pulse repetition rate and harmonic order of the output pulses as a function of the pump
power; (b) average output power and harmonic pulse energy as a function of harmonic order (n).

The polarization properties of the HML have been studied using the same polarimeter that
was used in chapter 2. It was employed to measure the normalized Stokes parameters S,
S2, Sz and DOP. The intra-cavity polarization controller was tuned to achieve a high HML
through excited high TRonm modes. The polarization dynamics for the HML regimes are

shown in Fig.3.7.
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Fig. 3.7: The SOPs (a) and DOPs (b) for different pump powers: 23 mW (blue), 32 mW (green),
138 mW (brown), 180 mW (red).

The Stokes parameters on the Poincaré sphere shown in Fig. 3.7 (a), is related to the
polarization attractor at the Poincaré sphere in the form of a fixed point for all the generated
HML regimes. This fixed point indicates a stable operation for all the HML pulse trains with
the axis defined by the Si, Sz, and Ss. It was found that at 32 mW, the SOP is horizontal
linearly polarized (both S; and Ss are nearly equal to zero) and at 63 mW is linearly polarized
at 45 (as both S; and Sz are nearly equal to zero). But, with the clear appearance of the
polarization modulation satellite (excited TR.n modes) at 138 mW, the SOP has switched
to left circular polarized (both S; and S, are nearly equal to zero). While at 180 mW, where
the high HML generated (902 MHz), the SOP starts the change to the elliptically polarized.
Fig. 3.7 (b) shows the DOP for the HML pulse train which indicates that these regimes are
quite stable as it has a high DOP (more than 90% for 23, 32, 63 and 180 mW) while 78%
for 138mW. The S;, Sz, Sz and DOP remained practically unchanged for all of the high
order harmonic regimes, but the location of the point on the Poincaré sphere is changed.

3.4: Low Threshold Solitons Rains

In this section, using the same laser experiments described in section 3.2, we describe for
the first time the observation of low-threshold power soliton rain in a mode-locked fibre laser
based on SWCNT-SA. The proposed fibre laser can easily achieve a mode-locking regime
due to the use of SWCNT-SA and the soliton optical spectrum accompanied with CW
features were shown in Fig.3.5 in section 3.3. The gradual transition from the CW regime
to the ML regime has been done by increasing the pump power to about 20 mW. The pulses
are shaped into soliton operation regime with distinct Kelly sidebands in the spectrum as
shown in Fig. 3.8 (a) (red). At the same pump power and given initial orientation of the PC1,
it was found that the laser operates in a weak or partially mode-locked regime with the pre-
existing CW components as shown in the optical spectrum illustrated in Fig. 3.8 (a) (black).

This is because the cavity’s anisotropy is changed by rotating the PC1. These CW
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components accompanied with the mode-locked regime consist of a fluctuating noisy
background that forms soliton rain around the cavity. The main components of the spectrum

were in wavelength range around 1568 nm, with a 3 dB bandwidth of 4 nm.
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Fig. 3.8: a) the optical spectrum of the normal mode-locked regime (red); partial mode-locked
regime (black); b) Oscilloscope trace of the soliton rain regime.

It was also noticed that, when the CW noisy background was minimized towards zero by
further rotation of PC1 towards the mode-locked regime, the soliton rain disappeared. At a
particular PC1 setting and hence cavity birefringence, an interesting dynamic intermediate
pattern, soliton rain, is observed where the CW components and soliton pulses coexist in
the cavity as shown in the oscilloscope traces in Fig. 3.8 (b). This CW component producing
noisy and inhomogeneous background fluctuations in the laser cavity which lead to the
formation of small pulses like the way droplets form in a vapour cloud [10]. When these are
amplified they drift toward the main pulses (condensed phase) with a nearly constant
relative velocity as can be seen in the Fig. 3.8 (b).

Indeed, soliton rain is formed in the laser cavity due to the interaction between three
elements: the CW noisy background, the drift of the small soliton pulses and the condensed
phase. The noisy background could be produced by cavity CW modes, amplified
spontaneous emission (ASE) and dispersive waves produced by solitons. Soliton drifting is
due to the propagation of the small pulses formed in the laser cavity with a low constant
speed of the order of 10 m/s due to non-uniform background levels and this leads to
collisions with the condensed soliton phase. While the condensed phase is a bunch of
several tens of solitons which aggregate close to the main pulse.

Fig. 3.8 (a) shows a combination of mode locking and background components in the optical
spectrum with the presence of a quasi-CW spike in addition to the resonant radiation waves
symmetrically located with respect to the centre of the spectrum This mixing of field
components is also apparent in the temporal domain (Fig. 3.8 (b)), which reveals an
inhomogeneous background. Importantly, the fraction of the weakly coherent background

could be gradually varied by tuning the cavity parameters, such as the intra-cavity
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birefringence and pump power. It was found that the observed soliton rain can be controlled

by both the intra-cavity birefringence (PC1) and the pump power.

3.4.1: Controllable Soliton Rain by Intra-Cavity Birefringence

By increasing the pump power to about 23 mW with an appropriate PC1 setting, the cavity
birefringence could be altered, and an interesting dynamic pattern could be obtained. An
evolution of soliton rain dynamics can be observed in the oscilloscope traces of the Fig. 3.9.
This is because by rotating PC1, the cavity’s anisotropy has changed. The CW component
in the optical spectrum (Fig 3.8 (a)) accompanied with the laser pulses indicates that the
laser is operating in a partial mode-locking regime. It was found that the flow and the number
of the solitons emitted can be controlled by tuning PC1. For example, when only a few small
pulses (1-4) are observed, these drift towards the main pulses as shown in Fig. 3.9 (a-c)
respectively at a different PC1 setting. The amount of soliton rain emitted increased
noticeably when a so-called condensed phase appeared close to the main pulses as shown
in Fig. 3.9 (d) and became very heavy with fast drifting in the cavity in Fig. 3.9 (e, f) at
another setting of PC1. These soliton pulse trains are composed of two parts; a soliton
condensed phase part and a flow part; the solitons are constantly moving from the soliton
condensed part. Therefore, when small pulses were triggered by the oscilloscope, it was
found that these small pulses would drift towards the main and collide with it and rise again
from the noisy ground after the collision. It was also found that when tuning PC1 to a position
where the CW component disappeared as shown in Fig. 3.8 (a) (red), the rain stops almost
immediately. In addition to controlling the appearance and disappearance of soliton rain, it
is possible to tune the soliton drifting direction and speed by adjusting PC1. Moreover, a
bunch of pulses or like a burst of soliton rain (Fig. 3.9 (g)) has also been found at this pump
power, but at a different position of PC1. In this situation, the distribution of these burst
pulses inside the bunch is constantly moving from one round trip to the next. In the
beginning, the travelling bunch of pulses becomes chaotic due to the CW fluctuation. But,
with appropriate tuning of the PC1, freezing of these fluctuations could be achieved, thus

possibly controlling the formation of soliton rain.
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Fig. 3.9: Oscilloscope traces of the soliton rain at different intra-cavity polarization controller
positions; a) PC1=80°; b) PC1=90°; c) PC1=950%; d) PC1=100°; e) PC1=1050; f) PC1=107%; g)
PC1=-45°,
The RF and optical spectra measurements of the emergence of soliton rain by tuning PC1
dependent are labelled from 1 to 7 in Fig. 3.10 (a, b). These results show that there is no
big difference between regimes as the RF spectrum is nearly the same as the RF spectrum
of the HML in Fig. 3.3 where the slow and fast two orthogonal polarization satellites appear
at the same places at roughly f/2 except for the last case at PC_-45°. Here both RF and
optical spectra show the satellites became closer to the fundamental laser line with small
noisy features on the optical spectrum.
Therefore, when the soliton rain starts above a certain level of CW background fluctuations,
it is possible to control its appearance. Indeed, the detailed features of soliton rain are the
size of the condensed phase, the number of drifting solitons and their drifting velocity and

most of these features can be adjusted by changing the PC1 setting.
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3.4.2: Controllable Soliton Rain by Pump Power.

In this experiment, fundamental mode-locking was firstly obtained through tuning the pump
power to 23 mW and appropriately adjusting the PC1. Then by adjusting the PC1 to a soliton
rain regime and fixing it in this position, it was found that the number of solitons formed in
the cavity continuously increased by increasing the pump power as illustrated in Fig. 3.11.

Indeed, the increase of the pumping power increases the level of the CW fluctuations in the
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background. When the pumping power is sufficient to trigger small flowing pulses, the
soliton rain starts initially with a few of drifting solitons at a time per cavity round trip and 1,
3, 4, and 5 have also observed as shown in Fig. 3-11 (a-d) respectively. Increasing the
pumping power further to 40 mW (Fig. 3.11 (e)), the number of drifting solitons increases,
and the pulse train appears as a group of pulse bursts. At 42 mW of the pump power, soliton
rain becomes heavy (Fig. 3.11 (g)) which tends to aggregate into a sub-nanosecond pulse
bunch. At the same time, a significant fraction of the energy of the cavity remains in the
quasi-CW background. When the pump power was increased to 94 mW (Fig. 3.11 (h)), it
was found that the probability that two solitons are created closer together becomes
significant. Thus, interactions between neighbouring drifting solitons can occur which could
be a trigger for the emergence of optical RWs. The sequence of RF and optical spectra
measurements on increasing the pump power are illustrated in Fig. 3.12 (a, b) over 7 steps
labelled 1-7. These spectra show that there is a clear difference between these regimes
compared to the RF spectra of different PC positions in Fig. 3.10. Here the slow and fast
two orthogonal polarization satellites are not fixed in position and the spectrum is
accompanied with some noisy features while the optical spectra exhibit from the high Kelly
side-band which refers to the effect of the nonlinearity in the laser cavity. The adjustment of
the two neighbouring Kelly side-bands leads to the frequency resonance interaction in the

optical fibre which results in disorder distribution of the soliton multi-pulsing.
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Fig. 3.11: Oscilloscope traces of the soliton rain at different pump power; a) 23mW; b) 25 mW; ¢)
29 mW; d) 33 mW; e) 40 mW; f) 42 mW,; g) 50 mW.
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3.5: Soliton Rain Harmonics

In addition to controlling the numbers of the soliton rain and its appearance, harmonics of
the soliton rain have also observed at relatively low pump power (160 mW-200 mW). The
fundamental, first, and second harmonic soliton rain have been observed as illustrated in
Fig. 3.13 (a-c) and these correspond to different positions of PC1 with the same pump power

(for harmonics 160 mW). Tuning the PC1 in the laser cavity will control the effective non-
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linear transfer function and generate an increase or decrease in the level of background
and radiation (CW) that accompanies the soliton pulses. Therefore, the existence of soliton
rain harmonics is due to the instability of the condensed phase when its size exceeds a
certain level which is typically more than 30 solitons. The condensed phase then breaks
into parts, and each new condensed part becomes related to its own background part that
produces drifting solitons [10]. Increasing the pump power to about 200 mW leads to the
appearance of a high harmonic soliton rain as illustrated in Fig. 3.13 (d). The pulse-pulse
interaction becomes important as the probability that two or more neighbouring drifting
solitons become sufficiently close together when the pump power is increased beyond 100
mw.
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Fig. 3.13: Harmonic soliton rain at three different pump powers, a) 140 mA; b) 160 mW; c¢) 160 mwW
at another PC1 position and d) 200 mW.

