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Abstract 

 
Experimental analysis on quasi-mode-locked 

regimes of fiber laser 

SEUNGJONG LEE 

DEPARTMENT OF ELECTRICAL AND  

COMPUTER ENGINEERING 

COLLEGE OF ENGINEERING 

SEOUL NATIONAL UNIVERSITY 

 

In this dissertation, quasi-mode-locked (QML) regimes of fiber 

laser are experimentally investigated. The study focuses on four 

subjects: (1)The shot-to-shot coherence, (2)the wave-packet 

formation, i.e., noise-like pulse (NLP) packet formation, (3)the 

cascaded pulse interaction and (4)the super rogue wave triggering 

via dispersive wave synchronization. It is important to note that the 

subject (1) and the subject (2) are strongly correlated by the 

nonlinear phase shift accumulated and the degree of soliton 

interaction. The subject (3) triggers the super rogue wave in the 

subject (4) by accumulation of extreme events through the cascaded 

pulse interaction explained in the subject. In the introduction, I 

explain the principles and brief history of fiber optics, fiber laser, 

mode-locking, passively mode-locked fiber laser and QML fiber 

laser as groundwork for research presented in later sections. I 

provide motivation and scope of the dissertation to emphasize the 

novelty and set boundaries of my research. 
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In the first part of the dissertation, I carry out extensive 

experimental analysis on the shot-to-shot coherence and the wave-

packet formation in QML regimes, including NLP, symbiotic, and 

multi-soliton (MS) regimes in an anomalous-dispersion fiber ring 

cavity. In order to overcome the limitation of classical techniques in 

real-time measurement, I utilize the spatio-temporal analysis for 

shot-to-shot measurement of stochastically natured QML regimes. 

Each QML regime exhibits significantly distinct coherence 

characteristics, depending not only on the amount of nonlinear phase 

shift (NPS) accumulated per roundtrip but also on the degree of 

soliton interaction, the latter of which crucially governs the bunching 

(i.e., the wave-packet formation) or anti-bunching mechanisms in 

the corresponding QML regimes. It is clear that solitons with higher 

intensities tend to undergo higher NPS and stronger soliton 

interactions. Subsequently, the intensified soliton interactions among 

the individual solitons in the MS regime cavity trigger them to form a 

bunched soliton-group, i.e., a wave packet, thereby resulting in QML 

pulses in the noise-like pulse or symbiotic regime. The complicated 

nonlinear process, in turn, causes a severe degradation in the shot-

to-shot coherence of the resultant QML pulses and shows clearly 

distinct characteristics among each regime. The shot-to-shot 

coherence trends observed in the experiment are in good agreement 

with numerical analysis verifying the strong correlation between the 

shot-to-shot coherence of QML pulses and the corresponding NPS  

accumulated per roundtrip. In addition, such trend and formation 

process suggests that cavity formation into NLP, symbiotic, MS or 
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other QML regimes are governed by the degree of soliton interaction 

among soliton pulses in case of anomalous dispersion regime. 

In the second part of the dissertation, I report intermittent burst 

of a super rogue wave in the breathing multi-soliton regime of an 

anomalous fiber ring cavity. I utilize the spatio-temporal shot-to-

shot measurement technique to capture the dynamics of extreme 

wave formation in the cavity and intensity probability density function 

of pulse events in the cavity for more than 800 roundtrips to assist 

my analysis of every pulse event. In MS regime, where hundreds of 

solitary waves and dispersive waves can exhibit nonlinear dynamics 

due to complex pulse-to-pulse interactions, dispersive waves can 

synchronize, constructively interfering, to trigger localized extreme 

waves nearly 10 times higher than the average solitons observed in 

the cavity. I trigger the process by increasing the soliton population 

inside of the cavity to stimulate the pulse interaction probability. The 

synchronization of dispersive waves intensifies and localizes extreme 

events until it reaches the maximum point and burst into super rogue 

wave, which quickly breaks and returns to the initial state with the 

least number of extreme events. Without any cavity modification or 

external control, the process naturally repeats in ten seconds order, 

roughly analogous to sub-hundred years in the open ocean 

considering the speed of tidal waves. The phenomenon demonstrates 

the optical analogy of the “hundred-year wave” observed in the 

ocean. 

Experimental analysis presented here regarding the shot-to-

shot coherence, wave-packet formation, and intermittent super 
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rogue wave triggering are pioneering work in the realm of the QML 

regimes of fiber laser. I believe the study carried out in this 

dissertation should function as a cornerstone for further study of 

pulse dynamics in QML fiber lasers and extreme wave generation not 

only in the optical domain but also in other disciplines such as 

oceanography. 

 

Keywords : Nonlinear fiber optics, fiber lasers, ultrashort pulses, 

mode-locked lasers, rogue waves. 

Student Number : 2012-30943 
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Chapter 1  

 

Introduction 

 

1.1 Overview of fiber optics 

Fiber optics is optical discipline based on transparent, flexible and 

micro-sized cylindrical waveguide, capable of transmitting light [1-

4]. With the groundbreaking theory and realization of low-loss light 

transmission through an optical fiber based on total internal reflection, 

fiber optics emerged to the center of research interest with enormous 

possibilities in the optical discipline. Beyond the passive nature as a 

waveguide, later, scientists and engineers pushed the fiber optics 

further and gave life to optical fibers by doping them with rare-earth 

ion, such as ytterbium, erbium, neodymium, thulium, bismuth, etc. 

The rare-earth-doped optical fibers functioned as gain media and 

introduced fiber laser and fiber amplifier to fiber optics [5-12]. 

Fiber lasers and amplifiers have been extensively studied and 

made indispensable in numerous areas owing to their reliable, 

compact, alignment-free, highly efficient and power scalable nature 

[13-34]. Research based on fiber lasers can generally fall into two 

groups of continuous wave (CW) operation, and pulsed-operation. In 

CW fiber lasers, power scaling and understanding and overcoming 

detrimental nonlinear effects, such as the stimulated Brillouin 
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scattering (SBS) arising from fiber nonlinearity and thermal effects 

have remained as significant issue [35-76]. Novel techniques and 

fibers were developed to push the output power limit of the fiber 

lasers. Double-cladding optical fiber was introduced to utilize high 

power semiconductor pump lasers to clad-pump and increase the 

output power [77-85]. Various schemes of monolithic and master 

oscillator and power amplifier (MOPA) with large mode-area (LMA) 

fiber pushed the power limit even further [86-99]. Beam 

combination techniques such as the coherent beam combing 

(CBC)and the spectral beam combining (SBC) have been utilized to 

combine output from tens and hundred of high power fiber lasers into 

a bundle for effective power scaling [100-102]. Ever since reaching 

the 1 kW in 2004 [83], 20 kW single-mode fiber laser and 500 kW 

multi-mode fiber laser are now available commercially [103].  

With the pulsed-fiber lasers, research focus was to generate 

stable, ultrafast, high-energy and high-power optical pulses 

depending on the research and application requirements and 

understanding the pulse behavior of inside of the fiber lasers. In many 

application areas, pulsed-operation is essential. Different pulsation 

technique such as Q-switching, gain-switching and mode-locking 

have been introduced for pulsed fiber laser operations. Although, the 

fiber lasers cannot generate as high-energy pulse as the solid-state 

counterparts, advantages of high beam-quality, efficiency and 

reliability provided by fiber lasers are still promising and widely used 

in various areas [104-156]. 

Technologies developed in the research area have matured and 
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are increasingly applied to numerous applications. The market 

demand for fiber lasers in defense, medicine, and industry is still 

growing with no signs of slowing down and fiber optics research is 

expected to strive for many years to come. 
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1.1.1 Principles of optical fiber 

An optical fiber is a dielectric cylindrical waveguide capable of 

transmitting light and is corner stone for fiber technologies [1-5]. 

Normally they are fabricated with fused silica and consists of core, 

cladding and polymer jacket for protection, as shown in Fig. 1.1.1. 

Optical fibers come in different structures and sizes depending on 

their applications. Single-mode fibers are the most common fibers 

transmitting a single propagation mode, Double-cladding fibers 

enables high power fiber lasers with cladding pumping, and specialty 

fibers such as the photonic crystal fibers, polarization-maintaining 

fibers, dispersion-managed fibers  different options for fiber 

applications[157-197]. 

 

 

Fig. 1.1.1. Optical fiber structure. 

 

Optical fibers guide optical waves with extremely low loss based 

on total internal reflection, as shown in Fig. 1.1.2. 
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Fig. 1.1.2. Total internal reflection. 

 

Total internal reflection condition is that the angle of incidence has 

to be greater than the critical angle and the refractive index of the 

core must be higher than the refractive index of the cladding in order 

to follow the Snell’s law, expressed as follows: 

𝜃𝑖 > 𝜃𝑐 = 𝑠𝑖𝑛−1 (
𝑛𝑐𝑙𝑎𝑑

𝑛𝑐𝑜𝑟𝑒
) , 𝑖𝑓 𝑛𝑐𝑜𝑟𝑒 > 𝑛𝑐𝑙𝑎𝑑,        (1.1.1) 

Therefore, each fiber will have range of angle that can be guided 

according to their reflective indices of its core and cladding. The 

angle of acceptance is normally expressed as Numerical aperture 

(NA), as follows: 

NA = √𝑛𝑐𝑜𝑟𝑒
2 − 𝑛𝑐𝑙𝑎𝑑

2,              (1.1.2) 

Optical fibers have optical paths called fiber modes where each mode 

has different propagation characteristics such as field distribution, 

polarization, propagation constant, etc. Number of modes in an optical 

fiber depends on the size of the core, NA, and wavelength of 

propagating optical field. V-parameter describes the number of 
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existing modes inside of a conventional step-index optical fibers, as 

follows: 

V =
2𝜋𝑎

𝜆
NA,                (1.1.2) 

Where 𝑎 corresponds to core radius, 𝜆 is the wavelength of the light, 

and NA is the numerical aperture. A single mode fiber will have V-

parameter less than 2.405 guiding just the fundamental mode. The 

V-parameter cutoff values are zeros of the Bessel function used to 

express field behavior in optical fibers 
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1.1.2 Principles of fiber laser 

Laser is a light amplification process based on famous theory of 

stimulated emission [198] as shown in Fig.1.1.3. During stimulated 

emission, an excited electron or ion moves to the excited state from 

the ground state, absorbing the pump energy. The excited electron 

or ion will move the meta-stable state, dependent on the structure 

of the gain material, and upon the incoming photon which associated 

frequency of the energy level, electrons or ions fall down to a lower 

energy level while inducing the electron to emit a clone photon 

exhibiting same optical characteristics. Therefore, the photons of 

generated from the stimulated emission is highly coherent showing 

same frequency and phase, where photons emitted with spontaneous 

emission are incoherent.  

 

 

Fig. 1.1.3. Stimulated emission. 

 

Fiber lasers utilizes rare-earth-doped optical fiber as active 

medium, in which the stimulated emission amplifies light coherently. 

Optical fibers are dopes with rare earth ions such as, ytterbium, 

erbium, neodymium, thulium, bismuth, etc. These rare-earth ions 
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each has distinct energy levels and accordingly absorption and 

emission cross-sections. Therefore, by selecting the ions and doping 

concentration along with the core and size and structure of an optical 

fiber, variety of active fibers can be fabricated for different 

application. The active fibers are excited with pump source such as 

the semiconductor laser through core pumping or cladding pumping 

depending on the laser application and fiber structure and achieve 

population inversion in the ion energy level to maintain gain level. 

In order to achieve light amplification, feedback is essential to 

maintain stimulated emission process. Most of a feedback system will 

be achieved by two reflecting materials i.e., mirrors, where one of 

them is ~ 99% reflection and the other is a partially reflecting mirror 

to let the amplified laser out to pass the mirror, as shown in Fig. 1.1.4. 

 

 

Fig. 1.1.4. Laser cavity with mirrors. 

 

Pumped gain medium emits photons and the feedback enables 

photons emitted from stimulated emission to amplify themselves 

continuously to generate laser output. Mirrors can be used in fiber 
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lasers by placing two mirror on both ends of the active fiber either 

butt-coupled or with collimated through lenses. However, different 

approach such as the fiber Bragg gratings or ring cavity can be used 

to achieve feedback in fiber lasers. Fiber Bragg gratings is a periodic 

perturbation of refractive index on the core of optical fiber usually 

fabricated by inducing UV light periodically. The periodic 

perturbation of refractive index, depending on the grating period and 

refractive index, causes fiber to reflect narrow band of wavelength. 

