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This thesis investigates the design and dynamics of high-energy ultrafast fibre lasers, with a 

particular emphasis on Mamyshev oscillators (MOs). Steady-state (SS) and dynamic (Dy) models 

based on rate equations were developed to analyse both the steady-state output and the 

transient evolution of these systems. Through systematic modelling and experimental validation, 

practical strategies were established for optimizing filter separation, gain distribution, and cavity 

architecture, enabling femtosecond pulse generation with energies up to the hundreds of 

nanojoules directly from oscillators. Beyond oscillator optimization, the work extends high-

energy fibre lasers through the integration of advanced fibre technologies. Hollow-core nested 

antiresonant nodeless fibres (NANFs) were implemented both intracavity and extracavity. Within 

the cavity, NANF provided a flexible means of reducing the repetition rate to the megahertz regime, 

yielding more than 20% enhancement in pulse energy. Outside the cavity, they acted as efficient 

delivery channels and linear compressors, achieving stable compression of ~500 nJ MO pulses 

to sub-50 fs durations with ~86% overall efficiency, while avoiding nonlinear spectral distortions. 

These results underline the potential of NANFs as a route toward fully fibre-integrated, high-

energy ultrafast pulse generation and delivery. The thesis also addresses the critical challenge of 

initiating mode-locking in MOs. Using dispersive Fourier transform (DFT), the spectral evolution 

from seed injection to stable mode-locking was directly captured under different initial inversion 

conditions. This approach revealed the pulse buildup dynamics, including the role of gain 

competition and noise evolution, and provided practical guidelines for achieving robust single-

pulse operation. Finally, multicore fibres (MCFs) were explored as a prospective route for further 

pulse energy scaling. By enabling coherent coupling across multiple cores, MCFs offer a 

promising strategy to surpass the limitations of single-core designs while preserving beam quality 

and stability. To sum up, the combination of validated theoretical models, targeted experimental 

demonstrations, and the integration of advanced fibre platforms establishes a comprehensive 

framework for the development of next-generation high-energy ultrafast fibre lasers. The findings 

not only deepen the understanding of Mamyshev oscillators but also chart practical pathways 

toward their deployment in scientific, industrial, and biomedical applications.
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Chapter 1 Introduction 

1.1 Motivation 

The development of ultrafast fibre lasers has long been driven by both frontier science and real-

world applications. Compact and robust femtosecond fibre sources now underpin diverse fields, 

from nonlinear multiphoton microscopy for deep-tissue biological imaging, to precision 

micromachining of brittle and transparent materials, to femtosecond-laser-assisted mass 

spectrometry[1-4]. In all these cases, the decisive advantage of ultrashort pulses lies in their 

ability to deliver high peak intensities with minimal thermal load, enabling interactions and 

processing outcomes that conventional continuous-wave (CW) or nanosecond lasers cannot 

achieve. At the same time, these applications highlight stringent demands on pulse energy, 

duration, and repetition rate. For example, lowering repetition rates helps suppress thermal 

accumulation in micromachining and reduces photodamage also improve imaging depth in 

biomedical imaging, while avoiding space-charge saturation in mass spectrometry[4-7]. 

Typically, high-energy ultrafast fibre lasers are realised through a master oscillator power 

amplifier (MOPA) architecture, combining a femtosecond oscillator with chirped pulse 

amplification (CPA) stages. While this system is stable and mature, gain narrowing limits the 

compressed pulse duration to ~200 fs, and multiple amplification stages are often required to 

reach megawatt-level peak powers, at the cost of increased complexity and reduced robustness. 

The Mamyshev oscillator (MO) offers a breakthrough alternative. By incorporating offset spectral 

filters that act as an artificial saturable absorber with a near-100% effective modulation depth, 

the Mamyshev oscillator enables the direct generation of sub-30 fs, microjoule-level pulses with 

peak powers exceeding 10 MW, approaching or even surpassing the performance of titanium–

sapphire oscillators[8, 9]. This innovation redefines the role of the fibre oscillator, transforming it 

from a seed source into a standalone high-energy femtosecond platform. It also expands the 

scope of ultrafast fibre lasers toward applications that prioritise high peak power over high 

average power, thereby stimulating widespread research interest. 

As a compact high-energy femtosecond source, the MO offers unique advantages but also poses 

design constraints. Nonlinear effects such as self-phase modulation (SPM) and normal 

dispersion are both essential to MO operation and restrictive for its design space, making 

optimisation a delicate balance of competing effects. In contrast, the MOPA framework provides 

greater design flexibility through its amplification stages, where elements such as acousto-optic 

modulators (AOMs) can adjust the repetition rate or tailor the output. It is therefore natural to ask 
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how the compactness and intrinsic high-energy capability of the MO can be combined with the 

versatility of broader fibre laser design strategies. 

Recent advances in fibre technology provide promising routes. A kind of hollow-core fibre (HCF), 

hollow-core nested antiresonant nodeless fibres (NANFs), with their broadband guidance, low 

attenuation, and unique dispersion properties[10], enable intracavity repetition-rate reduction 

and efficient energy extraction, while also offering extracavity benefits for pulse delivery and 

nearly linear compression. This flexibility makes them an attractive platform for adapting 

oscillator design to application-specific requirements. Multicore fibres (MCFs) represent another 

route, enabling coherent combination across multiple cores to scale pulse energy beyond single-

core limits and to generate novel structured beams. In parallel, time-stretched dispersive Fourier 

transform (TS-DFT), also called dispersive Fourier transform (DFT) provides a powerful diagnostic 

tool for probing MO startup dynamics, offering insights that can guide reliable single-pulse 

operation and improved system robustness. 