The optical spectrum of the first and second harmonic are placed within the fundamental
pulse and centred at a wavelength of about 1567 nm as in Fig. 3.14 (a, b). Two sets of
spectral sidebands appear on the spectra. The one was the Kelly sidebands which
confirmed that the mode-locked pulses were solitons. Apart from the Kelly sidebands, there
was another set of sidebands. This set of sidebands exhibits peak-dip alteration in the
polarization resolved spectra and its appearance was a result of the phase matching
(coherent energy exchange) between the two orthogonal polarization components of the
vector solitons. While it seems that the phase matching (incoherent energy exchange) has
been destroyed and the pulses propagate chaotically at a pump power of 200 mW (Fig.
3.14 (c)) as the Kelly sidebands have disappeared as well as the central peak shifted to
1562 nm.
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3.6: Soliton Fission

As can see from previous sections, the output soliton dynamics in laser systems are
complicated and depend considerably on the laser parameters. Therefore, the evolution of
laser can be switched from one stable state such as the mode-locked regime to another
regime such as HML, low threshold soliton rain, harmonic soliton rain or soliton rain with
interactions by controlling either the intra-cavity birefringence or the pump power. However,
under certain circumstances, solitons can mergence into a single pulse during soliton
collision which is a principal feature of soliton fusion. Because of soliton fusion, a high-
intensity robust light structure arises and propagates over significant distances without
recovering to the initial solitons. Soliton fusion has also been considered as one of the
optical RW generation mechanisms.

In this section, the experimental observation of temporal signatures of soliton fission has
been demonstrated using the same fibre laser experiment. Specifically, clear soliton pulse
fission signatures were observed in measurements of shot-to-shot intensity that is operating
in a transition regime between soliton rain and chaotic emission. The soliton pulse fission
appears at a pump power of 116 mW when the laser operates in this transition zone,
between soliton rain emission and chaotically. We have observed clear time-domain
signatures of pulse explosion events with sharp temporal shifts. Interestingly, it was
observed that the temporal envelope (Fig. 3.15 (a)) shows that soliton fission is similar to
the onset of many pulsing. It can identify clearly many soliton fission events, each displaying
qualitatively similar characteristics. Indeed, the several pulses can be seen to develop at
the trailing edge of the fundamental laser pulse. It can be shown that the soliton pulses
fissions manifest themselves as abrupt temporal shifts in the output pulse train. Also, during
the fission, the soliton laser pulse and optical spectrum underwent dramatic changes and
did not return to the steady state afterward. The output spectrum which is shown in Fig.
3.15 (b) shows that the spectra of all the pulses are placed within the fundamental peaks
which is centred at about 1563 nm. As the laser operates in soliton regime, the laser

spectrum shows week Kelly sidebands from week phase matching between the solitons.
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Fig.3.15: a) Oscilloscope trace and b) optical spectrum of soliton fission.

The laser pulse output has also been investigated when the laser was operating in the
soliton fission regime by recording 26 ms of oscilloscope traces with 12.5 ps resolution. By
dividing the recorded real-time signal into segments whose duration equals the average
cavity round trip time, clear sharp pulse temporal shifts were observed by plotting 10000
round trips of the real-time signal in Fig. 3.16 (a). It was found that the main pulses splitting
into many pulses that occupied the whole laser cavity due to the soliton fission in the main
pulse. The spatiotemporal intensity measurements also show, the interaction processes
between solitons inside the main pulse can be clearly captured and it is found that nonlinear
soliton fission accounts for optical RW generation in this SWCNT-SA passive mode-locking
fibre laser. As seen in Fig. 3.16 (b), there are many interactions between solitons inside the
main pulses. For instance, it was found that two soliton-fission that are placed near 35 ns
ejected many solitons that are static in the laser cavity. It is also found that around 34.5 ns,
two solitary pulses interact with each other rather than quasi-elastic collision when the
temporal and frequency separation between two solitons is small. It can be seen that optical
RWs which are generated from soliton collisions can propagate for over 1000 consecutive
round trips indicating a lifetime of over 56 us. In the repulsion case, two solitary pulses have
been found to propagate independently after the interaction. Because conditions for the
soliton interaction are extremely delicate, the interaction itself is a very rare event as
confirmed by PDF histogram statistic. The PDF (Fig. 3.16 (c)) confirms the generation of
optical RW events as results of soliton fission. Indeed, instead of using high pump power in
NPR or double-cladding fibre lasers, and long cavity fibre laser, our SWCNT-SA passive
mode-locked fibre laser can produce a multiple-soliton state as a result of soliton fission
with solitons spreading across the whole cavity under low pump power. Also, it was found
that the soliton fission regimes are affected by the pulse polarization evolution in the cavity.
However, the peculiar feature of the RWs which emerge from soliton interaction is the very
slow changing of the amplitude over a long period after the two solitons have merged (over
2000RT before optical RW emerged at 34.5 ns in Fig. 3.16 (b)). Also, as characteristics of

76



the soliton fission process, soliton interactions joint two solitons into a single giant solitary
pulse that propagates while maintaining its shape and intensity of about double the original

soliton value (red colour).
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Fig. 3.16: a, b are the spatiotemporal intensity evolution; and ¢ the PDF of the soliton fission at
pump powers 116 mW.

Soliton fusion also occurred due to soliton interactions between co-propagating solitons with
small temporal spacing, small frequency separation, and the appropriate phase difference.
However, as in most SR regimes, soliton fission can be controlled by adjusting the pump
power and the intra-cavity polarization. The modulation instability formed by PC1 can trigger
the laser pulse to explode into many pulses when the pump power is in the range for which
fissions occur. Therefore, soliton fusion refers to the process where many adjacent soliton
pulses are merged into a single pulse.

Also, depending on the pump power and intra-cavity birefringence, multi-soliton pulses
strongly influence the interactions between them and then the solitons are not static and
randomly distributed resulting a chaotic soliton bunch in the laser cavity (Fig.3.17 (a)).
Consequently, soliton fusion could also be accelerated because of multiple interactions
between solitons and dispersive waves (Fig. 3.17(b)). These two regimes that are observed
at the same pump power (116mW), but at different PC1 setting have also induced optical
RWs events (as confirmed by PDF in Fig 3.17 (c, d) from the multiple collisions and
interactions inside the main laser soliton pulse. There is no big difference in the optical
spectra of these two regimes compared with the regime in Fig. 3.15. The results show that
the fusion process is quite sensitive to the initial conditions of the pump power and the intra-
cavity birefringence of these parameters and because of the interactions, soliton pulses are
merged together, where the resultant soliton pulse amplitude is significantly greater than
the initial amplitude of other solitons. Therefore, the fusion of optical solitons can be

regarded as a new scenario to generate optical RWs.
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Fig. 3.17: a) and b) are the spatiotemporal intensity evolution; ¢ and d the PDF histogram; e and f
optical spectrum of the soliton fission at pump powers 116 mW and different cavity birefringence.

3.7: Soliton Rain Interactions

It was found that, when the pump power exceeds a certain value, for instance at values of
140 mW and 160 mW, and PC1 is set far from the harmonic soliton rain position, the
distribution of bound soliton rain inside the cavity became very heavy and chaotic as shown
in Fig.3.18 (a, b) for 140 mW and 160 mW respectively. This makes the laser pulses travel
at different group velocities and hence they have a very high probability to interact with each
other and initiate optical RW events. Moreover, energy dissipation of solitons is visible
during the interaction processes. Some amount of the soliton’s energy is transferred to
dispersive waves. It has been confirmed that the RW events emerge from the soliton rain
interactions by analysing the collected data using the spatiotemporal evolution as illustrated
in Fig. 3.18 (c, d) for 140 mW, 160 mW respectively. Therefore, due to the interactions
among solitons, soliton rain and CW, these multiple-solitons formed various dynamic
patterns. Also, at higher pump power (160 mW Fig. 3.18 (d)), the pulses travel chaotically
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with different group velocities that lead to crossed pulses with optical RW emergence for
about100s of the round trip without energy exchanges. The PDF for all of these regimes
yield a long tail shape which is far from the normal Gaussian distribution as shown in Fig.
3.18 (e, f). The output pulse intensities have been normalized to the amplitude normalization
with RW threshold of 8 (red lines). It was also found that the optical spectrum exhibits noisy
feature with the disappearance of Kelly sideband features when the RW emerged as shown
in Fig. 3.19. It seems that the soliton pulses break up due to the CW features into many
pulses that propagate chaotically due to having different group velocities in the laser cavity.
Therefore, these nonlinear localized dynamics named soliton rain are formed due to the
balanced in the nonlinear system through an energy exchange with the environment in
presence of nonlinearity, dispersion, gain and loss which can be controlled by both the
pump power and PCL1. So, their existence and stability depend on the energy balance which

can manifest conditions for self-organization.
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the chaotic soliton rain at two different pump powers (140 mW and 160 mW) respectively.
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3.8: Conclusions

In conclusion, high HML in a SWCNT-SA erbium-doped fibre laser using acoustic-optic
effect has been demonstrated. Under different pump powers and appropriate adjustments
of the polarization in the laser cavity, controllable HML from the first up to the 51 order
have been obtained. The 51% order HML, corresponding to a repetition rate of 902 MHz,
was obtained with an output power of 37 mW. The stability of HML is tested by the super
mode suppression level which is as large as 68 dB and this means that the laser emits high-
quality pulses with low energy fluctuations. The high HML fibre lasers are important in
revealing the high-speed laser modulator, which is vital for fibre optic communications, all-
optical clock recovery, frequency metrology and sensing applications.