Placing fiber Bragg grating in both ends of active fiber function as 

narrowband mirror for amplifying wavelengths and achieve feedback 

in the system, as shown in Fig. 1.1.5. 

 

 

Fig. 1.1.5. Fiber laser based on gratings. 

 

Feedback is also possible without mirrors or gratings by 

configuring a fiber laser in a ring shaped cavity, as shown in Fig. 1.1.6. 

 



 

 10 

 

Fig. 1.1.6. Fiber laser based on ring configuration. 

 

Rather than having reflective components on both ends to achieve 

feedback, the ends are connected and an optical coupler and isolators 

are spliced in a ring shaped cavity. The coupler operates as a partially 

reflecting mirror to provide loss to the cavity, and the isolator is 

placed to maintain unidirectional propagation of optical waves inside 

of the cavity. Ring configuration is convenient to setup and free from 

spatial hole burning effect occurring in linear cavity where the 

standing wave generated between the reflective components spatially 

depletes the gain medium[199,200]. 

In addition to fiber laser, an optical amplifier can be realized using 
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based on the stimulated emission. Optical signal can be amplified 

passing through an active fiber pumped. Incoming optical signal will 

generate clone photons with the electrons or ions in the excited state 

of the active fiber. Therefore, all fiberized high power fiber laser can 

be setup by a fiber laser followed by active fibers spliced after the 

laser in multiple stages to step up the power level in a MOPA system. 
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1.1.3 Principles of mode-locking 

Fiber lasers can operate in different operational regimes depending 

on the cavity configuration and cavity parameters. CW operation and 

pulsed-operations are two main operation form of fiber lasers. For 

pulsed-operation of fiber lasers, various techniques have been 

developed to achieve different types of optical pulses depending on 

the research interest and application requirements. Demand for 

ultrafast optical pulse has always been high in scientific and industrial 

fields because fiber lasers can offer many advantages such as 

compactness, flexibility, large bandwidth, high beam quality and 

power scalability. Fiber lasers can operate in pulse-mode with 

techniques such as Q-switching, gain-switching, mode-locking, etc. 

Normally, fiber based source can generate a broad range of pulse 

width (ns to fs) and pulse repetition rate (kHz to GHz). For example, 

Q-switched laser can emit relatively high-energy pulse in many 

laser configurations [104-109]. The gain switching technique 

provides, electrically modulated ~ps pulse with ease of controlling 

the repetition rate of output pulse [110]. 

Mode-locking is one of the most frequently used pulsation 

technique in many types of lasers to generate ultrafast optical pulse. 

Normally, mode-locked fiber lasers are capable of generating fs to 

ps pulses at high repetition rate ranging from kHz to GHz. Mode 

locking is a technique to phase lock longitudinal modes of a cavity. 

Laser cavity has discrete modes known as the longitudinal modes as 

a result of constructive interference of specific wavelengths 
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depending on the cavity length, as shown in Fig.1.1.7. If the 

longitudinal modes are phase locked, meaning they have constant 

phase values, the laser output will generate a pulse train with pulse 

separation equal to the fundamental repetition rate decided by the 

cavity length. 

 

 

Fig. 1.1.7. Longitudinal mode of laser. 
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Mode-locking can be catergorized into active and passive mode-

locking. In active mode-locking, intracavity losses are actively 

modulated with an electro-optic devices, synchronized to the cavity 

roundtrip. In passive mode-locking, cavity loss is modulated with 

interplay between the fiber nonlinearity and intensity fluctuation 

inside of the cavity without external modulation. Passive mode-

locking uses different approach such as the frequency-shifted 

feedback lasers[201], slow saturable absorbers based on 

semiconductor devices , graphene or carbon nanotubes [202-222], 

nonlinear amplifying loop mirror [223-232], and nonlinear 

polarization rotation (NPR) [232-236]. Among these methods, NPR 

generates artificial saturable absorption effect relying on the 

interaction of Kerr effect and a polarizer inside of an optical fiber. 

Artificial saturable absorbers have much faster recovery time than 

the slow saturable absorbers and the much faster pulses and because 

it is polarization dependent, cavity parameter can be manipulated 

easily just with help of polarization controller. 

NPR is driven by the intensity dependent change of elliptically 

polarized pulse inside of an optical fiber. Figure 1.1.8 shows the 

nonlinear polarization evolution inside of an optical fiber, where 

optical waves are filtered based on the intensity dependent 

polarization state of optical wave. 
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Fig. 1.1.8. Nonlinear polarization evolution. 

 

Incident wave is linearly polarized after the first polarizer. The 

linearly polarized wave becomes elliptically polarized after the 

quarter-wave plate. The elliptically polarized wave undergoes 

nonlinear polarization evolution within the optical fiber resulting from 

phase shifts induced by self-phase modulation and cross-phase 

modulation. The wave exiting the fiber has different polarization state 

depending on the intensity profile of the wave due to the intensity 

dependent nonlinear phase shift (NPS) induced inside of the Kerr 

medium. The half-wave plate locates the polarization state of the 

peak intensity of the wave to pass through the analyzer. As a result, 

the low intensity wings are cutoff and the pulse is shortened. An 

example of passively mode-locked fiber laser (PMLFL) based on 

NPR is shown in Fig. 1.1.9. 
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Fig. 1.1.9. Passively mode-locked fiber laser based on NPR. 

 

 

 

 

 

 

 

 

 

 

 



 

 17 

1.2 Overview of quasi-mode-locked fiber laser 

QML fiber lasers generate non-stationary optical pulses where 

ultrashort pulses are randomly spaced in a cavity round trip or 

bunched in a wave packet propagating at the fundamental repetition 

rate. It can also operate in a state where main wave packet and 

satellite pulses propagate together. The complex dynamics of the 

QML regime has been extensively studied over the past decade ever 

since interesting reports of QML regimes. These non-stationary 

optical pulse-based sources made themselves useful in the 

application fields of low spectral coherence interferometry, 

micromachining , supercontinuum generation, and etc. However, the 

true significance of studying the QSML comes in understanding the 

fundamental physics of chaotic pulse generation and its evolution in 

nonlinear fiber-optic media such as the Raman rogue waves or 

dissipative solitons in fiber laser cavities. In this section, I provide an 

overview of PMLFLs and QML fiber lasers focusing on NLP regime. 
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1.2.1 Passively mode-locked fiber lasers 

PMLFL technology has made remarkable advances with high demand 

in scientific and industrial applications, offering attractive and reliable 

solutions to a wide range of, which include micromachining [237], 

optical metrology [238], and various biomedical applications such as 

multi-photon microscopy [239], optical-coherence tomography 

[240], and ophthalmology [241]. In fact, their numerous 

advantageous features inherited from fiber laser technology allow 

them to compete in terms of performance and practicality with other 

ultrafast laser technologies, including various bulk-type 

counterparts [242]. In particular, the waveguide architecture in a 

form of fiber allows for scalable high gain in single pass 

configurations, easy thermal management, and excellent spatial mode 

quality [243], notwithstanding its thin and long geometry in turn may 

give rise to undesirable nonlinear effects, such as self-phase 

modulation (SPM), stimulated Raman scattering (SRS), etc. The 

broad emission spectra readily achievable from rare-earth-doped 

fibers (~20 THz) are another merit to note for generating ultrashort 

pulses [244]. Furthermore, the alignment-free, all-fiberized 

compact configurations implemented to most PMLFLs eventually 

bring in unheard of practicality and reliability on top of their 

outstanding performance. 

Up to date, a variety of operating regimes of PMLFLs have been 

demonstrated and investigated to generate stable, coherent 

ultrashort pulses, including the net anomalous dispersion regime that 
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generates conventional soliton pulses [245], the dispersion-

managed soliton regime [246],  the self-similar pulse regime [247], 

the all-normal dispersion (ANDi) regime [248], and most recently 

the dissipative soliton resonance regime [249,250]. In general, the 

pulse energy routinely achievable from such sources ranges from 

sub-nJ to tens of nJ, depending on the operating regime [245-248]. 
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1.2.2 Quasi-mode-locked fiber lasers 

As described in the previous section, conventional PMLFLs generate 

stable, coherent ultrashort pulses in ordinary mode-locking 

conditions, however they can switch and operate in extraordinary 

regimes known as the Quasi-mode-locked (QML) regimes. 

Categorizing and defining an operation state generated from a PMLFL 

may differ from a study to a study. However, the general definition 

of QML regimes include PMLFL operations states with multi-pulse 

and stochastic behavior. Scientists have reported and studied various 

regimes of QML fiber lasers including, the soliton molecules, soliton 

rain , harmonic mode-locking, multi-soliton (MS), symbiotic, noise-

like pulse (NLP), etc. Figure 1.2.1 shows examples of QML regimes. 

All of these regimes operate in the very similar cavity configurations 

with multiple ultrashort pulses independently, in the form of quasi-

stable wave packets, or in the form of both. This happens when some 

of the cavity parameters are tweaked from the ordinary operating 

conditions, e.g., when the cavity is highly pumped or the cavity loss 

or transmission is significantly altered [251, 252]. 
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Fig. 1.2.1. QML regimes in fiber lasers: (a) Soliton rain [279], (b) 

Soliton explosion [280], (c) MS [281], and (d) NLP [282]. 

 

Over the past decade, a number of research groups have reported 

and investigated such extraordinary features accompanied by a 

variety of types of PMLFLs [251-257]. Among them, study on the 

formation and operation characteristics of NLP regime was dominant 

because it was observed regardless of cavity configurations or cavity 

dispersion regimes [251, 254, 255], and the bunched state of multi-

pulse without satellite pulses appeared to be clearly distinct among 

QML regimes. In general, although the NLPs are randomly generated 

and distributed, they can eventually form quasi-stable, bunched-

pulses traveling at the fundamental repetition rate of the laser cavity 
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[251]. The autocorrelation trace of NLPs typically shows a 

coherence spike in the femtosecond time scale located on top of a 

broad pedestal usually in the picosecond time range. In fact, the latter 

indicates the actual duration of a whole NLP packet. In addition, NLPs 

can form very broad output spectra, which are sometimes even 

broader than the gain bandwidth of the active fiber [256-258] if the 

intracavity nonlinear effects are significantly involved. 

In recent years, a series of research reports presented highlight 

that the study on the detailed nature of QML regimes can provide a 

better understanding of the fundamental physics for pulse evolution 

in nonlinear fiber-optic media, including Raman rogue waves or 

dissipative solitons in fiber laser cavities [259, 260]. In addition, 

fiber-based NLP sources make themselves useful in applications of 

low spectral coherence interferometry [261-263], micromachining 

[264], supercontinuum generation [265, 266], etc., as shown in Fig. 

1.2.2. Thus, the impact of the decade-long research efforts on the 

fiber-based QML sources cannot be underestimated.  
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Fig. 1.2.2. Applications of NLP regime: (a) optical coherence 

tomography [283], (b) suppercontinum generation [284], (c) micro 

machining [285]. 

 

While a description of NLPs in a PMLFL started to appear in the 

literature in the early 1990s [268], a detailed investigation of their 

characteristics was first carried out by Horowitz et al. in 1997 [252]. 

Around that time, fiber-based NLPs started to receive a considerable 

amount of research attention because of their distinctive, 

extraordinary features contrasted with ordinarily mode-locked laser 

pulses [245]. The early results reported mainly on the various 

typical characteristics of NLPs for different cavity configurations, 

including anomalous and normal dispersion regimes [253], and also 

focused on describing the interrelationship between the specific NLP 

characteristics and the corresponding cavity configurations: 

Horowitz et al. firstly attributed the formation of the NLPs to the 
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combination of the cavity birefringence (walk-off effect), the cavity 

gain, and the nonlinear transmission element [252]. Later on, they 

also investigated the effects of the cavity dispersion and cavity length 

in Ref. [269], showing that short cavities with low dispersion tended 

to generate NLPs with a pulse width of a few ps, whereas longer 

cavities tended to generate high-energy pulses whose temporal 

widths increased with pump power. It is worth noting that this regime 

should not mistakenly be regarded as the so called dissipative soliton 

resonance regime [248], in which the pulses must encompass a linear 

frequency chirp, thereby having temporal compressibility. In general, 

such characteristics do not appear to NLPs because of the absence 

or near absence of the temporal coherence across the NLP packet. 