These considerations motivate the central theme of this thesis: advancing high-energy ultrafast 

fibre lasers through the combined development of MOs, advanced fibre technologies such as 

NANFs and MCFs, and real-time diagnostics of nonlinear dynamics. 

1.2 Outline of thesis 

The thesis is organized as follows: 

Part I (Chapters 1-2): Background and motivation. Chapter 1 states the motivation, frames the 

problem of high-energy ultrafast fibre lasers, and outlines the thesis structure and contributions. 

Chapter 2 provides the background: evolution of laser and fibre-laser technologies, ultrafast 

operation in fibres, mode-locking mechanisms, pulse dynamics, and the development of the MO, 

together with enabling fibre platforms (HCF, MCF). 

Part II (Chapters 3-4): Theory and modelling framework. Chapter 3 develops the theoretical basis 

for ultrafast pulse propagation in fibres and reviews pulse-evolution regimes including solitons, 

dissipative solitons, and similaritons, culminating in the physical mechanism of the Mamyshev 

oscillator as a filtering-based mode-locking scheme characterized by a step-like transmission 

response. Chapter 4 presents the simulation toolkit used throughout the thesis: steady-state (SS) 

and dynamic (Dy) rate-equation models, split-step Fourier propagation, and gain/dispersion 

modelling used to predict operating windows and guide design. 

Part III (Chapters 5-7): High-energy MO design, implementation, and compression. Chapter 5 

reports the 20 MHz MO design and construction, simulation-experiment comparisons, and 

optimization guided by the modelling framework. Chapter 6 shows further investigates intracavity 
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integration of NANF to reduce repetition rate to the ~1 MHz class and to enhance pulse energy, 

establishing a 1 MHz operation within the MO architecture. Chapter 7 demonstrates extracavity 

use of NANF for high-efficiency, flexible, and fidelity-preserving compression of MO pulses, 

together with fibre-based energy delivery. The focus is on linear, low-distortion compression 

performance and system-level efficiency. 

Part IV (Chapters 8-9): Technology reserve and forward directions. Chapter 8 presents DFT-based, 

seed-injected startup studies of the MO, providing initial, real-time observations of pulse buildup 

under controlled initial conditions and informing reliable single-pulse operation. Chapter 9 

explores MCF coupling as a prospective route for coherent scaling and structured-beam 

capabilities, establishing an experimental platform and design considerations for future high-

energy fibre systems.  

Part V (Chapters 10):Chapter 10 concludes the thesis, summarizing the main findings and 

outlining future work, with emphasis on integrating MO, NANF, and MCF technologies and on 

leveraging real-time diagnostics for robust, application-oriented ultrafast sources. 
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Chapter 2 Background 

2.1 Evolution of laser technologies 

The invention of the ruby laser by Theodore Maiman in 1960 marked the beginning of the laser 

era[11], demonstrating the principle of stimulated emission in practice[12]. While ruby lasers are 

now of mainly historical interest, they established the foundation for all subsequent 

developments. The helium-neon (He-Ne) laser followed in 1961[13], offering stable CW emission 

at 632.8 nm and becoming the archetypal “red laser” in laboratories and classrooms before being 

displaced by compact diode lasers[14-17]. By 1964, the neodymium-doped yttrium aluminum 

garnet (Nd:YAG) laser had established itself as a robust solid-state source[18], combining 

efficiency and good beam quality[19, 20] with broad utility in industrial processing and 

medicine[21-24]. In the same year, the carbon dioxide (CO₂) laser provided efficient infrared 

output at 10.6 μm[25] and reached power levels in the tens of kilowatts[26, 27], making it the 

workhorse for heavy-duty materials processing, particularly of non-metals[21, 28-30]. During the 

1970s, excimer lasers emerged as pulsed ultraviolet sources based on rare-gas halide 

compounds[31, 32]. Their short wavelengths proved indispensable in semiconductor lithography 

and also revolutionized refractive eye surgery[33-38]. In parallel, dye lasers introduced the first 

broadly tunable platform[39-41] and enabled picosecond and femtosecond pulse generation[42-

44], but were eventually superseded by titanium-doped sapphire (Ti:sapphire) lasers in the 

1990s[45]. First demonstrated in 1986[46], Ti:sapphire combined solid-state reliability with an 

exceptionally broad gain bandwidth, rapidly establishing itself as the benchmark platform for 

femtosecond pulse generation and enabling pulse durations of only a few femtoseconds[47, 48]. 

It also remains the medium of choice for petawatt-class lasers[49, 50]. Meanwhile, 

semiconductor diode lasers, first demonstrated in the 1960s[51, 52], matured into compact and 

efficient sources. They now dominate in production volume, serve numerous consumer and 

industrial applications, and provide the primary pump source for both solid-state and fibre 

lasers[53-55]. At the frontier of photon science, free-electron lasers (FELs), first demonstrated in 

the late 1970s[56], employ relativistic electron beams in undulators to generate coherent 

radiation across the electromagnetic spectrum, enabling unique applications in structural 

biology and ultrafast magnetization dynamics[57, 58]. Their reliance on kilometer-scale 

accelerators, however, limits them to a handful of international facilities[59].  