In addition, using the same testbed fibre laser and by adjusting of the pump power and the
intra-cavity birefringence, the control, appearance and disappearance of soliton rain flow at
a low range of pump power have been demonstrated. Harmonic soliton rain, soliton fission
and soliton interactions that lead to emergence of optical RW have also been obtained in
this experiment at different level of pump power and intra-cavity birefringence. We have
recorded the round trip-to-round trip pulses emitted by the laser, identifying clear soliton
fission and soliton interaction signatures for optical RW formation as confirmed using both
the spatiotemporal intensity evolution technique and the PDF.

The collected results from this testbed laser system could clear the way towards modelling
the appearance of soliton rain as well as high nonlinear localized dynamics such as optical
RW emergence. Also, it is an attractive area of research in the field of fibre lasers where
much work has been done over the last few years which focused on the design of high-
energy mode-locked fibre laser cavities. In addition, this nonlinear localized dynamic
provides an excellent framework for studying and understanding complex pulse dynamics
and could stimulate researchers to design new innovative cavity designs. It was found that
passive mode-locked lasers are an ideal platform for testing the concept of dissipative
solitons such as soliton rain, soliton explosions, dissipative soliton molecules and soliton

pulsations.
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Chapter 4

Vector Optical Bright-Dark Rogue
Waves

4.1. Introduction

Nonlinear optical systems are amongst the most important tools in modern optics. These
nonlinear optical systems provide the unique potential to artificially generate and study
optical events in a highly controlled environment analogous to a range of events observed
in nature from soliton propagation to extreme RW events. Many nonlinear systems exhibit
an instability that leads to the modulation of the steady state through breaking the CW or
quasi CW radiation into a train of short or ultrashort pulses. This phenomenon was thought
to be the result of the interplay between the nonlinear and dispersive effects and is referred
to as the modulation instability (MI). It was studied during the late 1960s and early 1970s in
such diverse fields as fluid dynamics [117, 118], nonlinear optics [119-121] and plasma
physics [122-124]. The CW mode is inherently unstable in the presence of anomalous
dispersion (32<0) and this instability leads to a spontaneous temporal modulation of the CW
beam and transforms it into a pulse train. Ml can also occur in the normal-dispersion region
(B2>0) of optical fibres but only under certain conditions. These conditions turn out to be the
presence of cross-phase modulation. This can occur when two optical beams propagate
simultaneously at different wavelengths or with orthogonal polarizations. But, Ml near to the
zero dispersion region (B2~0) has not yet been studied. Hence, this chapter focus on
studying of Ml at zero dispersion system.

However, during the last two decades, the focus of researchers from many fields ranging

from oceanography to the laser physics, has been on revealing the mechanisms of origin
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of RWs with anomalous amplitudes. The mode-locked laser, as a test-bed system, provides
a unique opportunity to collect more data on RWs in the form of periodic or random localized
pulses as well as to clarify the mechanisms of RW emergence using a similar analysis
shown in chapter 2 and chapter 3. Previously, in addition to MI, several mechanisms have
been found that optical RWs events can be generated in the mode-locked laser at the time
scale of round trip (RT). These mechanisms include soliton-soliton interactions through the
overlapping of the soliton tails and soliton-dispersive wave interactions. All of the previous
experimental observations utilizing this mechanism have reported the existence of either
bright or dark RWs. The co-existence of the bright-dark RWs (BDRWSs) has been recently
predicted theoretically [55, 70, 72, 125] using coupled NLSE systems, but has never been
observed experimentally in optics.

This chapter discusses the experimental results of the BDRW observation in a stretched
(B2~0) cavity mode-locked fibre laser. Clarifying the mechanisms of BDRW emergence are
also discussed in this chapter. For the first time, we have demonstrated experimentally that
in addition to the soliton-soliton interaction that is presented in the second chapter of this
thesis and the soliton rain that is presented in the third chapter, a new type of vector RWs
can emerge. The emergence of these RWs was driven by either Ml or desynchronization
(incoherent coupling) of the orthogonal linear states of polarization and leads to output
power oscillations in the form of anomalous spikes-dips (bright-dark RWs). These results
can pave the way to the unlocking the universal nature of the RWs origin and so it can be
of interest to a broad scientific community. This chapter is organized as follows. In section
4.2 and section 4.3, the experimental set-up of a passive stretched-pulse mode-locked fibre
ring laser and its characterization are presented respectively. BDRW such as Akhmediev,
Peregrine and bi-periodic breathers that are driven by Ml are demonstrated in section 4.4.
The polarization evolutions of such breathers are demonstrated in section 4.5. In section
4.6 and section 4.7, BDRW driven by incoherent coupling of the orthogonal linear SOP due
to the Pl are validated. Finally, conclusions on these results and the emergence

mechanisms are presented in section 4.8.

4.2: Stretched Passive Mode-Locked Fibre Laser Bright-Dark Experimental
Setup

The fibre laser set-up used to observe optical BDRW is a passive stretched-pulse mode-
locked fibre ring laser based on CNT-SA as illustrated in Fig. 4.1. The laser has a pump
threshold of 14mW.
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Fig. 4.1: The experimental setup of the stretched mode-locked fibre laser. WDM: wavelength
Division multiplexing; PC: polarization controller; ISO: optical isolator; CNT: carbon nanotube SA;
and OC: output coupler.

The laser cavity contained a 1.1m long EDF which is used as an active medium and has
absorption of 80 dBm at 1530 nm with a second order dispersion (B2) of +59 ps?/km at 1550
nm and a 7.6 m SMF with a B, of —22 ps?/ km. The net cavity dispersion was -0.04 ps?/km.
A 975nm laser diode was used to pump the EDF through a 980/1550 WDM. Unlike a mode-
locking scheme based on nonlinear polarization rotation, we have used just one polarization
controller inside the laser cavity (PC1) to control the laser cavity birefringence. Another
polarization controller (PC2) was used to control the SOP of a pump laser diode. A
polarization insensitive isolator (ISO) with 51dB attenuation was used to ensure
unidirectional operation of the ring cavity. A standard 70:30 fused output coupler (OC) has
been installed to redirect 30% of the laser light out of the cavity. Passive mode locking was
realized by using a carbon nanotube (CNT). The CNT polymer composite film placed
between two standard fibre connectors supplemented by the index matching for
minimization of insertion losses. The output laser radiation from the 30% coupler is detected
using a 50 GHz fast photodetector (Finisar XPDV2320R) with a bandwidth of 33 GHz and
recorded by an 80 GSa/s sampling rate oscilloscope (Agilent DSOX93204A). The length of
the recorded oscilloscope traces was 26 ms with an effective resolution of 12.5 ps per point and 8
bits of resolution. To analyse the results using the spatiotemporal dynamics, the 26 ms
oscilloscope traces were split into segments with the length of each segment equal to one
round trip. Then these segments were processed as a matrix which provides the intensity evolution
through 10000 round trips. The output laser regimes have also been characterized using an RF
spectrum analyzer (Rohde and Schwarz; 10 Hz-13.6 GHz) and an optical spectrum analyzer
(Yokogawa AQ6317B). The resolution used in the RF and optical spectrum measurements
are 3 Hz and 0.02 nm respectively.

The polarization dynamics properties have been studied using the same commercial
polarimeter (Thorlabs IPM5300) that was used in chapters 2 and 3. The polarimeter is
employed to measure the normalized Stokes parameters Si, S,, Sz, phase difference and

DOP. We combined 16 slices of the temporal waveforms obtained by polarimeter to
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calculate Si, S, Ss, phase difference and DOP. All of these parameters are the function of

the two linearly cross-polarized SOPs Iyand Iy output powers as in equation 2.1.
4.3: Laser Experiment characterization:

Firstly, the laser system was characterized by measuring the output laser power
dependence on the laser pump power. It was found that the laser has a threshold of 14 mwW
(76 mA) as shown in Fig. 4.2; the maximum output power is 3 mW at a pump power of 40
mW. The laser was pumped with three different pump power groups during the experiments.
The first group value (79-86 mA; 16.3 mW-20 mW) is only slightly above than the lasing
threshold (76 mA; 14.12 mW). The second pump power group in the mode-locked laser
regimes (88 mA-98 mA; 21.8 mW-28 mW). While the third pump power group values were
at a harmonic mode-locked laser regime (beyond 98 mA; 28 mW). All of these three pump
power groups are much lower than the pump power of 600 mW which was used to study

optical RW observation in the laser mode-locked by NPR.
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Fig. 4.2: The laser output power dependence on the pump power.

However, different laser regimes such as CW, mode-locked and multi-pulsing are triggered
in this laser by adjusting the laser parameters which are the laser pump power, the
polarization controller in the laser cavity (PC1), and the polarization controller that is placed
outside the laser cavity (PC2).

Due to the CNT-SA, the laser immediately started emitting mode-locked pulses as shown
in Fig. 4.3 (a) at about 19 mW (85 mA). The oscilloscope trace shows a stable single pulse
per cavity round trip with the repetition rate of 33.2 ns of round trip time corresponding to
the 30.135 MHz frequency central line that matched with the cavity length. PDF of this
regime in Fig.4.3 (b) yield to a Gaussian shape which can confirm there are no fluctuations
due to either polarization or MI. The corresponding optical spectrum profile at the laser
output (Fig. 4.3 (c)), centred at 1565 nm and had a spectral bandwidth at full-width at half-

maximum (FWHM) of 8 nm. The absence of distinct Kelly sidebands in the spectrum
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indicates signature of the dispersion management (stretched) soliton operation regime. The
autocorrelation results in Fig. 4.3 (d) shows the pulse duration is about 1.2 ps fitted to the
hyperbolic secant pulse profile providing 1.05 time-bandwidth product that confirmed the
stretched pulse mode-locked laser regime. Fig. 4.3 (e) shows the RF spectrum which
confirmed that the mode-locked laser regime has a high signal to nose ratio (>65dB).
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Fig. 4.3: The mode-locked regime laser regimes; (a) oscilloscope traces; (b) PDF histogram; (c) the
optical spectrum (d) the autocorrelation measurement and (e) the RF spectrum of the mode-locked
laser regime at a pump power of 19 mW (85 mA).