Kang et al. investigated in Ref. [253] the behavior of NLPs as a 

function of the cavity dispersion in more detail, showing that NLPs 

could be generated in dispersion-mapped cavities with either 

anomalous dispersion or normal dispersion. However, in their 

experiments, broader spectral widths were only obtained from 

cavities with large normal dispersion [253]. In addition, Lei et al. 

discussed in Ref. [270] the effect of birefringence of the cavity fiber 

on the spectral width of NLPs formed in cavities with anomalous 

dispersion, showing that spectral width broadening was mainly 

related to the bend-induced birefringence of the cavity fiber. This 

was further corroborated with numerical simulations using the beat 

length of the cavity as a variable parameter. 

Following the early experimental research on the characteristic 

features of fiber-based NLPs, a significant amount of attention has 



 

 25 

also been paid to analyzing their formation mechanisms. For example, 

in Ref. [251] Tang et al. suggested that the NLP formation was a 

consequence of the combined effect of soliton collapse [271] and 

positive cavity feedback. In Ref. [258], Zhao et al. investigated the 

dependence of the spectral width of NLPs on the length of the active 

fiber, reporting that the longer active fibers were used, the broader 

spectral widths were obtained. For example, they could obtain NLPs 

with a spectral width of 93 nm in terms of the full width at the half 

maximum for a 17.6-m length of EDF with anomalous dispersion 

[258]. In addition, their numerical simulations included the Raman 

soliton self-frequency shift effect, which could qualitatively explain 

the increase of the spectral width of the generated NLPs for the long 

cavity length [258]. In Ref. [254], Zhao et al. reported gain guided 

solitons and NLPs in an all-normal configuration where they 

attributed the formation of square-shaped NLPs to the power 

clamping effect in the cavity. That is, the excessively high pump 

power could result in increasing the dispersive waves and 

background noises, thereby initiating the formation of bunch of NLPs. 

In addition, there have been a handful of investigations on the 

formation of NLPs with extraordinarily broad spectral emissions, 

which could sometimes extend beyond the gain bandwidth of the 

active fiber included in the cavity [256, 257, 272]. For example, Zhao 

et al. reported that they could generate NLPs of 120-nm spectral 

width in an EDF ring cavity configuration when a segment of a fiber 

of slightly normal dispersion was included in the cavity [257]. They 

attributed the extra spectral broadening of the NLPs to four-wave 
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mixing and Raman soliton self-frequency shift effects. North et al. 

reported on a dual-wavelength NLPs generated in an EDF ring cavity 

with a ~ 1-km length highly nonlinear fiber. In this experiment, they 

reported NLPs at 1550 nm could also lead to a second series of 

Stokes pulses at 1650 nm by means of a Raman conversion process 

[272]. Spectral width of 135 nm was reported from an NLP oscillator 

based on a polarization-maintaining EDF ring cavity incorporating a 

12-m length highly nonlinear fiber, showing that noise 

characteristics of the super-broadband NLPs were comparable with 

those of a typical supercontinunm source based on a conventional 

fiber-based mode-locked source [256]. 

In more recent years, there have been a few attempts to analyze 

the phase fluctuations and noise characteristics of NLPs more 

precisely [267, 273, 274]. In Ref. [274], Smirnov et al. discussed 

how the high-frequency phase fluctuations in NLPs impeded the 

pulse compression, investigating the transition of the operating 

regime between a single-pulse regime and an NLP regime in the 

same all-normal cavity configuration. In Ref. [274], Kobstev et al. 

also highlighted the smooth spectra seen with typical NLPs was a 

result of averaging over a large number of pulses containing irregular 

noisy peaks, investigating the NLPs obtained in an all-normal 

configuration incorporating an ytterbium-doped fiber (YDF). In Ref. 

[267], Runge et al. could obtain single-shot spectral measurements 

of a trail of NLPs obtained from a long ring cavity configuration (180 

m), quantifying the pulse-to-pulse spectral fluctuations, which 

showed the lack of phase coherence between consecutive NLP 



 

 27 

packets. Figure 1.2.3 shows the spectral fluctuation of NLP regime. 

 

 

Fig. 1.2.3. Spectral fluctuation and time averaged spectra of NLP. 

 

One may notice that most experimental investigations on fiber-

based NLPs have been carried out in ring [251-254, 256-258, 267] 

or figure-of-eight [255, 266, 275] cavity configurations, exploiting 

additive-pulse mode-locking techniques to create artificial saturable 

absorber function [276]. This is due to the fact that artificial 

saturable absorbers offer a large degree of flexibility in adjusting its 

effective functional response, compared to novel material-based 

saturable absorbers, such as semiconductor, carbon-nanotube, and 

graphene saturable absorbers [277]. In ring cavity configurations, an 

artificial saturable absorber can be obtained NPR technique, 

described in the previous section.  

Tang et al. have numerically shown that in the case of a laser 

cavity with anomalous dispersion, the formation of NLPs is caused 

by the combined effect of soliton collapse and positive cavity 
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feedback [251, 271]. A cavity operating in soliton regimes, the 

strength of the critical saturation power limits the range of the peak 

power of the soliton that can be amplified in the cavity, and eventually 

determines the stability of the roundtrip oscillation [251]. If the 

critical saturation power is substantially high, the soliton’s peak 

power can undergo a rapid growth accompanied by an abrupt 

narrowing of its pulse width and a consequent broadening of its 

spectrum. Then, the pulse collapse may occur due to excessive SPM, 

gain dispersion [251, 271], or higher-order nonlinear effects of the 

saturable absorber [255]. Once initial solitons are collapsed, new 

solitons with longer pulse width and shorter spectral width will build 

up randomly from the residual energy of the collapsed solitons [251]. 

It is worth noting that in this situation, the cavity is assumed to have 

a high linear loss. Therefore, new solitons can only be formed at 

locations where previous solitons have collapsed [251]. If the cavity 

operates with enough gain to amplify the newly formed solitons, then 

they will follow the same cycle of amplification and destruction, and 

will eventually form a trail of random ultrashort pulses. It should be 

pointed out that as increasing the unsaturated gain in the cavity, i.e., 

the pump power, dispersive continuum waves may reach the lasing 

threshold and further be amplified, thereby also contributing to the 

formation of new pulses [278].  

In contrast, in cavities with normal dispersion where the 

formation of coherent soliton is inherently not allowed, the NLP 

formation is attributed to the modulation of the pulse wave by 

strongly amplified dispersive waves and background noises [254]. In 
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other words, a substantial increment in the cavity gain can make the 

pulse peak power see higher losses than dispersive waves or 

background noises do, due to the oversaturation of the saturable 

absorber, i.e., the pulse peak power passes over the critical 

saturation power. In this regard, over consecutive roundtrips, the 

dispersive waves and background noises will be amplified to a 

significant level. In fact, they can give rise to high modal fluctuations 

and instabilities, thereby leading to the formation of NLPs. 
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1.3 Motivation 

Fiber lasers are reliable, versatile, and compact source capable of 

generating high power and ultrafast optical pulses. Not only the 

conventional means of research approach in achieving high power and 

desirable pulse operation, fiber lasers can serve as a platform to 

observe and simulate unique nonlinear phenomena and even 

phenomena analogous to that of other disciplines. An optical fiber 

inherits strong nonlinearity due to its tight mode area and long 

interaction length. Nonlinear effects such as self-phase modulation, 

stimulated Raman scattering, stimulated Brillouin scattering, etc. are 

detrimental in some of the applications based on optical fibers but 

they also offer incredibly rich pulse dynamics. 

QML regime is a broad definition and the exact boundary of the 

QML regime still remains ambiguous up to date due to its broad 

operation window and unpredictable pulse dynamics. Based on 

previous research, QML regime normally describes unconventional 

operation state of mode-locked regime where a cavity holds more 

than a single pulse in a fundamental roundtrip and shows stochastic 

behavior where the roundtrip to roundtrip may change periodic or 

completely chaotic way. 

Research based on QML regime is increasingly becoming popular 

for many reasons. First of all, understanding pulse dynamics in the 

QML regime is much more difficult than comprehending the pulse 

dynamics of conventional single pulse regime and there are still many 

gaps to fill in order to complete QML theory. A cavity with more than 
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a pulse inside of the cavity can lead to intriguing behavior where 

pulse-to-pulse interaction starts to play as significant factor in 

overall pulse dynamics. With the increasing pulse population inside 

of a cavity, the pulse behavior is even harder to predict and analyze. 

Second, experimental analysis of such complicated systems was 

limited due to lack of novel technique or high-speed equipment. 

Stochastic nature of the QML regime requires a real-time 

measurement in order to understand their pulse dynamics. Recently, 

real-time measurement techniques such as the dispersive Fourier 

transform [286], and the spatio-temporal analysis [282] have been 

rigorously applied in studying QML regimes enabling extensive 

investigation in QML regimes beyond the classical means of optical 

characterization. 

Scientists have come up with interesting research results 

regarding QML regimes and among many intriguing behaviors of QML 

regimes, I focus on the shot-to-shot coherence characteristics, 

wave-packet formation and extreme events in QML regimes. The 

shot-to-shot coherence of QML regime was first studied by Runge 

et, al. where NLP regime did not exhibit any noticeable shot-to-shot 

coherence due to the spectral fluctuation. However, my experiment 

results showed that partial coherence can be observed in QML 

regimes and the shot-to-shot coherence characteristic of QML 

regimes cannot be ruled out. Figure 1.3.1 shows experimental 

evidence of shot-to-shot coherence of NLP regime.  
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Fig. 1.3.1. Experimental evidence of shot-to-shot coherence of QML 

regimes in fiber lasers: (a) coherent soliton [267], (b) NLP [267], (c) 

partially-coherent NLP [284], and (d) symbiotic. 

 

Therefore, in my dissertation, the shot-to-shot coherence of 

QML regimes is systematically investigated and operational regimes 

in the QML regimes are categorized more specifically according to 

their coherence characteristics. I utilized the real-time measurement 

technique to analyze the pulse dynamics in these regimes to show 

the strong correlation between NPS induced due to increased pulse 

intensity and degree of pulse-to-pulse interaction and the shot-to-

shot coherence.  

In addition to the shot-to-shot coherence property, there have 

been various attempts to investigate the formation mechanism of NLP 

wave packet. However, there has not been a study linking MS regime 

to NLP regime or intermediate state. In this dissertation, I show the 
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wave-packet formation mechanism is strongly related to the soliton 

interaction utilizing the spatio-temporal analysis and QML regimes 

can be regarded single regime with different degree of soliton 

interaction.  

Another interesting and intensively researched area of QML 

regimes is extreme event generation such as the rogue waves. Due 

to the chaotic and highly nonlinear nature of QML regimes, they have 

been a promising platform to observe and study extreme event 

studies. Rogue waves randomly appear and disappear out of nowhere. 

Therefore, probability density function of every pulse events for 

certain amount of time is first measured and normalized to the 

average intensity of the pulse events. QML regimes with extreme 

events tend to have histogram with longer tail to the right side 

representing high intensity pulse events, as shown in Fig. 1.3.2. 

 

 

Fig. 1.3.2. Histogram of pulse events normalized to the average 

intensity of a QML regime. 

 

Extremes events have been studied in various QML regimes. 
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Different observations were made regarding extreme events and 

attempt to control these events numerically and experimentally. 

However, there have not been enough research on extreme event 

generation in MS regime. MS regime exhibits discrete pulse 

separation that can be resolved with high-resolution photodiode and 

high-speed oscilloscope. MS regime can be considered as an 

adequate platform to investigate extreme event generation without 

being resolution-limited compared to other QML regimes where 

single pulse is likely to be veiled in a wave packet and a typical 

oscilloscope and a photodiode are not fast enough to resolve each 

pulse to investigate the pulse-to-pulse interactions. In the 

dissertation, I show that not only rogue waves can be generated from 

MS regime, they can accumulate to eventually trigger massive wave 

by increasing soliton population inside of the cavity. 