The first fibre laser was demonstrated in the early 1960s by Snitzer and colleagues[60-62]. 

Subsequent advances in silica fibre fabrication, driven largely by optical telecommunications, 

improved fibre quality and doping techniques[63-65]. A true turning point then came in the mid-

1980s with the advent of reliable semiconductor diode lasers, which provided an efficient route 
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to optical pumping[66]. Building on these developments, Payne and co-workers highlighted the 

potential of rare-earth-doped fibres, not only as laser gain media but also as highly efficient 

optical amplifiers, culminating in the erbium-doped fibre amplifier that transformed 

telecommunications[67]. At the same time, fibre-based lasers began to establish themselves 

more broadly, benefiting from the intrinsic advantages of the waveguide geometry[68]. The 

introduction of cladding-pumped fibre architectures in the late 1980s provided the first scalable 

route to high powers by allowing multimode pump diodes to efficiently excite single-mode fibre 

cores[69-71]. With the advent of high-brightness pump diodes in the 1990s[72], ytterbium 

emerged as the preferred dopant for power scaling, owing to its low quantum defect, tolerance to 

high doping concentrations, and broad absorption band[73, 74]. These advantages quickly 

established ytterbium-doped fibre lasers (YDFLs) as the leading platform for high-power 

operation. A decisive milestone was reached in 1999 with the demonstration of a single-mode 

YDFL delivering more than 100 W of output[75]. Continued progress in large-mode-area (LMA) 

fibre design, pump technology, and tandem-pumping strategies further extended performance 

into the kW and even 10 kW regime in CW operation[76-79]. Together, these developments firmly 

positioned YDFLs as a robust and effective solution for single-channel high-power lasers. This 

historical trajectory illustrates how successive laser platforms have fulfilled distinct scientific 

and technological needs, leaving enduring legacies in research, industry, and medicine. Within 

this broader landscape, fibre lasers have emerged as a versatile and increasingly important 

technology. They combine excellent beam quality with outstanding efficiency in both optical gain 

and electrical-to-optical conversion. Their all-fibre architecture provides compact and 

alignment-free operation while ensuring effective thermal management, features that distinguish 

them from bulk solid-state lasers. In addition, the waveguide geometry facilitates strong light-

matter interactions, offering a natural platform for nonlinear optics.[68]. These combined 

attributes have established fibre lasers as a uniquely robust and versatile platform in modern 

photonics.  

2.2 Ultrafast lasers 

The historical trajectory of laser development was initially dominated by the pursuit of higher 

average power. CW solid-state and fibre lasers were scaled to the kilowatt level, enabling 

applications in industrial materials processing and telecommunications. Yet it soon became 

clear that average power alone does not grant access to the nonlinear regimes of light-matter 

interaction[80]. Entering these regimes, from nonlinear optics to strong-field physics with high-

harmonic generation as a prominent example, depends critically on peak power, jointly 

determined by pulse energy and duration[81-83]. Ultrafast lasers, or more accurately, ultrafast 

pulse lasers, employ mode-locking techniques to produce pulses with durations in the 
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femtosecond (fs) or picosecond (ps) range, offered a transformative capability. Their extremely 

short temporal widths yield exceptionally high peak powers and enable light-matter interactions 

on timescales comparable to electronic and vibrational dynamics[84]. This combination not only 

drives nonlinear absorption and frequency conversion but also minimizes thermal diffusion, 

allowing high-precision material processing with negligible collateral damage[85]. 

The concept of mode-locking was first demonstrated in 1964 on Nd:glass lasers by Hargrove and 

his colleagues[86]. A decade later, in 1972, dye lasers exploited their broad gain bandwidth to 

reach ~1.5 ps pulses[43]. These early experimental advances were accompanied by significant 

theoretical progress. Kuizenga and Siegman provided the first comprehensive theory of active 

mode-locking, elucidating the distinct roles of amplitude and internal phase modulation in 

establishing phase coherence among longitudinal modes[87, 88] . Their work demonstrated that 

phase modulation alone can support pulse formation in homogeneously broadened lasers, 

challenging the conventional amplitude-gating picture. Building on this foundation, Haus later 

formulated the theory of forced mode-locking, introducing a master-equation approach that 

unified time- and frequency-domain descriptions of mode-locked lasers and paved the way for 

subsequent developments in passive and nonlinear mode-locking regimes [89]. These 

theoretical foundations proved essential for the later transition toward passive mode-locking 

schemes, which ultimately enabled the dramatic pulse-shortening achieved in dye and 

Ti:sapphire lasers. Soon, in 1981, the pulse duration of dye systems was pushed into the 

femtosecond regime[44].  However, dye systems required complex dye circulation and gas-laser 

pumping, which limited their stability and practical use. In the 1980s, Ti:sapphire lasers extended 

this frontier: their ultrabroad gain bandwidth, spanning 660-1180 nm, supported pulses of only a 

few femtoseconds, approaching the optical cycle of visible light[46]. A decisive step came in 1990, 

when Ishida et al. demonstrated passive mode-locking with an intracavity saturable absorber dye, 

producing stable 190 fs pulses[90], and shortly thereafter Sibbett’s group achieved 60 fs pulses 

from a Ti:sapphire laser by Kerr-lens mode locking (KLM) regme[47]. Subsequent improvements 

with intracavity dispersion control and chirped dielectric mirrors pushed pulse durations below 