When operating in the normal mode-locked regime, the polarization attractor on the
Poincaré sphere is shown in Fig. 4.4. Similar results were obtained over all of the normal
mode-locked regime where the polarization state is in the form of a fixed point in the
Poincaré sphere (Fig. 4.4 (a)) that indicates a stable output power (Fig. 4.4 (b)). The PDF

histogram is shown in Fig. 4.4 (c) where we have calculated for the output power (l«+ly) and
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this shows a normal Gaussian distribution as expected as the pump power is far below the
optical RW threshold. The DOP that is close to 95% and has no big phase difference
between two orthogonal polarization modes (Fig. 4.4 (d)) also confirms that the output laser

regime is in stable operation.
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Fig. 4.4: (a) Stokes parameters at the Poincare” sphere, (b) total optical power of orthogonally
polarized modes I=Ix+ly, (c) PDF histogram and (d) phase difference (green) and DOP (red) of the
mode-locked laser regime at a pump power of 19 mW (85mA).

4.4: Optical Rogue Waves Driven by Modulation Instabilities.

When certain parameters of the laser cavity are set, the output laser steady-state regime
became unstable against small fluctuations (M) due to either polarization or pump power
and leads to the development of a periodic modulation. Ml could be either spontaneous or
stimulated MI. This section focuses on optical RW generation as a result of spontaneous.
The laser in Fig.4.1 was adjusted to operate in CW regime in the first group of the pump
power which is only slightly above the laser threshold. This CW beam was found to be
inherently unstable; the laser output can undergo spontaneous temporal modulation and
transfer into a periodic pulse train. This periodic modulation dynamics are typically
described in the spatiotemporal domain. Based on spatiotemporal evolution dynamics,
different kinds of breathers were observed within the first pump power group (79-86 mA,

16.3-20mW).

4.4.1: Akhmediev Breather Optical Rogue Waves.

A breather soliton is a nonlinear wave in which energy is localized in space but oscillates in
time or vice versa. It forms an important part of many different classes of nonlinear wave

systems, manifesting themselves as a localized temporal structure that exhibits oscillatory
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behaviour. To date, the dynamics of breather solitons in stretched-pulse (3~0) mode-locked
fibre ring laser remains largely unexplored, and its experimental characterization is
challenging. Here we demonstrate the first experimental excitation of AB near to 3~0 cavity
fibre laser. However, it was found that at a 16.3 mW, the instability causes a periodic
perturbation on the CW background which grows exponentially along the propagation
distance (RT) forming an Akhmediev breather (AB). Fig. 4.5 shows the temporal evolution
of the AB at 16.3 mW (79 mA) of pump power. We can show from Fig. 4.5 (a) that the AB
consists of a temporarily single pulse train that undergoes a single growth-decay cycle
localized along the RT and appears eventually in periodic pulses through the RT. This
growth describes the initial exponential growth of the weak perturbation in the framework of
the MI. Therefore, the breakup of CW emission due to the MI condition was used to obtain
the pulses train condition. The estimated breather period for this pump power is 3.7 ns. The
periodic nature of this breather implies that the pulse should restore its original shape. Also,
the PDF statistics in Fig. 4.5 (b) shows that the AB formed has an asymmetric shape and
large statistical deviations from a normal Gaussian distribution with a long tail exceeding 8
o from the mean value on both sides of the PDF; normalized amplitude >80 is the bright
RW threshold criteria, whereas normalized amplitude <-8c is the dark RW threshold
criteria). This can confirm that the laser is operating in a regime accompanied by the
emission of bright and dark RWs. It was found that the bright RW probability is 3.2x1073,
whereas the dark RW probability is 2.2x10*. The spectral evolution towards breather
formation in both the RF and optical domains is plotted in Fig. 4.5 (c, d) respectively. It can
be seen that the RF has a clearly Ml in form of low RF noise that appeared close to the
central frequency of the RF confirmed of the MI that leads to the formation of the AB and
the abrupt output pulses. Also, the optical spectrum exhibit a heavy primary comb lines due
to the M.
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Fig. 4.5 a) AB temporal evolution; b) PDF histogram of the laser regime; c) the RF spectrum and d)
the optical spectrum.

The RF beat note peaks (detuning) that are excited by Ml are 163 KHz, 260 KHz, 346 KHz
and 483 KHz are shown in Fig. 4.6 (a). The 163 KHz has a small intensity modulation depth
(<2 dBm) that has less effect on the AB formation compared to the 260 KHz that has an
about 5 dBm intensity which affected the AB periodicity formation. This RF beat peak (260
KHz) confirmed the breather periodicity (3.84 ns) in Fig. 4.5 (a) as AB repeated each
1000RT (breather frequency 260 KHz x1000RT=260 MHz); breather periodicity=1/260
MHz=3.84 ns). We attribute these sharp RF beat notes to the occurrence of AB breather
pulses, while the other broad RF placed at about 30.83 MHz (detuning 700 KHz) indicated
an unstable high order MI. As the AB is periodic in RT, the breather has grown exponentially
during 200RT and decayed with 300RT with repetition of each 1000RT (Fig. 4.6 (b)). The
optical spectrum (Fig. 4.5 (d)) is covered with primary comb lines with about 8 dBm intensity
(Fig. 4.6 (c)) and this confirms the MI status without any sign of PI. Therefore, the evolution
of the RF detuning and Ml in the optical spectra is crucial for AB breather formation. The
same breather exactly has been obtained at 17 and 18 mW. Apparently, this regime is linked

to the evolution of a weakly MI signal with the AB.
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4.4.2: Peregrine Optical Rogue Waves

Increasing the Ml perturbation by increasing the laser pump power to 18 mW (82mA), it was
observed a single pulse with localization in time as well as in RT position as shown in Fig.
4.7 (a). This localized pulse is similar to Peregrine soliton (PS) that was experimentally
observed earlier this decade [26] as it is not reportable in both time and RT. The intensity
evolution is repeated noisy each 6.8 ns (Fig. 4.8 (a)) after formation of the PS within the first
RT. The PDF statistics in Fig. 4.7 (b) is quite different from PDF of the AB case; it has
asymmetric shape and large statistical deviations from normal Gaussian distribution with a
long tail exceeding 8 o from the mean value on right sides only, which means that the laser
is operating in a regime accompanied by the emission of optical bright RWs only. The optical
bright RW probability was found to be 3.67 x10* which is significantly less than the AB RW.
Actually, this regime links to the evolution of a weakly modulated CW signal with the M
inside the laser cavity as shown in both the RF and optical spectra in Figs. 4.7 (c, d).

Both the RF and optical spectra have a clear Ml but it seems less than the previous case
especially on the optical spectrum. The small RF beat note peaks are also excited by Ml as
in the AB in section 4.4.1. But, because of the increased perturbation, these peaks are
shifted closer to the central frequency and placed at 140 KHz, 216 KHz, 313 KHz, and 460
KHz respectively. Compared to the AB RF spectrum, the intensity of the peaks have
increased by about 8 dBm and become narrower with a very small modulation depth. The
peregrine breather grows exponentially over a period of 330RT and decays over about
600RT as illustrated in Fig. 4.8 (b). As in the previous status, the optical spectrum have also

coved with non-uniform primary comb lines (Fig. 4.8 (c)) which confirm the MI perturbation.
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4.4.3: Bi-Periodic (Twin) Breather Optical Rogue Waves.

Further increasing the pump power to 20 mW (86 mA, increasing the Ml perturbation), the

laser starts to emit twin pulses, which are also named bi-periodic pulses where the pulses

can be periodically repeated in both RT (AB) and time Kuznetsov-Ma (KM), which form bi-

periodic breathers as shown in Fig. 4.9 (a). Therefore, the dynamic of this regime is that the

output is periodic along both RT (spatial) and temporal (time) axis. Fig. 4.9 (a) shows the

pulse evolution in the average soliton regime over 6000RT. When increasing the modulated

CW field due to increasing the pump power, the laser pulses inside the laser cavity became

unstable due to the MI which leads to the growth of multiple periodic pulses as shown in

Fig. 4.9 (a). It was found that this periodicity is a feature depending on both pump power
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and PC1. Controlling both means controlling the modulation length and the periodicity of
the MI. The estimated breather periodicity is 3.7 ns (as in the AB in section 4.4.1). Also,
this periodic nature implies that the pulses should restore to their original shape when the
period is a multiple of the RT period. Compared to AB in Fig. 4.5, the dark pulse intensity
has decreased and only just surpasses the definition threshold for dark RWs (-80) with a
probability of 4x10°® ((Fig. 4.9 (b)), while a very clear long tail shape in the right side of the
PDF confirms optical bright RW events with a high probability of 2.68x102. Increasing the
pump power to 20 mW increases the modulation depth of the frequency and also the
spectrum exhibits an additional wide sideband of the main peak which is related to slow and
fast PI (Fig. 4.9 (c)). Therefore, the RF spectrum in Fig. 4.9 (c) exhibits two kinds of MI. The
first Ml is placed close to the central frequency and is related to the pump power Ml as in
all of the previous cases. Whereas the other two sideband spectra near to 22 MHz and 37
MHz are related to the PI. The intensity of the MI (~20 -50 dBm) is significantly higher than
the intensity of the PI (15 dBm) which makes both of them contribute to the formation of this
kind of breather. The optical spectrum in Fig. 4.9 (d) is the same as in the BA where the
spectrum is clearly covered with primary comb lines related to the modulated instability. The
pulses exhibit periodicity in both transverse time and longitudinal RT (Bi-periodic) and have
been described by a Jacobi elliptic function. Indeed, when one of the periods tends to
infinity, we obtain either AB or KM. But when both of them tend to infinity, we obtain the
peregrine in the output pulse.