I believe that the experimental results provided in this 

dissertation provide significant knowledge in the research area of 

QML regimes observed in fiber lasers. The findings should be 

beneficial to not only in the area of optics but disciplines working with 

nonlinear wave dynamics 
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1.4 Scope and organization 

In this dissertation, I analyze different operation regimes of QML 

regimes in fiber lasers and their characteristics. Mainly, I focus on 

three regimes of NLP, symbiotic, and MS regimes. Four important 

topics in QML regimes of fiber laser are discussed in the dissertation: 

Shot-to-shot coherence, wave-packet formation mechanism, 

extreme events generation, and super rogue wave triggering. I use 

spatio-temporal shot-to-shot analysis for real time capturing of 

pulse evolution in QML regimes. Spatio-temporal analysis is done by 

using a high-speed oscilloscope and a photodiode to take single shot 

of huge span, dividing it into the roundtrip time and stacking in an 

order of roundtrip to obtain a 2D image of roundtrip-to-roundtrip 

pulse evolution, as shown in Fig. 1.4.1. 

 

 

Fig. 1.4.1. Spatio-temporal shot-to-shot analysis. 
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In Chapter 2, I investigate various operation regimes of QML 

fiber laser. Focusing on the three regimes of NLP, symbiotic and MS, 

I explain pulse dynamics in each regime and linking mechanism 

among these regimes discussing different QML regimes of fiber 

lasers . Chapter 2.1. shows the experiment setup of the QML fiber 

lasers. An erbium-doped fiber ring cavity mode-locked by NPR is 

introduced. Also the measurement technique and equipment for the 

shot-to-shot coherence and the spatio-temporal measurement are 

provided in this section. In Chapter 2.2, I discuss the experimental 

results of QML regimes in fiber laser. In this section, I introduce 

three main QML regimes of NLP, symbiotic, and NLP and 

characterize their optical parameters, optical spectrum, 

autocorrelation, and spatio-temporal measurement. I also show six 

interesting regimes worth future study. In Chapter 2.3, dedicated 

discussion on the NLP, symbiotic and MS regime is conducted 

analyzing the shot-to-shot coherence and wave-packet formation 

mechanism. Utilizing the real-time shot-to-shot measurement 

techniques, the source of coherence degradation and wave-packet 

formation mechanism are revealed with extensive analysis of pulse 

dynamics of the QML regimes. 

Chapter 3 provides analysis of extreme events observed in QML 

regime of fiber laser, especially in MS regime. In Chapter 3.1, I 

provide experiment setup of the QML fiber laser mode-locked by 

NPR and measurement equipment used in the experiment. In Chapter 

3. 2, I discuss the experiment results focusing on the extreme events 

occurring in the MS regime and consequent change in the histogram 
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and optical spectrum. In this section, increasing number of extreme 

events without any kind of external cavity modification is reported 

and discussed. I explain the origin of the cascaded pulse events 

triggered by probabilistic occurrence of extreme events seeded from 

soliton collisions. In Chapter 3.3, I provide experimental evidence and 

discuss super rogue wave triggering from the cascaded pulse 

interaction observed in Chapter 3.2. In this section, I explain that the 

cascaded pulse interaction inside of the cavity can occur from 

probabilistic pulse interaction and dispersive wave synchronization. 

With enough accumulation of such synchronization, extreme events 

can occur in a heavily localized manner and eventually trigger super 

rogue wave. 

Finally, I summarize my research and conclude my dissertation 

in Chapter 4.  
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Chapter 2 

 

The shot-to-shot coherence and wave-packet 

formation in quasi-mode-locked regimes  

 

Whilst passively mode-locked fiber lasers (PMLFLs) have 

extensively been studied as a compact, flexible, and efficient platform 

for generating coherent and stable ultrashort pulses, such as soliton, 

Gaussian, dispersion-managed solitons, and dissipative soliton 

pulses [1-14], they are, in fact, a complex nonlinear dissipative 

system of a multitude of cavity parameters, including dispersion, 

nonlinearity, spectral selectivity, amplification, and saturable 

absorption [15], thereby tending to exhibit a chaotic or stochastic 

nature of photon dynamics if forced to operate in an extraordinary 

condition [16-38]. Quasi-mode-locked (QML) regimes that 

distinctively generate partially coherent or incoherent multiple 

optical pulses are among such stochastic regimes of PMLFLs [39]. 

In general, QML regimes emerge when a laser cavity is excessively 

pumped or amplitude-modulated, regardless of its configuration or 

dispersion regime, which can be classified into incoherent/partially-

coherent noise-like pulse (NLP), symbiotic, and coherent/partially-

coherent multiple-soliton (MS) regimes from the perspective of 

their coherence and packet-forming natures [38-40]. In recent 
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years a number of investigations on QML regimes have been carried 

out, aiming to clarify their formation mechanisms and coherence 

characteristics by means of controlling various cavity parameters, 

including the degree of nonlinear polarization rotation (NPR) [16-

28], the level of pumping [27,38], and the amount of cavity 

dispersion [16,20,23,38]: Horowitz et al., for the first time, reported 

the formation of the NLP and described it in terms of the cavity 

nonlinear transmission and the birefringence of the propagation 

medium [16]. Tang et al. explained the NLP formation process as a 

combined effect of the soliton collapse and positive feedback, 

reporting the MS formation mechanism resulting from the peak-

power-limiting effect of the given laser cavity [20,21]. Yet, the 

detailed chaotic or stochastic nature of QML regimes could not be 

fully unveiled by means of conventional measurement techniques, 

such as simple spectral- or temporal-domain measurement 

techniques [16-24]. Thus, novel techniques, such as the dispersive 

Fourier transform and spatio-temporal measurement methods have 

recently been implemented, providing real-time shot-to-shot 

information of pulse dynamics in QML regimes [34-37]. In fact, with 

the aid of the real-time measurement techniques, Runge et al. 

analyzed the coherence property of a QML regime, reporting the lack 

of coherence in an NLP regime as a result of substantial roundtrip-

to-roundtrip spectral fluctuation [36]. Gao et al. attributed the QML 

formation process to the vector parametric frequency conversion and 

coherence loss by the intra-cavity polarization rotation [37]. Some 

of the authors have shown experimental evidences of the existence 
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of partial coherence in QML pulses, while investigating the 

characteristic origin of the NLP formation in a fiber ring cavity 

[38,40]. 

Notwithstanding, QML regimes have remained obscured in many 

aspects, including their shot-to-shot coherence properties and 

wave-packet formation mechanisms, in particular. More recently, the 

authors have conducted a phenomenological numerical study on the 

shot-to-shot coherence characteristics of QML regimes in terms of 

the NPS accumulated per roundtrip [39]. In addition to the numerical 

analysis, the authors have also presented a preliminary experimental 

observation that the wave-packet formation in QML regimes could 

also be initiated by various dynamic interactions among the MS 

pulses generated in the cavity [40]. 

In this chapter, I present detailed experimental evidences to 

expand the frontier of comprehension further to the previous 

numerical result [39] on the shot-to-shot coherence and wave-

packet formation in QML regimes in a fiber ring cavity of anomalous 

dispersion mode-locked by NPR. With fine adjustment of the cavity 

saturation power, I make the laser cavity operate in three distinct 

constitutional regimes of NLP, symbiotic, and MS regimes. I 

investigate the individual regimes through experimentally analyzing 

their optical spectra, autocorrelation traces, and the shot-to-shot 

spatio-temporal evolutions for every roundtrip up to 800-roundtrip 

times. Based on the experimental results, I discuss the transitional 

processes among different QML regimes and explain the role of the 

peak powers of the solitonic pulses in their pulse-to-pulse (i.e., MS) 
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interactions, which subsequently determines their coherence 

characteristics and bunching dynamics. In order to elucidate the 

consequences by MS interactions, I conduct a very dedicated 

experiment, closely analyzing intermediate states across two 

adjacent QML regimes in relation with their modulus of the complex 

first-order degree of coherence (MDOC) characteristics, in which 

MS pulses are about to cluster or break up right before forming a 

wave packet or losing it, respectively. I verify that the shot-to-shot 

coherence trends observed in the experiment are in good agreement 

with the previous numerical result [39]. I highlight that my 

experimental results will justify how critically the formation of QML 

pulses of the three distinct constitutional regimes depends on the 

degree of interactions among the MS pulses within the cavity, which 

is, in fact, closely correlated with the peak-power levels of the MS 

pulses and the NPS accumulated within the cavity. 
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2.1 Experiment Setup 

Figure 2.1.1 depicts the schematic of the fiber laser utilized in my 

investigation. It was a passively mode-locked fiber ring laser based 

on NPR. The active medium was an erbium-doped fiber (EDF) with 

an absorption coefficient of 6 dB/m at 1530 nm. It was core-pumped 

at 980 nm with a single-mode diode laser through a wavelength 

division multiplexer (WDM). An additional WDM placed after the EDF 

removed unabsorbed pump power. The combination of a fiberized 

polarizing beam splitter (PBS) and two in-line polarization 

controllers (PCs: /4-/2-/4) spliced before and after the PBS, 

offered the functionality of fast-response saturable absorption. 

 

Fig. 2.1.1. Experimental setup for a passively mode-locked EDF ring 

laser cavity based on NPR. 

 

The two 1/99 tap couplers were placed before and after the PBS in 
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the cavity to monitor pulse evolution inside the cavity. The 

polarization insensitive isolator on the left side was incorporated to 

maintain unidirectional operation of the cavity. The total length of the 

cavity was ~ 120 m and had a net anomalous dispersion of  ~ 2.95 

ps2. At low pump power (< ~ 65 mW) the cavity operated in the 

single-soliton regime, generating a single soliton per cavity 

roundtrip having pulse width of ~ 3 ps and bandwidth of ~ 4 nm, which 

varied slightly, depending on the specific conditions of the PCs. In 

fact, the single-soliton regime tended to be obtained by first 

increasing the pump power up to ~ 65 mW and carefully decreasing 

it down to ~ 40 mW owing to the pump hysteresis effect [21]. In 

contrast, at high pump power (> ~ 151 mW) the cavity operated in 

QML regimes, including NLP, symbiotic, and MS regimes. It is worth 

noting that there existed various intermediate or transitional states 

that did not clearly fall into the categories of the aforementioned 

regimes for very specific conditions of the PCs even without changing 

the pump power level. I are not going to discuss all of them in this 

paper, but believe that some of them may be worth to report 

elsewhere with a more thorough examination and further discussion. 

Figure 2.1.2 depicts the fiberized Michelson interferometer 

utilized to measure the shot-to-shot coherence of the QML pulses 

generated from the laser cavity shown in Fig. 2.1.1. 
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Fig. 2.1.2. Fiberized Michelson interferometer utilized for pulse 

characterization. 

 

The 50/50 tap coupler equally split the input signal (i.e., the output 

QML pulses from the laser cavity) into two arms: A half of the input 

signal into one end of the coupler was reflected by an optical loop 

mirror through a dispersion-shifted fiber (DSF). The use of the DSF 

was mainly to avoid unnecessary pulse broadening due to dispersion 

of the standard single-mode fiber (SMF) at ~ 1550 nm. The other 

half of the input signal into the other end of the coupler was reflected 

by a high-reflecting broadband dichroic mirror through a free-space 

variable delay line. It is worth noting that the length of the DSF was 

roughly determined to provide a single-roundtrip path difference 

between the optical pulses returning through both ends of the coupler, 

and that the free-space delay line was fine-adjusted to maximize 

the overlap between the two returning optical pulses once they had 

been combined together through the third end of the coupler 
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connected to the optical spectrum analyzer (OSA). In fact, the 

combined optical pulses with a single-roundtrip path difference 

produced an interference fringe pattern, the fringe visibility (FV) of 

which corresponded to the MDOC of the output signal of the laser 

cavity.  