10 fs by the mid-1990s[91] and to ~5 fs in the early 2000s[48]. Ti:sapphire oscillators rapidly 

became the workhorses of ultrafast laboratories, providing stable femtosecond sources for 

spectroscopy and nonlinear optics[92, 93]. The decisive breakthrough came with CPA in the mid-

1980s[94], a technique later recognized with the 2018 Nobel Prize in Physics. In CPA, an 

ultrashort pulse is first stretched in time to reduce its peak intensity, then safely amplified to high 

energy, and finally recompressed to its original femtosecond duration, enabling the amplification 

of femtosecond pulses to millijoule and joule energies[95, 96]. In combination with Ti:sapphire’s 

broad gain bandwidth, CPA established a technology base that has powered advances ranging 
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from multiphoton microscopy[97] to frequency combs[98, 99], attosecond metrology[100], and 

relativistic plasma physics[101].  

Yet, despite their unrivalled performance, bulk solid-state systems remained bulky, alignment-

sensitive, and thermally limited, restricting their accessibility and hindering deployment beyond 

specialized laboratories[102, 103]. Fibre lasers, by contrast, offer intrinsic benefits for ultrafast 

operation: long interaction lengths enable nonlinear effects such as SPM and four-wave mixing 

(FWM) for pulse shaping and spectral broadening [104, 105], while the high surface-area-to-

volume ratio ensures efficient thermal management at high average powers [106, 107]. These 

attributes allowed YDFLs to emerge as natural successors for high-energy ultrafast light sources. 

The development of pulsed fibre lasers dates back to 1983, when partial mode-locking was first 

observed in a Nd-doped fibre laser[108]. In the following years, improved techniques enabled 

picosecond and even femtosecond pulses from Nd-fibre systems[109, 110]. However, interest in 

ultrafast Nd-doped fibres gradually diminished as other dopants with more favourable properties 

emerged. Ultrafast fibre lasers are now primarily based on four spectral regions: Yb-fibre lasers 

around 1.03 µm, Er-fibre lasers around 1.55 µm, Tm/Ho-fibre lasers around 2 µm, and Er fluoride 

fibre lasers around 3.0 μm. Among these, Yb-fibre systems have become the dominant platform 

for high-energy operation, enabled by the adoption of CPA in MOPA architectures[68]. To date, 

the highest pulse energy from a diffraction-limited monolithic Yb-fibre CPA system is 

approximately 1.7 mJ, as reported by Bingham et al.[111], while the earliest application of CPA in 

fibre systems can be traced back to 1993 in Er-doped fibre[112]. The development of ultrafast 

fibre lasers has been guided not only by the quest for higher performance but also by the need for 

practical utility. In many applications, specific requirements on parameters such as repetition 

rate, spectral bandwidth, pulse duration, and wavelength tunability have motivated tailored 

designs[113]. Nevertheless, the ability to increase output power, pulse energy, and peak power 

remains the central driver, as these ultimately define access to nonlinear and high-field regimes.  

2.3 Key advances in ultrafast fibre lasers 

From a technological perspective, progress in this field has been propelled by three converging 

directions: innovations in mode-locking mechanisms, which enabled stable femtosecond pulse 

generation in fibre configuration; advances in fibre design and fabrication, which provided the 

physical platform for scaling energy and power; and the exploration of new pulse evolution 

regimes, which allowed these systems to overcome fundamental limitations and reach 

unprecedented performance. 
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2.3.1 Mode-locking mechanisms 

The refinement of mode-locking techniques has been central to the progress of ultrafast fibre 

lasers. Early demonstrations relied on active mode-locking with externally driven modulators, but 

the limited modulation bandwidth restricted pulse durations to the hundred-picosecond regime 

[114]. The need for shorter pulses and fully fibre-integrated implementations motivated the 

exploration of passive mode-locking schemes based on the intrinsic optical nonlinearity of fibres. 

In the early 1990s, this effort led to the development of Kerr-effect-based self-starting mode-

locking mechanisms, including additive pulse mode-locking and, more prominently, nonlinear 

polarization rotation (NPR) [115, 116]. The broader framework of nonlinear polarization evolution 

(NPE) exploits intensity-dependent polarization changes induced by the Kerr effect, which are 

converted into effective amplitude modulation by polarizing elements [117]. These mechanisms 

enabled the direct generation of femtosecond pulses from fibre oscillators and supported higher 

pulse energies than those achievable with semiconductor saturable absorbers. However, 