The RF beat note peaks seem to be in resonance with the central frequency and are equally
spaced (28 KHz) as shown in Fig. 4.10 (a) which could be counted as the occurrence of the
Bi-breather formation. From Fig. 4.10 (b), it was found that the first pulse from the beginning
of the RT has grown over 170RT and decayed over 500RT, while the second pulse has
grown and decayed with about 430RT and 420RT respectively. The distance between these
two pulses is 1000RT. On the other side, the growth time of both pulses are about 30 ps
and the decay time is about double this (60 ps). These pulses are repeated each 100RT
confirming the frequency detuning of the polarization instability (Pl) (2.8 MHz) and the
breather periodicity (3.57 ns) ((breather frequency 2.8 MHz x100RT=280 MHz); breather
periodicity=1/280 MHz=3.57 ns). The MI in the optical spectrum (Fig. 4.10 (c)) is slightly
different from the MI of the optical Peregrine RWs case, it is just as more modulated as in

AB optical spectrum in section 4.4.1.
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Fig. 4.10: a) RF spectrum over 2MHz; b) 3D breather intensity evolution over 1.5 ns and
2000RT; c) the Ml over 1 nm of the optical spectrum.

It was observed that the RF spectrum in Fig. 4.9 (c) exhibited PI. Therefore, the output from
the laser cavity can easily switch to chaotic bi-periodic (Fig. 4.11(a)) through tuning the
PC1lat the same pump power (20 mW). Therefore, the breathers formed at this pump power
are not periodic in nature and the pulse can’t revert to its original shape. The growth of the
perturbation from both MI and PI produces large waves and increases the population of

optical RWSs. This contribution of both MI and PI can be described by a random combination

92



of the laser parameters such as the pump power and the SOP and leads to the formation

of a non-uniform higher order of breather.

1.9 b)
x 10 10°
, 2
- \ | ! 1 1-2. 5 |

o0

[§]
t

& 50 ¥ N 2
2 2.4 2 10?
i) 2 )
= 2.6 S
2.4 =
-2.8 10
10000 g
3@
5000 20 " I
Round trips (a.u.) 10 ~2.6 10° - - !
2 4 -5 0 5 10 15 20
0 Time (ns) <10 Normalized Amplitude
c d
) = )
-30 4
= £ -40
o [u3]
© ©
2 27
> o -60
E E
-70
T T T T 1 -80 T T T T 1
26 28 30 32 34 1540 1550 1560 1570 1580 1590
RF, MHz Wavelength, nm

Fig. 4.11 (a) Chaotic Bi-periodic temporal evolution; b) PDF of the laser regime; c) the RF spectrum
and d) the optical spectrum.

The PDF in Fig. 4.11(b) confirms the generation of bright optical RWs for this pump power
with a probability of about 2.2x102 while optical dark RW has not surpassed the DRW
threshold. Also, controlling these sidebands requires controlling the SOP inside the laser
cavity and this can also increase the probability of optical RW appearing. In addition to the
equally spaced RF beat detuning (28 KHz) shown in the RF spectrum in Fig. 4.11(c)
exhibited 4 MHz PI satellites with an intensity of around 35 dBm because of the longitudinal
modes beating inside the laser cavity. At this pump power, the Pl led to a significant
enhancement of the weak instabilities when both PC1 and PC2 were turned. The Pl is quite
wide (1 MHz) and modulated with noisy MI components which made the output breathers
non-periodic. These pulses suffer from a high fluctuation and surpass the optical bright RwW
criteria. Also, we found here the controlling of PC1 had an impact on the optical RW
probability, and for this situation, the PDF probability was about 9.46x103. The optical
spectrum illustarted in Fig. 4.11(d) shows a stretched pulse spectrum centred at 1565 nm
with very small fluctuation within the peaks confirming that increasing the Ml leads to the
fundamental soliton regime, but this appears chaotically (Fig. 4.11(a)) due to the unstable

polarization instability dynamics.
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All of the previous breathers and RW events show that the PI either did not contribute to
the pulse formation (as in AB and PS cases) or is too small, unstable and non-uniform (as
in both of the Bi-periodic results). Actually, the nature of the MI depends strongly on the
whether the pump power is below or above the PI power threshold. It was found that the
threshold power is required to excite the stable Pl in our stretched fibre laser is 21.6 mW.

4.5: Breathers Polarization Dynamics.

To get an insight into the Pl and the mechanism of BDRW emergence at slow time scales
of 1 ps — 20 ms (660K round trips), we have studied the evolution of the polarization
dynamics. A set of 16 slices of the temporal waveforms have been saved and combined
with the help of the polarimeter. This was used to measure the DOP and normalized Stokes
parameters Si, Sz, and Sz which are related to the output powers of two linearly cross-
polarised SOPs as given in equation 2.1. It was found that the polarization evolution in Fig.
4.12 (a, b) for both AB and PS show that the SOP is moving chaotically in the Poincaré
sphere. This approach shows that the motion of the Stocks parameters on the Poincaré
sphere becomes chaotic in the sense that polarization for both AB and PS does not return
to its original state after each successive period. The spikes in the total output power
(represented by Ix+ly) which appear as semi-periodically modulated along the slow time
scale correspond to spikes in both the phase difference and DOP (Fig. 4.12 (g, h)) that
confirm the random transition between the two orthogonal polarized light as can be seen in
the Poincare sphere. The phase difference and DOP switch between low and high power
periodically due to periodic perturbation yielding a long tail PDF histogram that surpasses
the RW threshold (Fig. 4.12 (i)) for AB due to random phase difference and nearly to the RW
threshold (Fig. 4.12 (k)) for PS due to oscillating phase difference (between 0 and m).
Therefore, the modulation periodicity of PS is less (higher modulation frequency) due to
increasing the perturbation through increasing the pump power which makes the chaotic
movement of the Stokes parameters less random. The polarization evolution of the Bi-
periodic breather Fig. 4.12 (c) is quite different from the polarization evolution of both AB
and PS. The SOP is in the form of an arc moving periodically between the two orthogonal
polarizations can be seen in the Poincaré sphere. This is due to the effect of Pl that leads
to switching the polarization of light inside the laser cavity between the low and high power
states of the two orthogonal polarizations. The combination of both Ml and PI lead to a
regularly modulated output power (Fig, 4.12 (f)), regular oscillations in the phase difference
between 0 and nas well as fast DOP switching (10%-90%) between the two orthogonal
polarizations indicating the effects of the PI on the output polarization dynamics. The PDF
histogram of the Bi-periodic breather is quite far from the RW threshold in slow time scale

due to the regular phase difference between 0 and =.
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Fig. 4.12: (a, b, c) Stokes parameters at the Poincare” sphere, (d, e, f) total optical power of I=lx+ly,
(9, h, 1) phase difference and degree of polarization and (I, k, j) PDF histogram of the observed
breather in this experiment.

4.6: Polarization Instability Bright-Dark Rogue Wave Events

The polarization instability in the previous section elucidates that the intra-cavity polarization
can generate large changes in the output pulse formation when the input power or the
polarization controllers PC1 and PC2 are changed slightly. The presence of this polarization
instability also shows that slow and fast axis can not be entirely equal in position and
amplitude. The effect of this as a source of Pl can be understood as follows. When the input
beam is polarized close to the slow axis (x-axis at nx >ny), nonlinear birefringence adds to
intrinsic linear birefringence, making the fibre more birefringent. In contrast, when the input
beam is polarized close to the fast axis, nonlinear effects decrease total birefringence by an
amount that depends on the input power. As a result, the fibre becomes less birefringent.
But the fibre again becomes birefringent with a further increase of the input power.
Moreover, the shape of the output pulses is found to change dramatically when the pump
power exceeds a certain value that we have called the critical power for exciting polarization
instability. In our fibre laser, this critical power is found to be 21.8 mW (88 mA). Therefore,
large changes in the output of the laser can occur when the input power is close to or higher

than the polarization instability threshold as it will be a balance of the linear and nonlinear
birefringence.
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However, in addition to the laser regimes that are observed within the first pump power
group, a different set of laser regimes can be triggered within the second pump power group
by adjusting polarization in the laser cavity (by adjusting PC1 in Fig. 4.1). Therefore, tuning
the laser cavity birefringence induces modulation in form of Pl inside the laser cavity that is
then further amplified by the EDF gain fibre section in the cavity. Subsequently, a rich set
of pulse dynamic regimes, including bright optical RW, can also be observed.

The BDRW events which result from Pl were observed at the second pump power group
which are in the range of (88-98 mA; 21.8-28 mW); increasing the power to slightly above
the first pump power group excites the Ml (79-86 mA). To confirm the emergence of
BDRWs, time series of oscilloscope traces were recorded, as was described in section 4.2,
when the laser is an operating at an 88 mA, 20 mW pump power. This was used to measure
the shot-to-shot intensity variations.

Furthermore, to gain an understanding the mechanisms that govern the emergence of
BDRWs, we performed real-time measurements of the spatiotemporal intensity and
polarization dynamics evolution. The 3D spatiotemporal intensity dynamics measurements,
which are shown in Fig. 4.13 (a) reveal only one soliton pulse propagating inside the laser
cavity and clearly there is no sign of pulse-pulse interaction during the saved data shown in
Fig. 4.14 (a) (oscilloscope trace for 1.2ms). Thus we can rule out both breather formation
and pulse to pulse interaction as a mechanism for the formation of BDRWs at this pump
power. The most notable characteristic of the RW events is a highly skewed PDF of the
output power. In Fig. 4.13 (b), the observed PDF statistical analysis shows the strongly
asymmetric shape and large statistical deviations from the Gaussian distribution with a long
tail exceeding 8 o from the mean value on both sides of the PDF. From Fig 4.13 (b), it was
confirmed that the laser is operating in a regime accompanied by the emission of bright
RWs (with a probability of 6.8x10?) and dark RWs (with a probability of 8.4x10%). Also,
further analysis of these 3D patterns shows that the RW emerged as a result of Pl that leads
to the interaction of the two orthogonal polarizations and this can be clearly seen on both of
the RF and optical spectra (Fig. 4.13 (c, d)). The specific SOP induces the initial intensity
perturbations exactly like the input MI which break the stability of the two orthogonal vector
polarization in the laser cavity. Therefore, the Pl indeed affects the fundamental soliton and

makes it unstable and this leads to the emergence of the BDRW.
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Fig. 4.13: Optical BDRW pattern at a pump power of 21.8 mW; (a) 3D spatiotemporal intensity
dynamics of the BDRW for one round trip over 10000 round trips; (b) PDF histogram (vertical lines
are the RW threshold); (c) RF spectrum; and (d) the optical spectrum.