I also measured its autocorrelation trace using an autocorrelator 

(FR-103XL, Femtochrome), which gave us the information on the 

spike-to-pedestal ratio (SPR) and the average pulse-width when it 

formed a wave packet. An autocorrelation trace of a typical NLP 

normally consisted of a sub-ps coherent spike on top of a broad 

shoulder from a hundreds of picosecond (ps) to nanosecond (ns) 

pulse-width [38]. This characteristic trace represented a group of 

sub-ps pulses irregularly distributed and bunched in an even wider 

temporal window. In contrast, the trace of the signal optical pulse in 

an MS regime only exhibited a single peak without forming a broad 

shoulder. Besides recording the spectral interference pattern and 

autocorrelation trace, I also carried out spatio-temporal 

measurements on the output QML pulses for up to 800 consecutive 

roundtrip times, using a photodetector having a 45-GHz bandwidth 

and a high-speed oscilloscope having an ~ 80-ps-time-scale 

resolution (DSO91204A, Agilent: 12-GHz bandwidth and 40-GS/s 

sampling rate). 
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2.2 Experiment result 

I pumped the EDF of the cavity at ~ 220 mW to make it operate in 

QML regimes. A specific QML regime could be picked up by adjusting 

the PCs. Most of them resembled the regimes already observed in 

previous studies [16-38], whereas some others appeared to be 

exclusively different from any previously reported regimes in very 

particular conditions. Notwithstanding, relying on the MDOC and SPR 

measures, I could identify and classify them into the most dominant, 

three constitutional regimes, i.e., the NLP, symbiotic, and MS regimes 

[39,40]. In fact, the specific regimes discussed in the previous 

numerical study [39] could readily be reproduced within the 

operation windows of the three constitutional regimes. They 

exhibited clear distinctions in terms of the spectrum, interference 

fringe pattern, and autocorrelation trace for the output signal, as 

shown in Fig. 2.2.1. It should be noted that the maximal scan range 

of the autocorrelator used in my experiment was set to ~ 200 ps. 
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Fig. 2.2.1. Spectra, interference fringe patterns, and autocorrelation 

traces of typical QML pulses: (a) the NLP regime, (b) the symbiotic 

regime, and (c) the MS regime. 

 

In addition, I conducted the real-time spatio-temporal measurement, 

tracing the shot-to-shot pulse evolutions up to 837-roundtrip times, 

as shown in Fig. 2.2.2. It is worth noting that all the intensities are 

normalized relative to the maximum value obtained from the NLP 
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regime, which will hereafter hold in this chapter unless stated 

otherwise.  

 

Fig. 2.2.2. Spatio-temporal shot-to-shot measurement results: (a) 

the NLP regime, (b) the symbiotic regime, and (c) the MS regime. 

Note that the color bars represent the matched normalized intensities. 

 

NLPs are normally characterized by their broad spectrums, 

wave-packet containing sub-pulses, and an autocorrelation trace of 

a coherent spike on top of a broad shoulder, which may vary slightly 

depending on the precise cavity conditions [16-20]. From the 

viewpoint of specific experimental observation on my laser system, 

I specifically defined the NLP regime as the case in which the output 

signal had a broad spectrum of > 10-nm bandwidth, a moderate pulse 

width of < 1 ns, and an autocorrelation trace with SPR of < 0.293. In 

the NLP regime, the output signal was comprised of a group of optical 

pulses tightly confined within a wave packet, which had substantially 

higher intensities in comparison with those operating in the other two 

regimes. Satellite pulses outside the main wave packet were hardly 

present as clearly shown in Fig. 2.2.2(a). In addition, it is worth 
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noting that this regime resulted in the lowest MDOC, i.e., the shot-

to-shot coherence measure, as reported in the previous numerical 

study [39]. 

By slowly tweaking the PCs further, I could make the cavity 

operate in the symbiotic regime [39,40], observing that the 

bandwidth of the output spectrum was reduced to as low as ~ 5 nm. 

The tightly bunched optical pulses within a wave packet (previously 

in the case of the NLP regime) started to be released a bit, thereby 

holding a loosely confined wave packet approximately 4 to 5 times as 

broad as that of the NLP regime. In the autocorrelation trace, I could 

observe that the relative height of the coherent spike on top of the 

pedestal became taller than that of the NLP regime. The distinct, 

characteristic feature of the symbiotic regime was the fact that a main 

wave packet and satellite solitons could coexist in the cavity. They 

could interact or propagate independently, depending on the precise 

cavity conditions. For example, satellite solitons could remain 

separate from the main wave-packet, being stationary or running 

away from it; in some cases they could rejoin the main wave packet 

after moving around and interacting with others; etc. Thus, in Fig. 

2.2.3, I illustrate in more detail various characteristic features of the 

symbiotic regime obtained from the cavity with fine adjustments of 

the PCs. 
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Fig. 2.2.3. Spatio-temporal shot-to-shot measurement results for 

various states of the symbiotic regime: (a) the tear-drop state, (b) 

the inclined rain state, (c) the straight rain state, (d) the radiating 

state, (e) the tornado state, and (f) the hurricane state. Note that the 

color bars represent the matched normalized intensities. 

 

In general, the symbiotic regime had a wide operational range in 

between the NLP and MS regimes, so that it tended to exhibit various 

characteristic features in terms of wave-packet-to-soliton 

interactions. I classified them into six sub-groups in terms of 

phenotypic behaviors of the regime, which included the tear-drop, 

inclined rain, straight rain, radiating, tornado, and hurricane states 

(see Fig. 2.2.3). It is worth noting that some of them seemed to 

resemble what had been reported [25], but others did not. I noticed 
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that the cavity conditions for triggering the symbiotic regime was 

quite close to that for the NLP regime. As a result, the overall shape 

of the main wave packet was quite similar to that of the NLP regime. 

It is, however, worth noting that the intensity of the main wave packet 

in the presence of satellite solitons, i.e., in the symbiotic regime, 

became significantly lower than that in the NLP regime [see the 

relative intensity levels in Figs. 2.2.2(b) and 5 in comparison with 

that in Fig. 2.2.2(a)]. 

By tweaking the PCs even further, I observed the main wave 

packet eventually collapse into MS pulses [21], so that the symbiotic 

regime turned into the MS regime. The collapse of the wave packet 

can be explained as a result of the decrease in binding forces among 

solitons that will be discussed in detail in chapter 2.3. During this 

process, the shot-to-shot coherence gradually increased as the 

cavity condition turned away from the NLP regime. In the MS regime, 

well-separated solitons were the only optical pulses that could exist 

in the cavity, which were, however, capable of forming neither 

bunched pulses nor a wave packet. These solitons travelled at the 

same group velocity. The spectrum of the output signal in the MS 

regime was nearly identical to that of a conventional single-soliton 

pulse with Kelly sidebands. In the MS regime, the autocorrelation 

trace was comprised of a single coherent spike without having any 

broad pedestal, indicating the complete temporal separation between 

adjacent solitons in the span of at least 200 ps (i.e., the maximal scan 

range of the autocorrelator used in my experiment). The shot-to-

shot coherence reached close to unity in this regime 
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On the whole, I could clearly notice that the MDOC tended to 

increase as I altered the cavity condition from the NLP regime to the 

symbiotic regime, and subsequently to the MS regime [see Fig. 2.2.1]. 

In particular, the NLP regime exhibited the lowest MDOC, ranging 

from 0.0204 to 0.125. I also noticed that the evolution of the SPR 

with respect to the PC adjustment showed the very similar trend as 

the MDOC did. In fact, the NLP regime had the lowest SPR, 

decreasing down to 0.293 [see Fig. 2.2.1(a)]. The MDOC of the 

symbiotic regime ranged from 0.1 to 0.562. The corresponding SPR 

could increase significantly up to 0.412 [see Fig. 2.2.1(b)]. The 

measured MDOC and SPR values indicate that QML pulses in the 

symbiotic regime exhibited significantly increased partial coherence 

and decreased pulse complexity in comparison with those in the NLP 

regime. The MDOC kept on increasing in the symbiotic regime as the 

cavity condition turned further away from the NLP regime. However, 

once the MDOC had reached beyond 0.869, the main wave packet 

eventually collapsed, and the operating regime of the cavity was 

switched to the MS regime. In the MS regime, the MDOC was greater 

than 0.869, and the SPR was as close as unity. That is, QML pulses 

operating in the MS regime exhibited nearly complete coherence as 

well as clear separation between consecutive pulses. The general 

trends of these experimental observations were in accord with the 

previous numerical work [39]. Table 1 summarizes the operation 

parameters of the QML regimes. 
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TABLE 2.2.1. OPERATION PARAMETERS OF THE QML REGIMES. 

Operation 

parameters 

Noise-like 

pulse 
Symbiotic Multi-soliton 

Pump power ~ 151 mW ~ 151 mW ~ 151 mW 

Bandwidth > ~ 10 nm 
~ 10 to  

~ 4 nm 
~ 4 nm 

Wave 

packet/Pulse 

width 

~ 0.9 ns 
~ 1 to  

~ 5 ns 
~ 3.1 ps 

SPR ~ 0.293 ~ 0.412 ~ 1 

MDOC 
0.0204 to 

0.125 

0.1 to 

0.562 
> 0.869 
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2.3 Discussion 

In this section, I further discuss the shot-to-shot coherence 

properties of QML pulses, paying more attention to their correlation 

with the formation of a wave packet within the cavity. In the 

experiment, I kept the cavity length constant and precisely varied the 

saturation power via tweaking the PCs. Subsequently, I were able to 

monitor in real-time the subtle changes in the optical pulses built up 

in the cavity across the transitional moment between two different 

QML regimes, fully taking advantage of the spatio-temporal 

measurement technique. Phenomenologically, it was very important 

to resolve out such transitional behaviors in conjunction with 

measuring the corresponding MDOC and autocorrelation trace at the 

same time, because this allowed us to identify the cause and effect 

of soliton interactions in relation with the formation of a specific type 

of QML pulses. 

While taking spatio-temporal measurement on QML pulses 

triggered under various cavity conditions, I observed two types of 

soliton interactions take place dominantly, which included a “local” 

type of soliton interaction via radiative dispersive waves and the 

“direct” soliton interaction [41-44]. It is worth noting that a 

“global” type of soliton interaction induced by unstable 

continuous-wave (CW) components [44] was not apparent, because 

the transitional QML pulses were primarily initiated from the MS 

regime, so that there were initially no noticeable CW components 

built up in the cavity. In addition, I could control the overall strengths 
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of solitons generated in the cavity as well as their separation 

intervals by means of varying the saturation power of the cavity via 

tweaking the PCs. In fact, the higher saturation power led to the 

higher loss being imposed onto the optical pulses in the cavity, 

thereby resulting in the lower intra-cavity soliton intensity, and vice 

versa. 

I initially set the cavity conditions such that the operation regime 

was in an intermediate state in between the MS and symbiotic 

regimes, in order to take precise snapshots on the transitional 

behaviors of QML pulses across them. For example, two typical 

intermediate states are depicted in Fig. 2.3.1. The graphics on the 

upper half represent a state that was set closer to the MS regime 

[see Figs. 2.3.1(a)-2.3.1(c)], whereas those on the lower half 

represent a state that was set closer to the symbiotic regime [see 

Figs. 2.3.1(d)-2.3.1(f)]. Both intermediate states were accessible 

from the stabilized MS regime, in which the separation intervals 

among solitons were normally maintained more than 1 ns [see Fig. 

2.2.2(c)]. By lowering the saturation power of the cavity, the overall 

intra-cavity soliton intensities tended to grow, and subsequently, the 

separation intervals among solitons became reduced. 
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Fig. 2.3.1. Solitons in intermediate states: An intermediate state 

closer to the MS regime (a) in a 400-ns span, (b) 20-ns span, and 

(c) 3-ns span; an intermediate state closer to the symbiotic regime 

(d) in a 400-ns span, (e) 20-ns span, and (f) 3-ns span. Note that 

the color bars represent the matched normalized intensities. 

 

In the former case shown in Figs. 2.3.1(a)-2.3.1(c), the intra-

cavity solitons started to line up closely to one another with the 

increase of their overall intensities, and their separation intervals 

were significantly reduced to less than ~ 250 ps, so that the individual 

solitons seemed to have non-negligible influences on the adjacent 

solitons. It is worth noting that in this case the corresponding soliton 

interactions incorporated mainly a local type of soliton interaction 

[44], in which the increase in the soliton intensities resulted in 
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elongating the effective range of the radiative dispersive waves 

generated from the individual solitons, thereby giving rise to long-

range resonant soliton interactions. However, the characteristic 

features of the MS regime was still more or less maintained, such 

that its optical spectrum remained within ~ 3-nm bandwidth, 

including Kelly sidebands, and the MDOC remained above at least 0.8. 