NPR/NPE schemes typically rely on polarization-sensitive and often non-reciprocal elements to 

convert Kerr-induced polarization changes into effective amplitude modulation. As a result, they 

are generally less compatible with polarization-maintaining (PM) fibre architectures and tend to 

exhibit increased sensitivity to environmental perturbations compared to fully PM or absorber-

based mode-locking schemes [118]. To overcome these drawbacks, loop-mirror geometries such 

as nonlinear optical loop mirrors (NOLMs) and nonlinear amplifying loop mirrors (NALMs) were 

developed[119-123]. By replacing free-space polarization optics with fibre interferometers, they 

exploit intensity-dependent phase shifts to achieve passive mode-locking while being inherently 

compatible with PM fibres. In particular, NALMs enhance the nonlinear phase shift (NPS) by 

incorporating a gain segment in the loop, lowering the threshold and improving stability. This 

capability motivated their widespread adoption for environmentally robust ultrafast oscillators, 

especially in industrial and commercial systems. Nevertheless, approaches such as 

incorporating Faraday rotator mirrors [115] or cross-splicing sections of PM fibre [124] have been 

demonstrated to mitigate group-velocity mismatch, which originates from the intrinsic 

birefringence of PM fibres, and thereby make NPE viable in PM fibre configurations. In parallel, 

semiconductor saturable absorber mirrors (SESAMs) provided a compact and user-friendly 

alternative, with engineered modulation depth and recovery times that offered stable, self-

starting femtosecond operation[125]. SESAM-based mode-locking proved indispensable for the 

commercialization of ultrafast fibre lasers, although the relatively low damage threshold of 

semiconductor absorbers limited their use in high-energy systems. More recently, nanomaterial-

based saturable absorbers have expanded the toolbox. Carbon nanotubes (CNTs) allow spectral 

tuning of the absorption band via their diameter and chirality, offering sub-picosecond recovery 

times [126], while graphene provides intrinsically broadband absorption and ultrafast carrier 
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recovery on the order of hundreds of femtoseconds[127]. These materials not only extend mode-

locking to new spectral regions, such as 2 µm Tm/Ho-fibre lasers, but also offer higher damage 

tolerance and ease of integration. Together, these innovations have progressively addressed the 

competing demands of high pulse energy, environmental stability, and operational simplicity, 

thereby establishing a diverse set of mode-locking mechanisms tailored to different ultrafast fibre 

laser platforms. 

2.3.2 Fibre Design and fabrication 

In parallel, The introduction of double-cladding fibres (DCF) in the late 1980s provided the first 

scalable route to high powers by allowing multimode pump diodes to efficiently excite single-

mode doped cores[69]. This geometry enabled brightness enhancement factors of 3-5 orders of 

magnitude from pump to signal[128, 129]. In the field of ultrashort pulses, an all-fibre linearly 

polarized CPA system using ordinary Yb-doped DCF achieved a single pulse energy of up to 112uJ 

and an average power of 440.6W after compression[130, 131]. The development of LMA fibres 

and microstructured designs such as photonic crystal fibres (PCFs) enabled effective mode areas 

of thousands of square micrometres, thereby suppressing nonlinear phase accumulation (B-

integral) and mitigating optical damage, while preserving near-diffraction-limited beam quality. 

These advances allowed femtosecond fibre amplifiers to reach pulse energies beyond 1 mJ[132, 

133]. The same microstructured design philosophy also inspired the first hollow-core PCFs based 

on photonic bandgap guidance, which demonstrated typically transmission losses of ~1 dB/km 

and limited spectral windows[134]. Building on this foundation, HCFs have evolved into hollow-

core NANFs, which combine broad transmission windows with record-low attenuation (~0.01 

dB/km at 1550 nm) [135]. In contrast to photonic bandgap fibres, which offered only narrow 

guidance bands and relatively high loss, HCFs provide lower loss, broader bandwidth, reduced 

bend sensitivity, and structural simplicity, making them attractive candidates for ultrafast fibre 

systems. Gas-filled HCFs, in particular, have become standard tools for nonlinear spectral 

broadening and pulse compression, with millijoule-level pulses compressed to below 5 fs[136]. 

These capabilities have established HCFs as enabling platforms for generating few-cycle driving 

pulses that underpin high-harmonic generation [137]. HCFs extend these capabilities by offering 

improved transmission performance and scalability across wavelength ranges, raising the 

prospect of more efficient energy delivery and pulse manipulation directly within fibre platforms. 

Nevertheless, many challenges remain, like integration with existing fibre architectures, and 

significant research is still required before HCFs can fully realize their potential. MCFs extend 

fibre laser scaling by integrating multiple amplification channels into a single cladding, which 

greatly suppresses relative phase fluctuations compared to arrays of discrete fibres. This 

facilitates coherent beam combining (CBC) with reduced stabilization requirements[138]. Proof-
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of-principle demonstrations have shown phase-locked operation of 7-core fibres[139], while 

more recent rod-type MCF CPA systems have achieved hundreds of watts average power and 

pulse energies of several hundred microjoules in the femtosecond regime[140]. Beyond energy 

scaling through phase-locked combination, MCFs also enable reconfigurable structured light 

generation by controlling the amplitude, phase, and polarization across multiple cores, thus 

offering a route to high-power tailored beams for advanced applications[141]. PM fibres employ 

built-in stress elements to induce strong birefringence, which suppresses coupling between 

orthogonal polarization modes and thereby preserves a well-defined state of polarization along 

the fibre length[142]. For ultrafast fibre lasers, the impact of PM technology has been decisive: it 

eliminates polarization drifts, stabilizes nonlinear mode-locking mechanisms, and enables 

reproducible pulse dynamics. Together with advances in all-fibre splicing, PM fibres allow the 

complete removal of free-space sections, yielding compact, environmentally robust oscillators 

and amplifiers. Commercial PM-fibre-based oscillators can now deliver sub-100 fs pulses with 

μJ-level energies directly from alignment-free cavities. Their reliability and stability have made PM 

fibres indispensable for translating laboratory ultrafast performance into industrial and field-

deployable systems[103]. These advances in fibre design have provided the technological 

foundation that enables modern ultrafast fibre lasers to combine high energy, excellent beam 

quality, and robust operation across diverse application scenarios.  