The RF spectrum of this regime shown in Fig. 4.13 (c) exhibits a very clear Pl modulation
(satellites) that are related to the slow and fast orthogonal polarizations and are placed at a
detuning of 3 MHz and low-noise RF spectrum with 20 KHz detuning peaks (Fig. 4.14 (c)).
The polarization satellites here are dominated as PI because of the intensity of these
satellites (45 dBm) is higher than the intensity of the MI (3 dBm) and these satellites can be
tuned by just tuning the PCL1 in the laser cavity. The optical spectrum for the bright-dark
regime is illustrated in Figure 4.13 (d); it was centred at about 1565 nm and had a width of
8 nm. The modulation on the spectrum is a result of polarization modulation instabilities.
This modulation instability leads to clear fluctuations in the peaks of the output soliton
pulses. The optical spectrum corresponds to the PI regime in which multiple independent
mini-combs grow with a modulation space of 0.04 nm and a modulation depth varying

between below 1 dBm to 4 dBm.
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spatiotemporal intensity dynamics 0.2 ns over 10000 RT (c) RF spectrum over 1 MHz showing
the MI peaks (d) the mini-comb PI feature over 5nm of the optical spectrum.

As in section 4.4.3 on the bi-periodic breather, we found that the intra-cavity SOP can also
switch the laser regime while maintaining the same pump power. For instance, at a pump
power of 24.3 mW (92 mA), changing the SOP could switch the output laser regime from
stable mode-locked (similar to the regime in section 4.2) to the other laser regimes, such
as unstable fundamental and harmonic mode-locked regime. We observed that the output
laser regime is switched dramatically from long-term mode-locked (after 0.9 ms of the 1.2
ms oscilloscope trace in Fig. 4.15 (a)) to chaotic pulse emission that clearly indicates optical
RW emergence. Apparently, it is difficult to clarify this regime as a high Bi-periodic breather
(AB and Ma) as the breather is formed from the breakup of the CW light into a train of
pulses. But in our case, it seems the mode-locked regime is breaking up into chaotic pulses.
In addition, increasing Ml to a high value leads to a stabilization of the output soliton pulses
[33]. Fig. 4.15 (a) shows the oscilloscope traces for 1.2 ms laser regime, while Fig. 4.15 (b)
shows PDF statistics accompanied with this regime which clearly shows that the pattern
has both optical bright and dark RW. Optical bright RW probability is quite high in this case
(about 8.36x102) while the optical dark RW probability is about 1x104. The RF spectrum in
Fig. 4.15 (c) shows clearly narrow and stable slow and fast polarization instabilities located
about 3.5 MHz far from the central frequency with about 50 dBm modulation intensity depth.

Also, the spectrum shows small non-uniform satellites placed in between the polarization
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satellite and the central frequency which could indicate high order Pl with the absence of
evidence for MI. Based on these facts, the BDRW events have emerged at this pump power

as the result of first and high order PI.
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Fig. 4.15: Optical BDRW pattern at a pump power of 24.3 mW; (a) oscilloscope traces of 1.2 ms;
(b) PDF histogram (vertical lines are the RW threshold); (c) RF spectrum and (d) the optical
spectrum of this patterns.

Therefore, Pl leads to the breakup of the mode-locked regimes to random intensity pulses
which are responsible for both the bright and dark RW event formation. The optical spectrum
in Fig. 4.15 (d) presents the modulation on the spectrum as a result of the polarization
modulation instabilities. The spectrum parameters are quite similar to the previous case
(21.8mW) as the output pulse was centred at 1565 nm and had a width of 8 nm. Also, the
Pl induced modulation space is 0.12 nm and modulation depth varying between below 1
dBm to 7.5 dBm in the optical spectrum (Fig. 4.16 (d)); the non-periodic mini-comb in this
optical spectrum is due to the high order PI.

The 3D shape of this soliton laser regime in Fig. 4.16 (a) shows the pulse evolution over
1000RT which is a small part of the oscilloscope traces (0.34 ms). The output of this regime
is a periodic temporal and spatial pulses train in the form of harmonic soliton pulses with a
3.7 ns soliton separation. The time interval between two neighbouring solitons or pulses is
important to determine how close two solitons can come without affecting each other.

Therefore, the front view of this figure confirmed that there is no sign of the soliton
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interaction. But getting inside both RT (200RT) and time (4 ns) as in Fig. 4.16 (b) shows
that the same soliton pulse in each round trip is unstable and has fluctuation in the output
intensity. It seems that the periodic evolution is resulting from the interplay between both
pump power and the intra-cavity SOP, but the long stable soliton pulses indeed are
destroyed because of the relatively long-loss of the induced perturbation due to the high

order PI.
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Fig. 4.16: (a) 3D spatiotemporal intensity dynamics of the BDRW for one round trip over 10000

round trips (0.34 ms) (b) getting inside the soliton pulse evolution over 200 RT and 4 ns showing

the unstable output intensity evolution; (c) getting inside the RF showing the absence of the Ml;
and (d) random periodic of the mini-comb PI feature over 5 nm of the optical spectrum.

At the same pump power, 24.3 mW (92 mA), but after rotating the PC1 to another position,
we observed a laser regime which is the exact opposite to the previous regime where the
SOP can switch the output laser from a chaotic regime to a stable mode-locked regime. The
output laser pulses which are shown in the oscilloscope trace in Fig. 4.17 (a) are switched
from chaotic propagation in the laser cavity to a stable mode-locked laser regime.
Therefore, the output regime is very sensitive to the SOP inside the laser cavity. Hence, the
SOP plays an important role in the determining the output laser regime. The PDF statistics
are shown in Fig. 4.17 (b) also confirm the BDRW accompanying this regime. The optical
bright RW probability is quite high in this case (about 7x102) while the optical dark RW
probability is about 10°. The RF spectrum in Fig. 4.17 (c) clearly shows two slow satellites

and two fast satellites Pl on each side of the central frequency and located at offsets of

100



about 7 MHz and 5 MHz and with non-uniform modulation intensity depth between 30 dBm
and 5 dBm respectively. This gives an indication of presence of the high order PI, but with
non-uniform intensities in both sides of the central frequency. Therefore, this confirmed the
BDRW events have emerged in this pump power as the result of the high order PI. There
is no clear difference in the optical spectrum of this laser regime compared to the previous
regime.

The 3D shape of this soliton laser regime elucidate the pulse evolution over 0.34 ms is
shown in Fig. 4.18 (a). The output in this regime starts chaotically for about 10000RT and
then switches to stable mode-locked soliton pulses for the rest of the oscilloscope trace (1.2
ms).The time interval between two neighbouring harmonic soliton pulses is decreased to
about 3.1 ns. The front view of the output evolution during 600RT and 10 ns (Fig. 4.18 (b))

confirmed that there is no any sign of soliton interaction.
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Fig. 4.17: Optical BDRW pattern at a pump power of 24.3 mW; (a) oscilloscope traces of 1.2 ms;
(b) PDF histogram (vertical lines are the RW threshold) and (c) RF spectrum.
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Fig. 4.18: (a) Spatiotemporal intensity dynamics of the BDRW for one round trip over 10000 RT
and (b) soliton pulse evolution over 200 RT and 4ns of 24.3mW pump power.

Further investigation of the PI effect on the stabilization and the output mode-locked laser
regimes have been made by increasing the pump power to 26.1 mW (95 mA). Interestingly,
in this regime we find periodical switching between mode-locking patterns and BDRW

patterns (Fig. 4.19 (a)). The oscilloscope trace and 3D shape in Fig. 4.19 (a) and Fig. 4.20
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(a) respectively show that the laser operates in a single (fundamental) soliton pulse within
the cavity round trip. The dip after each ML regimes and before each RW regime indicates
that the system first accumulates energy during the dip to then emit high amplitude bright
and dark RWs. This means that polarization instability drives the switch of the output laser
regime from in-phase (coherent coupling) of the mode-locked regime to the out of phase
(incoherent coupling) of the BDRW regime due to the fast switching between the two
orthogonal polarizations. The 3D spatiotemporal pulse evolution (Fig. 4.20 (a)) over 1000
RT which is a small part of the oscilloscope traces (0.34 ms) shows semi-periodic (~0.16
ms) fast switching from the mode-locked regime to high amplitude pulses that grow
exponentially and surpass the optical bright RWs criteria accompanied with dark pulses that
also surpass the dark RW criteria (RW thresholds are defined as 80 and -8c respectively
as shown in the PDF histogram in Fig. 4-19 (b). It also confirmed there is no sign of pulse-
pulse interaction when BDRWs are generated. Getting inside the 3D (Fig. 4.20 (b)) shows
that the RW emerged as a result of the PI that leads to interaction of the two orthogonal

polarization inside the laser cavity.
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Fig. 4.19: Bright-Dark optical RW pattern at the pump power of 27 mW (95 mA); (a)
Oscilloscope trace for 1.2 ms; (b) PDF histogram; (¢) RF spectrum and (d) the optical spectrum.
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feature over 5nm.

The PDF histogram of this pattern also confirms BDRW and reveals a larger deviation from
8o for the optical bright RWs while the dark RWs are smaller than in the previous pattern
(20mw, 88mA). Optical bright RW probability is quite high in this case (about 7.67x10?)
while the dark RW probability is about 2.1x10°. The RF and optical spectra (Fig. 4.19 (c,
d)) illustrate that Pl is the main source for emergence of BDRW. As the RF spectrum evolves
the high orders of PI are placed uniformly at 0.5 MHz, 3 MHz and 5 MHz on each side of
the peak and all have nearly the same modulation depth. Also, the RF spectrum shows no
MI accompanied the PI at this regime. The optical spectrum in Fig. 4.20 (c) shows the
modulation space is 0.08 nm and modulation depth variation between below 1 dBm to 2.5
dBm as a results of the PI that led to emerging the BDRW.