Figures 2.3.1 (b) and 2.3.1 (c) show the intermediate state in smaller 

spans of 20 and 3 ns, respectively. Owing to the effect of the local 

type of soliton interaction, the trail of solitons evolved with roundtrip 

times, lining up in a rather wiggly manner in the spatio-temporal 

domain as compared with that of the exact MS regime [compare Fig. 

2.3.1(c) with Fig. 2.2.2(c)]. In general, solitons in the MS regime did 

not exhibit such behaviors, mainly because they had even wider 

soliton separation than 1 ns and even lower soliton peak intensity 

than 0.026, so that individual solitons and the corresponding 

dispersive waves could hardly interact within the cavity length, even 

between the nearest neighboring solitons. 

By tweaking the PC even further, I could make the cavity operate 

with relatively higher peak intensity and with more soliton 

interactions [see Figs. 2.3.1(d)-2.3.1(f)]. This resulted in even 

higher degree of local-type soliton interactions and eventually 

making adjacent solitons interact directly. Figures 2.3.1(e) and 

2.3.1(f) show that both local-type and direct soliton interactions 

were taking place simultaneously in smaller spans of 20 and 3 ns, 

respectively. In result, the solitons tended to evolve with roundtrip 

times in a tree-branch or lightning-strike manner in the spatio-
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temporal domain, maintaining an average group velocity but with 

inter-solitonic collisions, attractions, and cross-overs, depending on 

their inter-solitonic phase differences [41,44]. Their intensities 

were noticeably higher than those of the solitons in the MS regime 

as well as in the former intermediate state. It is important to note that 

in this intermediate state, the optical spectrum looked more like that 

of the symbiotic regime, having bandwidth of ~ 5 nm, and the MDOC 

was reduced down to ~ 0.55, which was significantly lower than that 

of the former intermediate state. Actually, the further intensified 

soliton interactions increased soliton complexity, which in turn led to 

the optical spectrum losing the Kelly sidebands as shown in Fig. 

2.2.1(b). I also observed that even stronger soliton interactions could 

occasionally trigger rogue-wave-like behaviors during some inter-

solitonic collisions [45], which are, however, outside the scope of my 

current discussion.  

On the whole, both intermediate states exhibited significantly 

different features in their optical spectra and MDOC values, 

depending on the degree of soliton interactions in the cavity. In fact, 

the stronger soliton interactions led to the higher shot-to-shot 

fluctuations, thereby causing the lower MDOC values. The cavity 

condition in which such intermediate states could hold was relatively 

very tight that they tended to be short-lived, readily settling down 

into the symbiotic or MS regime if they were not exactly fit to survive. 

This was due to the fact that the degrees of soliton interactions grow 

“exponentially” with respect to increase in the intra-cavity soliton 

intensity as well as to decrease in the soliton separation interval 
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[41-44]. For example, when I further increased the intra-cavity 

soliton intensity from the intermediate states discussed above, the 

cavity regime abruptly made transition into the symbiotic regime 

close to the states shown in Figs. 2.2.3(e) and 2.2.3(f) where the 

formations of the solitons were already exhibiting a wave-packet-

like feature, such that they were closely spaced, vividly interacting 

within a ~ 10-ns time window and having high relative intra-cavity 

intensities of well above 0.1. The whole wave-packet formation 

process can also explain the collapse of the wave packet that tended 

to happen when the intra-cavity soliton intensity was reduced 

beyond a certain critical value, with which the cavity could manage 

to bind individual solitons within a packet. Just like the wave-packet 

formation process, the transition from a wave packet to free running 

solitons was also an abrupt process. 

I emphasize that both intermediate states, which I managed to 

spot and analyze by means of the real-time shot-to-shot 

measurement as discussed above, provide a way to finding the 

missing links between the formation of a wave packet of quasi-

randomly-packed solitons and the intra-cavity soliton interactions. 

This aspect has been remaining unclear to date due to the fact that 

such regime transitions take place too abruptly and instantaneously 

to detect via conventional measurement methods. Whilst I were 

resolution-limited in analyzing the more detailed inter-soliton 

dynamics within the wave packet, my experimental observations 

somehow manifest that the growth of the intra-cavity soliton 

complexity, i.e., the degradation of the MDOC after the formation of 
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a wave packet out of multiple intra-cavity solitons was, in fact, 

triggered by strong soliton interactions, which were further 

parameterized by the intra-cavity soliton intensity and inter-soliton 

separation. Subsequently, it has become obvious that further 

increasing the intra-cavity soliton intensity from the symbiotic 

regime could readily lead to the regime transition into the NLP regime, 

which has the tightest soliton confinement in the wave packet and the 

highest intra-cavity soliton intensity among the three constitutional 

regimes. Therefore, one can expect that the corresponding MDOC 

would further degrade certainly via the strong NPS induced every 

roundtrip and the chaotic nature of the inter-soliton dynamics inside 

the wave packet. It is fair to say that the NLP or symbiotic regime in 

an anomalous-dispersion fiber ring cavity is an extreme operation 

state achievable when the soliton interaction is sufficiently intense. 

In the previous numerical study [39], I showed that the MDOC is 

strongly correlated with the NPS induced to the intra-cavity solitons 

per roundtrip. In fact, an absolute experimental measurement of the 

NPS induced per cavity roundtrip would make a direct comparison 

with the numerical result previously obtained [39]; however, my 

spatio-temporal detection was resolution-limited to ~ 80 ps, so that 

it was not fast enough to measure and trace out the exact peak 

powers of the individual intra-cavity pulses that tended to be as 

short as sub- or a few ps (see the autocorrelation traces shown in 

Fig. 2.2.1). Thus, I would instead like to take the total intra-cavity 

intensity in order to make a relative comparison between the 

experimental and numerical results, because the total intra-cavity 
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intensity should obviously be proportional to the NPS accumulated 

per roundtrip. It is worth noting that the total intra-cavity intensity 

can readily be estimated by simply integrating the spatio-temporal 

detection data without justifying the exact peak powers of the 

individual intra-cavity pulses. Figure 2.3.2 shows the experimentally 

measured MDOC values for the 34 individual QML states classified 

into the three constitutional QML regimes, relying on the criteria 

given in Section 2.2, with respect to the relative total intra-cavity 

soliton intensity that is normalized to the maximum value obtained in 

the case of the incoherent NLP regime.  

 

Fig. 2.3.2. Experimental data on the MDOC with respect to the relative 

total intra-cavity intensity; red solid line: Lorentzian fitting curve. All 

the data points are classified into the corresponding QML regimes, 

relying on the criteria given in Section 2.2. 



 

 62 

In Qualitatively speaking, the general trend of the MDOC 

distribution is in good agreement with that obtained in the numerical 

study [39], which was also well fitted with a Lorentzian fitting curve, 

as shown in Fig. 2.3.3. (See Ref. [39]: Roughly, the normalized total-

intra-cavity intensity parameter multiplied by a factor of ~ 10 would 

lead to a good match with the corresponding NPS per roundtrip.) 

 

 

Fig. 2.3.3. Averaged MDOC as a function of the NPS per RT. The blue 

dots and the green curve represent the original data set and the fitted 

curve with a Lorentzian distribution function, respectively. 

 

Thus, I stress that the strong correlation between the MDOC and the 

NPS per roundtrip, i.e., the total intra-cavity soliton intensity, 



 

 63 

predicted by the numerical study has now been confirmed by the 

experimental observation. 
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Chapter 3 

 

Extreme events and intermittent burst of super rogue 

wave in quasi-mode-locked regimes of fiber laser 

 

History of monstrous waves, most commonly known as rogue waves, 

in the ocean that appear and disappear without a trace goes back to 

hundreds of years as only lore among sailors to prove their existence 

until a scientific observation verified that these waves are indeed 

product of nature and regularly observed in the deep sea environment 

[1]. Initial research focus on these rogue waves was in the field of 

oceanography to understand and overcome their disastrous and 

unpredictable characteristics to assist human activity in the ocean 

[1-8]. Because the rogue wave study in the ocean was stochastic 

and large-scaled, it was time consuming and required expensive 

equipment. Therefore, rogue waves in platforms other than the ocean 

started to draw considerable interest as a possibility for a smaller-

scaled research platform, one of them being optical platform [9-12]. 

Optical platform, in which the light wave analogous to the ocean wave 

with incomparably faster and smaller scale, allows rogue wave 

research for greater science community. Ever since Solli et al. first 

reported optical rogue waves in the optical fiber based super 

continuum [13], research interest in the optical rogue waves 
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rocketed and spread to various optical platforms [14]. Number of 

rogue wave research has been conducted in different platforms of the 

excessively pumped passively mode-locked fiber lasers (PMLFLs). 

PMLFLs are a compact, flexible, and efficient platform known to 

generate stable ultrashort pulses[15-20]. However, PMLFLs are 

complex nonlinear dissipative system and if forced to operate in an 

extraordinary condition, normally known as quasi-mode-locked 

(QML) regimes, they exhibit a chaotic or stochastic nature of photon 

dynamics making them favorable platforms to observe rogue waves 

[21-45]. 

Among different regimes of QML regimes, multi-soliton (MS) 

regime is an ideal regime to observe rogue waves experimentally 

since it provides well-defined pulse dynamics compared to other 

QML regimes where pulses are likely to form a wave packet [30-

36]. MS regime is a soliton complex in which multiple solitons are 

present in the cavity [33-36] and compared to single soliton 

operation, the behavior and physics of MS regime is highly nonlinear, 

and complex . The complexity arises from the fact that MS regime 

holds tens or even hundreds of solitons depending on the cavity 

configuration where these solitons are not always independent to one 

another, but interacting in many cases. In addition, dispersive waves 

shed from the solitons drive pulse dynamics in the cavity even more 

complex. Therefore, MS regime can operate in intriguing manner with 

just the slightest change in the inter pulse dynamics and serve as 

similar platform as the open ocean to study extreme events. Recently, 

soliton collision resulting in rogue wave generation in dissipative 
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system and rogue waves generated from soliton collision and soliton 

focusing mechanism have been reported [35,36]. However, due to 

the chaotic and random nature of rogue wave, analysis of the 

phenomenon has not been trivial and the rogue wave generation in 

MS platform still require thorough study. 

In this paper, I report for the first time extraordinary RWs 

intermittently triggered with an interval in the order of no longer than 

ten seconds in the MS regime of a nonlinear-polarization-rotation 

(NPR)-mode-locked, anomalous-dispersion fiber ring cavity. I call 

them “super RWs” as their intensities exceed over ten times the 

average intensity of all events. With fine adjustment of the cavity 

saturation power, I make the laser cavity operate in an extremely 

narrow window of a heavily populated MS state, in which soliton 

interactions can grow rapidly in a cascade of interactions among 

solitons and dispersive waves once triggered. I investigate this 

specific MS regime by stochastically analyzing its shot-to-shot 

spatio-temporal behaviors in comparison with the dynamic changes 

observed in its optical spectrum, and eventually manage to capture 

the moment of intensifying dispersive-wave synchronization in the 

cavity, which culminates to a super RW burst. Based on the 

systematic, spectral and spatio-temporal measurements, I testify 

that the intensifying dispersive waves also signified in the gradual 

and abnormal increase of the Kelly sidebands, coincide with the 

elongation of the histogram distribution of the pulse events to the 

extreme events, and that their intermittent growth and collapse 

exactly match the cycle of the super RW burst. I stress that the origin 
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of the super RW burst in the MS regime is strongly correlated with 

the initial build-up and strong localization of constructively 

interfering dispersive waves and a cascade of interactions among the 

solitons and dispersive waves. I unveil and discuss further details in 

the following.  
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3.1 Experiment setup 

Figure 3.1.1 shows the schematic of the experimental setup. I 

passively mode-locked fiber ring cavity based on nonlinear 

polarization rotation (NPR) with a fiberized polarizing beam splitter 

(PBS) and two in-line polarization controllers (PCs: /4-/2-/4) 

spliced before and after the PBS to achieve a fast-response 

saturable absorption. Erbium-doped fiber (EDF) with an absorption 

coefficient of 6 dB/m at 1530 nm was core-pumped at 980 nm with 

a single-mode diode laser through a wavelength division multiplexer 

(WDM). An additional WDM spliced after the EDF removed 

unabsorbed pump power. The polarization insensitive isolator on the 

left side maintains unidirectional operation of the cavity and the two 

1/99 tap couplers were placed before and after the fast saturable 

absorber to monitor pulse evolution inside the cavity. 