2.3.3 Pulse evolution regimes 

Beyond advances in mode-locking and fibre design, the study of pulse dynamics in fibre cavities 

uncovered a sequence of ultrafast regimes that fundamentally shaped the development of high-

energy fibre lasers. The earliest demonstrations in the anomalous-dispersion regime gave rise to 

soliton mode-locking, where the balance between group-velocity dispersion (GVD) and SPM 

produced stable femtosecond pulses with the characteristic Kelly sidebands[115, 143, 144]. 

However, the soliton area theorem imposes strict energy limits, and as energy is increased, 

instabilities including breather states and pulse splitting appear. These phenomena have been 

well documented in early observations of breathing solitons and in theoretical analyses of soliton 

stability[145]. To overcome these intrinsic limits, designs exploiting normal dispersion were 

introduced in the early 1990s. The stretched-pulse fibre laser (Tamura et al., 1993) represented 

the first breakthrough, enabling pulse energies of order 1 nJ by allowing periodic broadening and 

recompression inside the cavity[146, 147]. A further advance came with the discovery of self-

similar parabolic pulse evolution (“similaritons”), where pulses propagate with linear chirp and 

remarkable resilience against wave breaking, reaching pulse energies near 10 nJ[148, 149]. The 

decisive shift arrived with the development of all-normal-dispersion (ANDi) cavities supporting 

dissipative solitons, in which spectral filtering, saturable absorption, and gain stabilization broke 
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free from the soliton energy limit[150-152]. This enabled pulse energies beyond 20 nJ directly from 

oscillators, reaching levels comparable to those of standard Ti:sapphire oscillators in terms of 

pulse energy and peak power[153]. These pulses were strongly chirped inside the cavity and 

required external compression to near transform-limited (TL) durations, but they demonstrated 

that fibre oscillators could sustain orders-of-magnitude higher energies than conventional 

soliton lasers. Together, these regimes transformed YDFLs into natural testbeds for positive-

dispersion pulse dynamics. Both soliton-derived and dissipative-soliton oscillators have been 

used as seed sources for CPA, where pulse energies are routinely scaled from the nanojoule level 

to millijoules[132]. Nevertheless, pushing oscillator energies directly into the hundreds of 

nanojoules or even microjoule regime remains especially significant, as it reduces reliance on 

complex multi-stage amplification and enables simpler, more robust ultrafast systems. 

2.3.4 Mamyshev oscillators 

A further breakthrough in the pursuit of high-energy fibre oscillators came with the introduction 

of the MO. The operating principle underlying the MO can be traced back to earlier studies on 

pulse shaping through nonlinear spectral broadening combined with spectral filtering. In 1994, 

Piché demonstrated through mathematical analysis and numerical simulation that the 

combination of self-phase modulation in a nonlinear fibre and offset spectral filtering could lead 

to effective pulse shaping and mode-locking [154]. Building on this concept, P. V. Mamyshev 

introduced in 1998 a regenerator consisting of a nonlinear fibre segment followed by an offset 

bandpass filter, which exhibited strong noise discrimination and pulse reshaping capabilities 

[155]. Although this scheme was originally developed in the context of optical signal regeneration 

in fibre communication systems, it established the physical foundation for what later became 

known as Mamyshev filtering. The extension of Mamyshev filtering to laser cavities enabled a new 

class of passively mode-locked fibre lasers. Early demonstrations of Mamyshev-type filtering in 

fibre cavities date back to 2008 [156], while the first laser implementations delivering nanojoule-

level pulses appeared around 2015 [157]. The practical impact of the concept became widely 

recognized in 2017, when the Cornell group reported an ytterbium-fibre MO producing 

compressed pulses with peak powers exceeding 1 MW [158]. The MO can be regarded as a 

passively mode-locked fibre laser whose effective transmission function mimics that of a 

saturable absorber with nearly step-like characteristics. This behavior provides an exceptionally 

large modulation depth and distinguishes the MO from conventional mode-locking approaches 

such as NPE or SESAMs. While NPE typically offers modulation depths on the order of 70%, the 

effective modulation depth of the MO is significantly higher, enabling much stronger noise 

discrimination and improved tolerance to large nonlinear phase shifts [159]. As a result, 
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compared with other fibre-laser mode-locking schemes, the MO offers distinct advantages for 

generating femtosecond pulses with high peak power. 