Further increasing the pump power to 28 mW (96 mA) (Fig. 4.21), we observed that the PI
is the main source for the emergence of the BDRW, with previous patterns to those seen at
a pump power of 26.1 mW (95 mA). From the oscilloscope measurements in Fig. 4.21 (a)
and the 3D view in Fig. 4.22 (a), the system has also accumulated energy and this is
released by gradually increasing the amplitude of the mode-locked regimes over a long
period of exponential growth (0.6 ms) and then emit a high amplitude patterns that surpass
the RW criteria of the PDF histogram. The PDF histogram, RF spectrum and optical
spectrum are illustrated in Figs. 4.21(b-d) respectively, and follow similar patterns to the
previous optical BDRW patterns at 21.8 mW (88 mA) and 26.1 mW (95 mA) pump powers.
The PDF shows that the bright RW probability is very high (about 0.101), while dark RW
probability is about 1.25x10*“. The RF spectrum confirms the high order Pl as we have many
small peaks on both sides of the spectrum. While the optical spectrum also exhibits the mini
comb features as a result of the Pl with non-uniform periodic modulation space and

modulation depth variation between below 1 dBm to 4 dBm as illustrated in Fig. 4.22 (c).
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Fig. 4.21: Optical BDRW pattern at the pump power of 28mW,; (a) Oscilloscope trace for 1.2 ms; (b)
PDF histogram; (c) RF spectrum and (d) the optical spectrum.
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Fig. 4.22: (a) 3D side view of the spatiotemporal intensity dynamics for one RT over 10000 RT;
(b) getting inside the 3D spatiotemporal and (c) getting inside the optical spectrum showing the
mini-comb PI feature over 5 nm.

During this range of the pump power, increasing the pump power to about (29 mw, 100
mA), only optical bright RW have also observed which also emerged as results of high order
PI; while the dark RW events have decreased to nearly the threshold limit or below. The
oscilloscope trace, 3D spatiotemporal intensity evolution PDF histogram, RF spectrum and
optical spectrum of this optical bright RWs pattern are illustrated in Fig. 4-23 (a-d)
respectively. The oscilloscope trace (Fig. 4.23 (a)) shows very clear bright RWs which also
is confirmed by the L-shaped PDF (Fig. 4.23 (b)) which have very clear bright RWs with
high probability (7.46x102, while dark RWs get zero probability which as it below the limit
of the -8o indicating that there was no dark RW accompanied by the bright RW events. The
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3D spatiotemporal intensity dynamics (Fig. 4.23 (c)) also confirmed there was no sign of
pulse-pulse interactions as there is only one single pulse inside the laser cavity and this
pattern as a result of spontaneous synchronization of two orthogonal polarization
components due to the polarization instabilities. The RF spectrum (Fig.4.23 (d)) confirmed
the high PI. The optical spectrum analyzer is not greatly different from the previous

scenarios but just accompanied with fewer modulation features.
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Fig. 4.23: Bright optical RW pattern at the pump power of 32 mW, 100 mA, (a) oscilloscope traces
over 1.2 ms; (b) PDF histogram; (b) the RF spectrum and (d) the optical spectrum.

Further increasing the pump power to the third range of the pump power group, which is
beyond 103 mA (31 mW), the laser system started to work in multiple pulses, pulse bound
states and also harmonic mode-locked regime. In these regimes, the polarization instability
frequency is less than 2MHz from the central frequency. These regimes of emission have
been intensively investigated in fibre lasers with anomalous and normal net cavity
dispersion. However, switching between the different regimes needs adjustment of the PC1
settings and pump power.

It is worth noting that all observed optical BDRW events have lifetimes in the 10s of ps (as
shown in the oscilloscope traces (Fig. 4.14 (a), 4.15 (a), 4.18 (a), 4.19 (a), 4.21 (a), 4.23
(a)) (30-60 ps)). In other words, their lifetime is 103 times longer than the laser cavity round
trip time (~34 ns). Thus, we can categorize these events as belonging to the family of slowly

evolving RWs.
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4.7: Polarization dynamic of the Optical Bright-Dark Rogue Waves.

Using the slow time scale, the observed RW patterns that emerged due to the Pl have been
characterized using the same polarimeter to detect the Stokes parameters Si, S, Ss, the
phase difference and the DOP. The intensities of the two linearly-polarized Iy and I, were
measured from equation 2.1. The Si, Sz, Ssat Poincaré sphere for the observed optical
BDRWs at different pump power (88 mA-98 mA,; 21.6-28 mW) are shown in Fig. 4.24. It
was found that the evolution of the measured state of polarizations (Fig. 4.24 (a-c)) for all
of the patterns are switched between the orthogonal polarizations in the form of arc attractor.
But in Fig. 4.24 (c), the polarization attractor is in the form of a double semicircle. This
double semicircle is sensitive to fluctuation of the fibre birefringence in form of PI. The
anomalous spikes in the output power (Ixtly) at the slow time scale Figs. 4.24 (d-f)
correspond to the spikes in DOP and phase difference jump in T, i.e. transitions between
orthogonally polarised SOPs as shown in Fig. 4.24 (g, I). It coincides with jumps in DOP
and phase difference jumps in T, i.e. transitions between orthogonally polarised SOPs. The
evolution of the DOP and the phase difference show a switching between 20% and 95% in
the DOP confirming the fast polarization switching between the two orthogonal polarization
modes; low signal power and high signal power. Also, the low phase difference in Figs. 4.24
(g-1) elucidates the partial coupling between the two orthogonal polarization components as
in the mode-locked regimes, while the high phase difference indicates for incoherent
(random) coupling between the polarization components that lead to the emergence of the
optical BDRW events. This leads to an asymmetrical PDF histogram for the orthogonal
SOPs total power I=Ix+ly, showing the presence of the optical dark and bright RWs (Fig. 4.24
(k-j)) as the spikes in the output total power coincides with jumps in DOP and phase
difference. Unlike this, only bright RW are present in Fig. 4-24 (i). Therefore, the interaction
between the two orthogonal SOPs is due to the anti-phase dynamics of the output power
represented by Iy and Iy, DOP and phase difference that led to the BDRW.

The same scenario was repeated for the polarization dynamics evolution of the optical bright
RW that was observed at 30 mW.

The BDRW results that emerged due to the Pl have been confirmed theoretically by Sergey
[126]. Theoretical analysis demonstrates that orthogonally polarised SOPs can be
considered as quasi-equilibrium points where a typical trajectory traverses the
neighbourhood of one of the orthogonal SOPs with further switching to the other SOP. The
dwell time for the trajectory in the vicinity of each orthogonal of the SOP is defined by the
cavity anisotropy, i.e. by the pump wave’s ellipticity which is adjustable using the pump
polarisation controller. The escape from the neighbourhood of each SOPs is driven by the
cavity birefringence tuneable with the help of the in-cavity polarisation controller and leads

to the output power distribution satisfying the BDRWSs criteria.
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Therefore, as in the theoretical model [126], the orthogonally polarised SOPs can be
considered as coupled oscillators where the frequency difference depends on the
birefringent strength and the coupling strength and is a function of the ellipticity and the
power of the pump wave. Thus, adjustment of the pump wave and in-cavity polarisation
controllers (PC1 and PC2 in Fig.3-1), the pump power results in tuning the frequency
difference and the coupling strength. This provides the complex dynamics tunability from
the phase difference oscillations to chaotic phase jumps resulting in BDRWs emergence.

Polarization evolution at 21.8mW Polarization evolution at 26.1mW Polarization evolution at 28mW
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Fig. 4.24: Polarization dynamics measurements of the bright-dark RW(7 us resolution, i.e.
averaging over approximately 30 round trips, 16 slices with 1024 points per slice): (a—c) Stokes
parameters at the Poincare” sphere, (d—f) optical total power I=Ix+ly of orthogonally polarized
modes, (g—I) phase difference (green) and degree of polarization (red) and (j-i) PDF histogram.
Parameters pump power: 88 mA, 20 mW; 95 mA; 27 mW,; and 96 mA, 30 mW respectively.

Through the above systematic experimental approach, our observations have confirmed
the existence of optical BDRW events which had previously only been predicted
theoretically. The PDF of all BDRW regimes have large statistical deviations from the
Gaussian distribution with L-shaped on both sides of the PDF. The 3D spatiotemporal
intensity dynamics analysis shows there was no sign of pulse-pulse interaction in all of the
observed optical BDRW regimes and the events have emerged due to the Pl as was
confirmed by both the RF and optical spectra. The measurement of the polarization

dynamics confirm the transfer of energy between the two orthogonal polarization states,
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confirming polarization switching. The difference in the output laser regimes depends on
the birefringence strength (controlled by PC1) and the coupling strength (controlled by pump
power) of the two orthogonal SOPs inside the laser cavity. Therefore, the PI can be
attributed as a mechanism of vector BDRW events that emerge as the result of the
interaction of an incoherent coupling between the two orthogonal linear polarization
components in the laser cavity. This mechanism of interaction between the two orthogonal
polarization wave components generally allows energy transfer between additional degrees
of the freedom; this potentially led to form this kind of vector optical RW.

4.8: Conclusions.

In addition to the pulse-pulse and soliton dissipative wave interactions mechanisms of RW
emergence, we have demonstrated a new mechanism that is caused by the coherent
coupling between the orthogonal SOPs. This resulted in the emergence of a new type of
vector optical BDRWs (anomalous spikes-dips) that appear as a result of PI. This work is
first experimental evidence of vector BDRWs that had been recently predicted by several
independent theoretical studies [9-12]. We have showed that the extreme positive bright
and dark optical intensity events result from Ml that leads to the breaks up the CW radiation
into a train of pulses. These are in forms of breathers when the pump power is within the
first group which is below the polarization instability threshold power. When the pump power
exceeds the power that required to excite the polarization instability (second group), the
output laser pulses are also accompanied with BDRW due to the interaction of the
desynchronized two orthogonal polarization by PIl. The experimental results showed that
BDRW breather events have formed within the first pump power group due to the MI while
BDRW events in the second pump power group are formed due to PI, which causes the
interaction of incoherent coupling of the two orthogonal linear polarization components that
drives the laser cavity, leading to the emergence vector BDRW events.

The results can pave the way to the unlocking of the universal nature of the origin RWs and
so can be of interest to a broad scientific community.

Finally, we have summarised the observed BDRW patterns in the stretched mode cavity
fibre laser experiment in the flowchart as illustrated in chart 4.1. Furthermore, we can
transfer our experimental results and the mechanisms to the triangle interrelation (Fig. 4.25)
that is explained by N. Akhmediev et al [127] between various solutions of the NLSE. Also,
we conclude with a table showing for each of these types of event, the RW pattern lifetime,

its likelihood and the formation mechanisms (table 4.1).
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Chart 4.1: Flowchart of all BDRW events observed in our experiment of the stretched mode-locked
fibre laser.
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Fig. 4.25: Schematic representation of the interrelation between various RW emergence mechanisms.
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Table 4.1: The observed optical BDRW patterns lifetimes and its likelihoods.