 



 

 69 

 

Fig. 3.1.1. Experimental setup for a passively mode-locked EDF ring 

laser cavity based on NPR. 

 

I spliced additional SMF to lengthen the cavity length to better 

observe stochastic process. The cavity length was ~ 120 m and had 

a net anomalous dispersion of  ~ 2.95 ps2. At low pump power (< ~ 

65 mW), the cavity operated in a single-pulse-soliton laser and 

entered MS regime, at higher pump power. I measured optical 

spectrum of the laser while obtaining spatio-temporal measurements 

at the same time using a 45-GHz bandwidth and a high-speed 

oscilloscope having an ~ 80-ps-time-scale resolution (DSO91204A, 

Agilent: 12-GHz bandwidth and 40-GS/s sampling rate) up to 837 

consecutive roundtrip times. 
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3.2 Experiment result 

I first locked the laser into a stable MS regime where more ~470 

solitons were randomly spaced in a single roundtrip without 

noticeable interactions by pumping the EDF at ~ 410 mW and fine 

tunning the PCs. The operation characteristics of the stable MS 

soliton resembled the typical MS regime with an optical spectrum 

with Kelly sidebands, a single spike autocorrelation trace, and 

histogram representing an intensity probability density function 

(IPDF) of every soliton events taking place in the 837 roundtrips 

normalized with the average soliton intensity. The bandwidth of the 

stable MS regime was ~ 4 nm and the pulse width was ~3.1 ps. From 

the histogram, it was clear that there were no outliers of high 

intensity events, normally represented as long tail to the right, and 

rogue wave did not exist in this specific regime, as shown in Fig. 

3.2.1(c). 
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Fig. 3.2.1. Operation characteristics of the stable MS regime: (a) 

optical spectrum, (b) autocorrelation trace, and (c) histogram. 

 

In order to have clear look at the pulse evolution over the 

roundtrips, I also conducted the real-time spatio-temporal 

measurement. Figure 3.2.2. Shows the shot-to-shot pulse evolution 

up to 837-roundtrip times. From the spatio-temporal measurement, 

it was clear that the solitons were indeed propagating with no 

interactions among them. The spacing between the solitons were 

normally more than ~ 1 ns. 
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Fig. 3.2.2. Spatio-temporal shot-to-shot measurement results of the 

stable MS regime: (a) 20 ns span, (b) 100 ns span and (c) 400 ns 

span. 

 

I managed to lock the laser cavity in numerous operation regimes 

with distinct characteristics just by tweaking the PCs with fixed pump 

power. In the cavities based on NPR, the slightest change in the 

saturation power of the cavity could change the pulse dynamics inside 

of the cavity in drastic ways. I tuned the cavity to operate in the MS 

regime heavily populated with ~790 solitons in a roundtrip, which is 

almost the double compared to the stable MS regime by fine tuning 

PCs with the pump power fixed at ~ 410 mW, the same level as the 

stable MS regime. At a glance, this specific MS regime, where I 

entitled it as ‘the breathing MS regime’ from now on to 

differentiate with the stable MS regime, did not seem that much 

different from the stable MS regime. Optical spectrum still exhibited 

the characteristic spectrum of the MS regime. However, I noticed 

that in this specific regime, the Kelly sideband was gradually 

increasing until it reached the maximum point and collapsed to the 

initial state to repeated the process. Figure 3.2.3(a) and (b) shows 
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the optical spectrum of 5 states within the cycle of roughly 10 

seconds in the breathing MS regime, initial state being State 1. In the 

process, the Kelly sideband increased nearly 5 times from State 1 to 

State 5 before collapsing and restarting the cycle. The breathing 

Kelly sideband implied to us that the dispersive waves were 

constructively interfering in the cavity and the pulse dynamics was 

completely different from the stable MS regime. I took the IPDFs of 

each state to verify the pulse dynamics discrepancy between the 

stable MS regime and each incrementing states of the breathing MS 

regime. Surprisingly the histograms of the incrementing states of the 

breathing MS regime started to display longer and longer tails to the 

higher intensity events well exceeding value of 2 in the State 5, as 

show in Fig 3.2.3(c). The higher the level of the Kelly sideband, the 

more intense extreme events were taking place, suggesting that the 

pulse interaction enhances with the increasing sideband. 
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Fig. 3.2.3. Incrementing states of a single cycle in the breathing MS 

regime (a) optical spectrum, (b) Kelly sideband in a smaller span, and 

(c) histogram of the States 1, 3, and 5.  

 

In addition to the above analysis, I took spatio-temporal 

measurement of each states observe the shot-to-shot pulse 

dynamics in the cavity. Pulse interaction was becoming more 
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frequent as the state progressed from State 1 to State 5. However, 

the most intriguing feature was that with every cycle of the sideband 

build-up, a burst of super rogue waves was observed when the 

sideband reaches State 5 and returns to State 1 with the super wave 

disappearing quickly. Figure 3.2.4 shows the spatio-temporal 

measurement of super wave emergence in different spans. 

 

 

Fig. 3.2.4. Super rogue wave generation: Spatio-temporal 

measurement in (a) 20 ns span,(b) 200 ns span, and (c) 400 ns span. 

 

 The sudden burst appeared out of nowhere and started to break 

swiftly, though measured data points are limited with the oscilloscope 

scale to observe the entire decaying process. Figure 3.2.5 shows the 

spatio-temporal measurement in 3D view and the histogram of the 

moment of the super rogue wave burst. Intensity of the extreme 

events exceeded above 10 times the average wave height displaying 

highly localized pulse interaction. I have to note that the shot-to-

shot spatio-temporal measurements were resolution-limited to ~ 80 

ps. This means that highly localized extreme events might have been 
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measured as if they had been in a bunch within the resolution limit, 

so that I have to bear in my mind a possibility that the real peak 

intensity level of the utmost extreme event comprising the super RW 

might have been over- or underestimated to some degree. 

 

 

Fig. 3.2.5. Super rogue wave generation: Spatio-temporal 

measurement in (a) 3D plot, (b) 2D plot, and (c) histogram during the 

super rogue wave appearance. 
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3.3 Discussion 

From the experiments conducted and discussed in the preceding 

section, I have figured out that the extreme events could be triggered 

and intensified inside the cavity via going through a cascade of vivid 

pulse interactions without having any external triggering or 

adjustment of the cavity parameters. In contrast with the case of the 

stable MS regime, where the intra-cavity solitons hardly interacted 

with one another, in the breathing MS regime the substantial growth 

of the soliton population inside the cavity, which subsequently 

reduced physical spacing among the intra-cavity solitons, 

exponentially escalated the probability of interactions among them 

directly or indirectly via dispersive waves. Thus, one can think of a 

possible scenario for the intermittent burst of a super RW as the 

following: Initially, some of the solitons generated in a place where 

their population density was most immensely high might start to 

interact with the nearest neighboring ones, resulting in the higher 

interactions among them and also producing the more intense 

dispersive waves that had been left over during the interactions 

[34,46-49]. The combination of these probabilistically initiated 

soliton interactions and constructively intensifying dispersive waves 

in their vicinity as a catalyst, in turn, triggered another extreme event, 

eventually leading to an avalanche of interactions resulting in 

extreme events with even higher intensities. In fact, the increasing 

trend in the extreme events observed in the histograms shown in Fig. 

3.2.3(c) was completely in accord with the growing trend in the 
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utmost Kelly sideband shown in Fig. 3.2.3(a), which supports my 

aforementioned conjectures. In other words, once the build-up 

process driven by the initial soliton interactions at a place of the 

cavity where their population density had been most immensely high, 

had passed a certain threshold point, it became unstoppable, thereby 

going off a burst of a super RW and eventually being settled down 

into its initial state. It is worth noting that once there was a burst of 

a super RW in the cavity, it could sweep as much stored energy in 

the cavity as possible and subsequently dispersed into the calmed 

down state, i.e., the initial state of the breathing MS regime, because 

it must be by no means a form of wave that the cavity could stably 

support in the given condition and configuration. The settlement into 

the initial state of the breathing MS regime means that the cavity 

again returned to a state of excessively populated and irregularly 

distributed solitons within the fixed length of the cavity. Thus, this 

circumstance still must bear a very high chance of probabilistic 

initiation of casual soliton interactions. Therefore, the whole process 

of the burst of a super RW again could be initiated probabilistically, 

thereby being intermittent fully depending on the initial formation of 

the excessive number of solitons as well as the ambient conditions. 

In addition, I note that the burst of a super RW was a completely 

independent, stochastic event turning up out of nowhere, since one 

can see in Fig. 3.2.5(a) that even when it was happening in the middle 

of the cavity, it seemed as though all the intra-cavity solitons placed 

distant to it except for the very nearby ones had not known what was 

going on out there before it reached them. 
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In Fig. 3.3.1 I illustrate the spatio-temporal measurement result 

at the very specific moment of the burst of a super RW, taking an 

even closer look at it. The area enclosed by the dashed-circle 

indicates the strong localization of the extreme events right before 

the super RW burst, for which I deliberately set a dark color to the 

background events having their relative intensities below 0.02 for 

visual aids. One can clearly see that dispersive waves were heavily 

created and constructively synchronized from that specific area. With 

these intensifying dispersive waves as a catalyst, an avalanche of 

extreme events started to occur, eventually leading to strongly 

localized extreme events, i.e., a burst of a super RW, sweeping as 

much stored energy in the cavity as possible. It is worth noting that 

the saturation power of the cavity was unchanged throughout the 

entire cycle of the super RW burst, so that this extraordinary wave 

could not survive in the cavity and quickly dispersed. Since all the 

energy from the super RW was dispersed in the cavity upon its 

collapse, eventually being given away to the intra-cavity solitons, 

the cavity state became to return to its initial state to start the cycle 

again. 

 

 

 



 

 80 

 

Fig. 3.3.1. Super rogue wave generation: closer view of concentrated 

dispersive waves. 

 

These entire processes intriguingly resemble the precipitation of 

rain from a cloud. In fact, the rainfall process is briefly as the 

following: Small water droplets within a cloud initially grow in size, 

forming larger water droplets via collision with other water droplets 

or ice crystals in their vicinity, which is a random process called 

coalescence [50]. Ice crystals can play as a catalyst to accelerate 

the coalescence, and the enlarged water droplets become as a seed 

to draw more and more water droplets. Once the water droplets have 

grown heavy enough to overcome air resistance, they immediately 

start to fall to the ground, which are raindrops. The cycle will take 
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place again once another group of water droplets has been built up. 

Bearing the precipitation of rain in my mind, solitons and 

dispersive waves in the cavity are the analogies to the water droplets 

and ice crystals in a cloud. With the stochastic events of soliton 

interactions together with dispersive wave synchronization as a 

catalyst, extreme events started to occur. Like the water droplets 

and ice crystals in a cloud, these initial coalescence events continue 

to lead to even more extreme events with even higher intensities, 

eventually forming and releasing a strong localized wave, i.e., a burst 

of a super RW, like the precipitation of rain, i.e., a real raindrop falling 

down. Once all the events reach the maximum degree that the cavity 

can hold, it retrieves to the initial state to start the cycle again, 

waiting for another series of significant interactions among the intra-

cavity solitons and subsequent dispersive waves as water droplets 

and ice crystals do again in a cloud. 

We have to note another compelling point from my experimental 

observation, which was the fact that a unit cycle of a super RW’s 

emergence was in the order of no longer than ten seconds although 

it was not exactly periodic but intermittent. While I do not completely 

rule out that this type of time scale might be related with thermal 

relaxation of the cavity or the ambient environment [51,52], I think 

this possibility is quite unlikely, because I clearly observed from the 

shot-to-shot spatio-temporal measurements that the burst of a 

super RW was initiated from fully stochastic events that were 

probabilistically determined depending on the population density of 

solitons, and, moreover, the experiment were conducted in fully 



 

 82 

temperature-controlled environment. From this perspective, I note 

that the super RW observed in my experiment is emphatically 

analogous to “the hundred-year wave” sporadically observed in 

the ocean. It is defined as “a statistically projected water wave, the 

height of which, on average, is met met or exceeded once in a 

hundred years for a given location” [53,54]. Ten seconds in an 

optical platform is roughly matched to sub-hundred years in the 

ocean, considering that the speed of light is million times faster than 

that of the wind wave in the open ocean [55]. This implies that the 

super RW I observed may be an analogy to the hundred-year wave 

in the ocean. Although a more thorough theoretical and numerical 

study of dispersive-wave-mediated super RW generation should 

follow, the experimental results and evidences presented here may 

provide significant physical insight into the extreme event formation 

in both optical and oceanographic platforms.  
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Chapter 4 

 

Conclusion 

 

Fiber lasers are exhibits different nonlinear phenomena owing to 

strong nonlinearity inherited from physical structure of optical fibers. 