An impressive MO was reported by Wright et al. (2017), employing a ytterbium-doped fibre (YDF) 

with a 6-µm core. They obtained ~50 nJ pulses which, after external compression, reached ~40 fs 

duration and nearly 1 MW peak power[158]. This result established the feasibility of the MO as a 

high-energy femtosecond oscillator. Subsequent progress was made by the same group: in 2018, 

Sidorenko, Fu, Wright et al. extended the design to a 10-µm-core fibre, thereby enlarging the mode 

area and relaxing nonlinear phase accumulation. This configuration supported ~190 nJ 

compressed pulses with peak powers up to 3 MW[160]. The study not only confirmed the 

scalability of the MO but also highlighted the adoption of larger mode areas as a straightforward 

route to higher energies. These predictions were soon validated by Liu et al. (2019), who 

implemented an MO based on a 29-µm-core PCF and combined it with a multi-pass cell to extend 

the cavity length and lower the repetition rate. This design overcame pump-power limitations 

while preserving stability, ultimately yielding compressed pulses with ~1 µJ energy and peak 

powers up to 13 MW, the highest reported at the time[8]. Further progress was reported in 2022, 

by Lin et al., who employed a 33-µm-core, high-concentration ytterbium fibre of 0.8 m length to 

deliver compressed pulses with ~1.2 µJ energy while maintaining femtosecond compressibility[9]. 

Due to its energy superiority, the MO structure was quickly extended to other bands. In 2019, 

Olivier et al. demonstrated the first erbium-doped MO in the 1.55 µm telecom band, generating 

pulses with ~31 nJ energy compressible to ~100 fs[161]. More recently, in 2022, Zheng et al. 

reported an all-fibre Er-MO with a low mode-locking threshold, directly delivering sub-90 fs 

pulses[162]. In 2020, Repgen et al. realized the first Tm-fibre MO at 2 µm, generating pulses of 

~3.5 nJ energy, thereby demonstrating the feasibility of mode-locking in MO at longer wavelengths 

despite anomalous-dispersion conditions. In 2024, Wen et al. extended the concept to ~1.7 µm 

using thulium-doped fibre[163].  

The pursuit of all-fibre MOs represents a key step toward practical ultrafast sources, aiming to 

combine the high-energy capability of the MO with the robustness of spliced, alignment-free fibre 

architectures. The first all-fibre implementation of the MO was reported in 2016 by Nikita of Aston 

University, they achieved self-starting via dissipative Faraday instability, This is also the earlist 

MO operating at telecom wavelength[164]. Another work reported in 2017 by Samartsev et al., 

who demonstrated an environmentally stable YDF-based oscillator designed as a seed source for 

high-power ultrafast systems. The cavity, fully spliced and alignment-free, delivered pulses with 

energies up to 15 nJ, compressible to sub-200 fs durations, and exhibited remarkable stability 

against temperature, humidity, vibration, and shock[165]. Although the energy was modest, this 

work established the feasibility of implementing MO in a robust all-fibre format. The first clear 

step toward high-energy femtosecond operation came in 2021, when Wang et al. reported an all-

https://www.nature.com/articles/ncomms12441#auth-Nikita-Tarasov-Aff1-Aff2


Chapter 2 Background 

13 

PM-fibre Yb MO delivering ~83 nJ pulses, compressible to 56 fs with peak powers exceeding 1 

MW[166]. This confirmed that a fully fibre-integrated architecture could sustain hundred-

nanojoule-level femtosecond pulses. In 2022, Haig et al. advanced the design by incorporating 

custom fibre-integrated filters and output couplers, enabling a self-starting all-fibre MO. Their 

oscillator generated ~110 nJ pulses, compressible to 40 fs (~80 nJ after compression), 

corresponding to ~1.5 MW peak power, while operating stably without manual perturbation[167]. 

Further scaling was achieved in 2023, when Wang et al. demonstrated an all-fibre Yb MO 

operating in two regimes. In the high-energy regime, it produced 153 nJ pulses at 9.8 MHz, 

compressible to 73 fs with 122 nJ energy and 1.7 MW peak power. In the high-average-power 

regime, the same oscillator delivered 3.4 W average power at 44 MHz with ~100 fs duration[168]. 

Most recently, in 2025, Yang et al. extended the all-fibre MO concept to the 2 µm band, 

demonstrating a Tm-doped configuration that delivered 0.9 nJ, 309 fs pulses after 

compression[169]. Although the energy remains modest, this result highlights the spectral 

universality of the MO and opens pathways toward mid-infrared applications.  

Another widely studied direction is the starting of the MO. Because the MO employs offset 

spectral filters that approximate a step-like transmission function, it exhibits unusually high 

modulation depth. While this makes it an efficient artificial saturable absorber, it also renders 

self-starting difficult: low-level fluctuations are typically suppressed rather than amplified, unlike 

in conventional mode-locked lasers. Early implementations therefore relied on external seed 

injection, where pulses from a separate laser were coupled into the cavity to initiate mode-

locking. This method proved straightforward and robust, and was widely adopted in both free-

space and all-fibre MOs, but required an external oscillator and manual operation[9, 157, 158]. 

To simplify operation, researchers introduced auxiliary starting arms, typically incorporating a 

saturable absorber mirror (SAM) or a NPE arm, which temporarily reduced the modulation depth 

and facilitated Q-switching [160, 161, 170]. However, these schemes relied on free-space 

components, making them complex, environmentally sensitive, and difficult to maintain.[171].  