Pattern Pump Lifetime Bright Dark Mechanism
Power | (round trips) | Likelihood | Likelihood
mW
Akhmediev 16.3 Thousands ~3.2x103%, ~2.2x10* Modulation
Breather Instability

Peregrine 18 Hundreds ~3.67 x10* Nil Modulation
Breather Instability
Uniform 20 Hundreds ~2.68x107? 4x10° Modulation

Bi-Periodic and
Breather Polarization
Instabilities
Non-uniform 20 Hundreds 9.46x10°3 Nil Modulation
Bi-Periodic and
Breather Polarization
Instabilities
Polarization
Incoherent 21.8 Hundreds 6.8x107? 8.4x10* Polarization
Coupling Instability
Polarization 24.3 Hundreds 8.36x107? 1x10* Polarization
Incoherent Instability
Coupling
Polarization 26.1 Hundreds 7.67x107? 2.1x10° Polarization
Incoherent Instability
Coupling
Polarization 28 Hundreds 0.101 1.25x10* Polarization
Incoherent Instability
Coupling
Polarization 29 Hundreds 7.46x107? Nil Polarization
Incoherent Instability

Coupling
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Chapter 5

Conclusions and Future Research

5.1: Conclusions

The field of nonlinear dynamics provides a good platform for the study and control of many
interdisciplinary nonlinear natural phenomena; it gives a versatile and highly efficient
theoretical framework that can be successful in developing an understanding of the basic
features of mechanisms for generating RWs. The similarity of the propagation of water
waves in the ocean system and light waves in optics systems has motivated researchers to
study optical RWs in order to understand the giant waves that appear and disappear without
atrace in the ocean. The close analogy between the two systems has been studied in detalil
both theoretically and numerically, hence, there is now the opportunity to study this natural
phenomenon by means of testbed optical experiments. In particular, optical fibre systems
offer great advantages in studying nonlinear dynamics because of the faster field evolution
and hence the higher number of events that can be recorded. Therefore, experimental
investigations have been carried out in a set of different optical systems including
supercontinuum generation, Raman fibre amplifiers and lasers, and the mode-locked fibre
laser. These experiments have stimulated the scientific community towards a better
understanding of the RW generation mechanisms from modulation instability to soliton
dissipative. Understanding the physics behind the emergence of optical RWs or intense
pulses in fibre optics is crucial not only in the ocean system, but it can also be beneficial in
data communication as well as offering a promising technique to generate localised intense
and high output power levels in optical fibre for many applications.

Therefore, this dissertation has been devoted to an investigation of RW phenomena in
optical fibre lasers. The experimental results illustrated in this thesis provide up-to-date
experimental observations for the study of optical RW phenomenon and their statistics. It

provides a testbed experimental system to study the optical RW emergence mechanisms
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based on different instabilities such as multimode, chiral symmetry breaking, soliton rain,
soliton fission, Ml and polarization instabilities.

A brief discussion of the fundamental definitions and concepts of RWs were presented in
the first chapter, focussing on RW emergence in the ocean; the criteria of the RW
identification; followed by their emergence in different physical systems and different optical
schematic systems. As well as soliton dissipative phenomenon, which is the key factor for
RW generation, new types of the low threshold vector resonance multimode instability
(VMMI) and chiral symmetry breaking (CSB) instabilities were explored in chapter 2 as
an optical RW emergence mechanism. The desynchronization of the two orthogonal
polarizations in optical fibres renders the fibre laser systems to operate in either VMMI or
CSB modes and then become unstable, leading to the emerging the optical RWs. The effect
of the Pl have been investigated, the results of which confirmed that the PI in the optical
fibres drives the laser to generate extreme waves. Therefore, both of these instabilities have
been investigated in a long cavity (615m) fibre laser and realized using another fibre laser
based on HiBi fibre for VMMI and spun fibre for CSB. Based on these instabilities, the
testbed long cavity fibre laser has been studied with 19x19 positions of the intra-cavity and
pump polarization controllers (polarization mapping). In terms of temporal classification, the
observed optical RW events were classified into SORW and FORW based on the
characteristic time of the autocorrelation function of the collected experimental data. Both
of the SORW and FORW have been studied with polarization mapping. It was found that
SORW events have a lifetime duration significantly longer than the decay time of the AF
and it emerged as results of the polarization hopping between different attractors due to the
incoherent coupling from the PI. This, indeed, could take place in both active and passive
fibre through the polarization hole burning by means of polarization attractors. While FORW
events have a lifetime duration shorter than the AF decay time; and emerged due to the
results of pulse-pulse interaction and nonlinear pulses dynamics which placed in an active
fibre due to nonlinearity induced by the inverse population as well as intrinsic nonlinearity
in the passive part of the cavity. FORW patterns have been found in the form of lonely, twin,
three sisters, crossing and accelerated pulses as well as some other RW patterns.

In the case of the formation of optical RWs that are associated with the soliton dissipative
mechanism, low threshold soliton rain and soliton fission, as well as soliton interactions that
led to the emergence of optical RWs have been presented in chapter 3. Using the SWCNT-
SA passive mode-locked fibre laser testbed, by adjusting the pumping power and the intra-
cavity birefringence, it was possible to control the appearance and disappearance of the
soliton rain flow, harmonics soliton rain, soliton fission and soliton interactions that lead to
the emergence of the optical RWs. These effects were all observed and investigated in
chapter 3. The experimental observation of the temporal signature of soliton fission was

also demonstrated in chapter 3. Clear soliton pulse fission signatures were obtained in
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measurements of shot-to-shot intensity when the system is operating in a transition regime
between soliton rain and chaotic emission. The spatiotemporal intensity measurements
showed that soliton fission mainly occurred due to soliton interactions between co-
propagating solitons with small temporal spacing, small frequency separation, and the
appropriate phase difference between solitons. Also, the interaction processes between
solitons inside the main pulse could be clearly captured and it was found that nonlinear
soliton fission accounts for optical RW generation in this SWCNT-SA mode-locking fibre
laser. This was also confirmed by the PDF statistics. Therefore, the fusion of optical solitons
can be regarded as one of the mechanisms which generate optical RWs. The results
showed that the fusion process is quite sensitive to the initial conditions of the pump power
and intra-cavity birefringence. Strong internal modulation instability formed by intra-cavity
birefringence, can trigger the laser pulse to explode into many pulses when the pump power
is in the range for which fissions occur.

High HML in the same SWCNT-SA passive mode-locked fibre laser based on the acoustic-
optic effect have also been demonstrated. Under different launched pump powers and
appropriate adjustments of the polarization in the laser cavity, controllable HML from the
first up to the 51st order has been obtained. High HML fibre lasers such as this are important
in revealing the high-speed laser modulator, which is vital for fibre optic communications,
all-optical clock recovery, frequency metrology and sensing applications.

In addition to pulse-pulse and soliton dissipative wave interactions mechanisms of the
optical RWs emergence that are presented in chapter 2 and chapter 3 respectively, a new
mechanism that is caused by the coherent coupling of the orthogonal SOP led to the
emergence of a new type of bright-dark vector RWs. These waves appeared as a result of
polarization instability as was demonstrated in chapter 4. In the first part of chapter 4, we
studied the BDRWs that emerged as a result of Ml that led to the brake up of the CW
radiation into a train of pulses in the form of Akmedeive, Ma and bi-periodic breathers. This
occurred when the pump power was within the first power group where it is below the PI
threshold power. In the second part of chapter 4, the output laser pulses that accompany
the BDRWSs were studied. These arises due to the interaction between the desynchronized
two orthogonal polarizations by Pl when the pump power (second group) exceeds the power
required to excite the Pl. Therefore, incoherent coupling of the two orthogonal linear
polarization components drove the laser cavity towards the emergence of vector BDRW
events.

Therefore, the novelty obtained in this thesis is introduced new types instabilities (VMMI
and CSB) that can drive the fibre laser to operate at a wide range of the laser dynamics
including the RWs emergence. The second novelty that also obtained in this thesis is the
observation for the first time the vector BDRWSs in both of modulation and polarization

instabilities at low pump powers. These novelties as well as the other results that presented
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in this thesis have a scientific impact to pave the way to unlocking the universal nature of
the emergence the RWs and so can be of interest to a broad scientific community. Also,
this research can lead to new methods to generate high intensity laser pulses; an analysis
of optical fibre parametric amplifiers; generate ultrafast soliton based all-optical switches
and logic devices; and can improve the design of broadband supercontinuum sources.

For all of the observed optical RWs in the three experimental chapters, the long-term wave
time series and the spatiotemporal dynamics for pulse-pulse, solitons interactions, Ml and
Pl were characterized for further understanding as well as confirming the optical RW
emergence mechanism. It also provides an improved understanding of the localised
structures which emerge due to MI. The PDF statistical analysis of the collected data during
all experiments has also confirmed the association of statistical L shape RWs exclusively
to the multi-pulsing and bi-periodic breather patterns.

The role of PI (vector) effects on the formation of optical RWs is highlighted in this thesis in
relation to the debate on whether polarization can be ignored or as an absolute requirement
for the generation of the optical RWs events that also appeared with a probability much
higher than predicted by Rayleigh or Gaussian distributions. Based on both, MMVI and CSB
as well as PI, we have shown that optical RWs can be formed by both Ml and PI. As MI, the
PI effects also play an important role in the formation of optical RWs. These two instabilities
effects can either act separately or interact in a certain way, depended on the laser
configuration and the pump power level.

The main strength of these testbeds laser experiments is the possibility to precisely control
the conditions and the parameters of optical RW emergence, as well as the availability of
advanced data analysing techniques that permit extensive and fast optical RW statistical
characterization. These results can be useful to direct or enhance the progress in other
scientific areas, as well as promote the technology towards high power fibre laser for a wide
range of applications.

Nevertheless, there are still many other optical experiments can be explored in the optical
RW emergence for further understanding of the mechanisms operating in the optical

system.

5.2: Future Research

We propose some recommendations for future work, which can be realised in the near
future. Optical RW studies in both HiBi and spun fibre experiments can be performed for
further observation of vector optical RWs. Optical RW machine learning could be another
promising area, as this could provide real-time analysis for the emerged optical RW events
and perhaps lead to predictions. In addition, an investigation of localized pulses aimed at
high power generation in fibres laser should be investigated as RWs represent a promising
technique for this.
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