Nonlinear affects may be detrimental in conventional means of power 

scaling of fiber lasers. However, high nonlinearity posed inside of an 

optical fiber can function as promising platform to observe and 

research intriguing nonlinear behaviors such as pulse-to-pulse 

interaction and extreme wave generation where the knowledge of 

nonlinear behavior study can spread to other disciplines.  

QML fiber lasers is a compact and cost efficient platform to study 

various nonlinear wave dynamics owing to their multi-pulse and 

stochastic nature. In the dissertation, I carried out experimental 

analysis of QML regimes of fiber laser using the classical 

characterization techniques and real-time measurement spatio-

temporal analysis. The studies presented in the dissertation provide 

novel approach in explaining the coherence degradation among QML 

regimes and wave-packet formation mechanism. Also for the first 

time, I have demonstrated cascaded pulse interaction without 

external control, which eventually leads to a repeated super rogue 

wave triggering. 
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In the first part of my dissertation, I have experimentally 

characterized the three constitutional QML regimes of a PMLFL of an 

anomalous-dispersion cavity, including the NLP, symbiotic, and MS 

regimes, analyzing and detailing out their shot-to-shot coherence 

properties, wave-packet-forming/bunching processes, and 

correlations with soliton interactions. I verified that solitons with 

higher intra-cavity intensities not only experienced greater NPSs 

but also exhibited stronger soliton interactions. By adjusting the 

saturation power of the cavity, controlling the intra-cavity intensities 

and simultaneously affecting the degree of soliton interactions, I 

analyzed the inter-soliton dynamics within narrow windows of 

transitional states across different QML regimes in real-time and 

showed that increase in the degree of soliton interactions could result 

in drastic degradation of the shot-to-shot coherence of the 

corresponding QML pulses generated in the cavity. The experiment 

results suggest that in an anomalous-dispersion cavity mainly 

governed by soliton dynamics, the NLP and symbiotic regimes could 

be regarded as mutant forms of the MS regime that are fit to survive 

in the cavity even when individual solitons are heavily interacting one 

another, thereby settling in a quasi-stable, soliton-clustered wave 

packet and incorporating chaotic or stochastic consequences in their 

spectral, temporal, and coherence properties. To the best of my 

knowledge, there have been no systematic and dedicated 

experimental investigations on the wave-packet formation 

mechanisms in the QML regimes and the corresponding 

consequences in their coherence properties, which have now been 
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clarified by the discussion presented in the dissertation. The 

experimental investigations also verified and confirmed to be in good 

agreement with the numerical analysis [ ]. 

In the second part of the dissertation, I have experimentally 

observed and analyzed periodic triggering of super rogue wave in MS 

regime of an anomalous-dispersion fiber ring cavity mode-locked 

by NPR. With the fixed cavity conditions, the cavity self-stimulated 

to trigger super rogue wave every 7 seconds. I demonstrated that 

forcing greater population of solitons to exist in the cavity drastically 

increased the natural probability for interactions among solitons and 

dispersive waves to occur, which resulted in cascaded soliton 

collisions eventually triggering super rogue wave. I verified that the 

synchronization of the dispersive waves was the main driving factor 

for the cascaded pulse interaction in the cavity by confirming the 

cycle of build-up and collapse of Kelly sideband matches the super 

rogue wave emerging cycle. In addition, IPDF histograms of 

incrementing states in the super rogue wave triggering cycle showed 

clear increase in number of extreme events toward higher intensity. 

Repeating cycle manifested that even if large soliton population 

naturally pushes the cavity to trigger more and more soliton 

interactions and extreme events, the cavity attempts to go back to 

the stable state with the lowest order of pulse interactions as long as 

the cavity condition remained fixed to support the initial state the 

best. There have been no experimental investigations of periodic 

triggering of super rogue wave in multi-soliton regime in PMLFLs.  

To conclude, I presented a systematic experimental analysis on 
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the shot-to-shot coherence, wave-packet formation, cascaded 

pulse interaction and super rogue wave triggering in the realm of 

QML regimes of fiber laser using the real-time spatio-temporal 

measurement technique. I believe the studies demonstrated in the 

dissertation on experimental observations on the intra-cavity soliton 

interactions and their detailed dynamics and consequences, would fill 

the gaps in the existing knowledge on the QML regimes of PMLFLs, 

as well as putting a stepping stone to the further expansion of them. 

And also, the first demonstration of periodic super rogue wave in the 

QML fiber laser should provide richer perspective on the study of 

rogue waves not only in the field of optics but also in other disciplines. 
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한글 초록 

 
본 논문은 광섬유 레이저의 준 모드 잠금 영역에 대한 실험연구를 

다룬다. 논문은 크게 다음의 4개의 주제로 나눌 수 있다: (1) 코히런스 

(coherence) 특성, (2) 웨이브 패킷 (wave paket) 형성, (3) 연속되는 

펄스 상호작용, (4) 분산 파들의 동기화에 의한 슈퍼 로그 웨이브 유도. 

주제 (1)과 (2)는 비선형 위상 변환과 솔리톤 상호 작용에 대해 

서술하고, 주제 (3)은 광섬유 내에서 진행하는 펄스들의 상호작용에 

대해 기술한다. 그리고 주제 (4)는 이러한 펄스들의 상호작용이 

연속적으로 발생하여 축적되었을 때의 현상을 기술한다. 서론에서는 본 

논문의 연구 결과를 설명하기 위해 광섬유 광학, 광섬유 레이저, 모드 

잠금, 수동 모드잠금 비선형 레이저 그리고 준 모드잠금 레이저들에 

대한 기초적인 지식과 배경에 대한 설명과 연구의 목적과 범위에 대하여 

기술한다. 

논문의 첫 부분에서는 비정상분산(anomalous dispersion) 광섬유 

공진기에서의 코히런스 특성과 웨이브 패킷 형성에 대한 심도있는 

실험적 분석을 수행한다.  준 모드잠금 영역의 경우 noise-like pulse 

(NLP), symbiotic, multi-soliton (MS)를 중점적으로 다룬다. 준 

모드잠금 영역은 다중펄스와 확률적인 변화를 갖는 특성때문에 정확한 

분석을 위해서 실시간 측정이 필요하며 스펙트럼 측정, 

자기상관측정(autocorrelation)과 같은 전통적 방식의 광 측정으로는 

이러한 실시간 측정이 불가능하므로 spatio-temporal 분석을 이용하여 

준 모드 잠금 영역에서의 펄스변화를 확인하였다. 각 준 모드 잠금 

영역들은 명확하게 구분가능한 코히런스 특성을 보였으며 이를 통해 

펄스의 비선형 위상 변환의 축적과 솔리톤 상호작용의 정도에 관련이 
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있음이 나타났다. 또한 이는 준 모드 잠금 영역에서의 웨이브 패킷 

형성과 소멸에도 영향을 끼쳤다. 높은 강도를 갖는 솔리톤들은 더 많은 

비선형 위상 변환과 더 강한 솔리톤 상호작용을 겪게 되고 그에 따라 

MS 영역에서 솔리톤들이 모이게 되어 NLP, symbiotic 영역에서 웨이브 

패킷으로 형성이 된다. 그리고 그 반대로 솔리톤 상호작용이 작아짐에 

따라 NLP symbiotic 영역의 웨이브 패킷이 MS 영역으로 가며 

소멸된다. 이런 복잡한 비선형 과정은 또한 코히런스의 강한 저하를 

동반하며 각 준 모드 잠금영역은 명확한 코히런스 특성을 가지고 있는 

것을 확인하였다. 이러한 경향은 수치해석적 연구와 일치하였으며 이는 

준 모드 잠금 영역의 코히런스 특성이 비선형 roundtrip 당 위상변환의 

축적과 높은 연관성이 있음을 증명한다. 이러한 경향과 웨이브 패킷 

형성 과정은 비정상 분산 영역에서 공진기의 NLP, symbiotic, MS등의 

준 모드 잠금 영역이 솔리톤 상호작용의 정도로 결정된다고 볼 수 있다. 

논문의 두 번째 부분에서는 MS 영역에서 동작하는 비정상 분산 

광섬유 공진기에서의 슈퍼 로그웨이브의 주기적 유도에 대한 분석이다. 

공진기 내에서 일어나는 extreme wave의 형성을 측정하기 위하여 

spatio-temporal 측정방법을 이용하였고, 이를 분석하기 위해 공진기 

내의 펄스들의 생성에 대한 확률분포함수를 히스토그램을 이용하여 

나타내었다. 수 백 개의 솔리톤 펄스들과 분산 펄스들이 복잡한 

상호작용을 하며 비선형역학을 나타내는 MS 영역에서 분산펄스들이 

보강간섭을 일으키며 동기화되어 일반적인 솔리톤의 강도의 10배에 

달하는 extreme wave가 나타나는 현상은 공진기 내의 포화 흡수 

출력을 조절하여 솔리톤 개수를 늘림으로써 솔리톤 밀도를 조절하여 

솔리톤 상호작용이 일어날 확률을 증가시킴으로써 유도할 수 있다. 

확률적으로 일어난 솔리톤 상호작용은 주변 솔리톤들을 불안정하게 

만들며 이는 계속되는 솔리톤 상호작용으로 이어져 분산 파들의 보강 
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간섭 또한 강해지게 된다. 이러한 보상 간섭이 최고점에 달하게 되면 

슈퍼 로그웨이브를 유도하게 되며 빠르게 솔리톤 상호작용이 최소화된 

상태로 돌아간다. 이 현상은 공진기의 변화나 추가적인 외부 조절 없이 

10초 내에서 반복되며 이는 일반적인 파도의 속력을 고려했을 때 백 

년에 한번 정도로 예측할 수 있다. 따라서 대양의 조건이 일정하다고 

가정 했을 때 이러한 슈퍼 로그웨이브가 주기적으로 나타날 수 있음을 

의미한다. 

이 논문에서 실행한 비선형 광섬유 레이저의 준 모드 잠금 영역에 

대한 실험적 분석은 준 모드 잠금 영역에서의 펄스 역학 연구와 

extreme wave 생성에 관한 중요한 기초가 될 것으로 기대되며 광학 

분야뿐만이 아니라 비선형성을 기반으로 하는 다른 영역에서도 중요한 

역할을 할 것으로 기대된다. 

 

주요어: 비선형 광학, 광섬유 레이저, 초단광파, 모드잠금 레이저, 

로그웨이브. 

학  번: 2012-30943 

 

 

 

 

 

 


	Chapter 1 Introduction
	1.1 Overview of fiber optics
	1.2 Overview of quasi-mode-locked fiber laser
	1.3 Motivation.
	1.4 Scope and organization.

	Chapter 2 The shot-to-shot coherence and wave-packet formation in quasi-mode-locked regimes.
	2.1 Experiment setup.
	2.2 Experiment result
	2.3 Discussion.

	Chapter 3 Extreme events and intermittent burst of super rogue wave in quasi-mode-locked regimes of fiber laser
	3.1 Experiment setup.
	3.2 Experiment result
	3.3 Discussion.

	Chapter 4 Conclusion.
	Bibliography.
	한글 초록.


<startpage>12
Chapter 1 Introduction 1
 1.1 Overview of fiber optics 1
 1.2 Overview of quasi-mode-locked fiber laser 17
 1.3 Motivation. 30
 1.4 Scope and organization. 35
Chapter 2 The shot-to-shot coherence and wave-packet formation in quasi-mode-locked regimes. 38
 2.1 Experiment setup. 42
 2.2 Experiment result 46
 2.3 Discussion. 54
Chapter 3 Extreme events and intermittent burst of super rogue wave in quasi-mode-locked regimes of fiber laser 64
 3.1 Experiment setup. 68
 3.2 Experiment result 70
 3.3 Discussion. 77
Chapter 4 Conclusion. 83
Bibliography. 87
한글 초록. 109
</body>