Another approach was pump modulation, typically combined with a tunable filter[172]. In this 

scheme, the filter separation is initially kept small, and pump current is modulated to generate 

Q-switched or noisy broadband emission that can evolve into a stable mode-locked state. Once 

mode-locking is established, the filter separation is increased to restore full modulation depth. A 

subsequent improvement removed the need for pump modulation: by setting a larger initial 

overlap between the filter passbands, CW light can pass through both filters and evolve into 

mode-locked pulses under suitable pump power. After stable operation is reached, the filter 

separation is increased to the desired value[173, 174]. Despite their effectiveness, both 

strategies share a practical limitation: because the filters are located within the cavity, the 

method is inconvenient and less suitable for large-scale or industrial applications. 
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The focus on pulse buildup has also motivated the use of DFT techniques to study the pulse 

buildup dynamics in MOs. In 2023, Li et al. employed DFT to study the pulse buildup in a seeded 

MO, revealing that gain competition among multiple injected seed pulses necessitates higher 

pump power for ignition and often results in multipulse operation. They further showed that using 

strongly modulated seed pulses can mitigate this effect and promote clean single-pulse 

starting[175]. In 2025, Xu et al. employed DFT to capture the full buildup sequence, revealing the 

transition from amplified spontaneous emission, through noisy spectral broadening, to the 

establishment of stable femtosecond pulses[176]. Beyond their role as high-energy ultrafast 

sources, MOs have also become valuable platforms for studying nonlinear pulse dynamics. Using 

DFT, researchers have revealed phenomena ranging from soliton ststes to multipulse states and 

chaotic behavior[177-182]. These studies highlight the MO not only as a practical femtosecond 

fibre laser architecture but also as a versatile testbed for exploring coherence and complexity in 

dissipative laser systems. 

With power scaling firmly established, MO have also been extended toward ultrabroadband and 

few-cycle operation. Their combination of high pulse energies and noise-robust filtering enables 

strong nonlinear interactions directly in fibre, without the fragility of bulk systems. In 2020, Ma et 

al. generated octave-spanning spectra in a Yb-fibre MO, approaching the single-cycle limit[183]. 

In 2024, Kang et al. compressed 10 nJ MO pulses to 9.1 fs at 90 MHz, achieving spectral coverage 

from 800-1350 nm[184]. At longer wavelengths, Luo et al. realized intracavity supercontinuum 

generation in an Er-doped MO, spanning 1330-2030 nm without external amplification[185]. 

These results underline the MO’s versatility as a compact fibre platform for few-cycle and 

ultrabroadband sources. Beyond spectral broadening, the MO has also been used to structure 

light in spatial and temporal degrees of freedom. High-energy MOs have directly produced 

femtosecond cylindrical vector beams and optical vortices with megawatt peak powers, offering 

compact routes to vectorial light for advanced imaging and micromachining[186, 187]. In parallel, 

multimode implementations have enabled spatiotemporal mode-locking (STML). In 2022, Cao et 

al. demonstrated self-starting STML using Mamyshev regenerators in a multimode fibre (MMF) 

cavity[188], while in 2024 Liu et al. reported an all-fibre Er/Yb multimode MO delivering ~171 nJ, 

30 kW spatiotemporal solitons[189]. These advances highlight the MO not only as a high-energy 

femtosecond source, but also as a versatile platform for generating structured and high-

dimensional light fields. 

2.4 Conclusion 

This chapter has traced the evolution of laser science from its origins in the ruby and helium-neon 

lasers to the diverse families of gas, dye, solid-state, semiconductor, and fibre lasers. Particular 

emphasis was placed on the progression from CW operation toward ultrafast sources, 
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highlighting how innovations in mode-locking transformed lasers into powerful tools for exploring 

nonlinear and strong-field physics. Building on this, the discussion turned to the rise of fibre 

lasers, which combine rare-earth-doped gain with the thermal and guiding advantages of the fibre 

geometry. The development of cladding-pumped designs, LMA fibres, and advanced 

architectures such as MCFs and HCFs established fibre lasers as the most scalable and practical 

high-power laser platform. In parallel, the exploration of pulse dynamics, including soliton, 

dissipative soliton and self-similar regimes, provided pathways to overcome intrinsic energy 

limits. Within this landscape, the MO has emerged as a pivotal architecture. By combining 

spectral broadening with offset filtering, it enables pulse energies in the 100-nJ to µJ range directly 

from fibre oscillators, while offering robust self-starting and compatibility with all-fibre 

integration. Recent demonstrations have extended the concept across multiple wavelength 

bands, explored its initiation and dynamical behaviour, and applied it to few-cycle pulse 

generation, supercontinuum, and structured beams. 

In summary, these developments converge on the central theme of this thesis: the realization of 

high-energy ultrafast YDFLs. Among the various platforms, Yb-fibre combines high quantum 

efficiency, broad gain bandwidth, and operation in the normal-dispersion regime, making it 

uniquely suited for advancing ultrafast performance. The following chapters build directly on this 

foundation, focusing on ytterbium-fibre systems as both practical femtosecond sources and 

experimental platforms for exploring nonlinear light-matter interactions. 
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Chapter 3 Background theory 

3.1 Introduction 

Ultrafast fibre lasers have emerged as indispensable tools in both fundamental science and 

industrial applications owing to their compact geometry, high efficiency, and exceptional pulse 

quality. Among the rare-earth doped fibres, ytterbium (Yb³⁺) stands out as the most widely used 

gain medium because of its simple energy-level structure, broad gain bandwidth, high quantum 

efficiency. These features make Yb-doped fibre lasers particularly suitable for generating high-

energy femtosecond pulses, which are essential for applications such as precision material 

processing, biomedical imaging, and nonlinear optics.  

To establish a foundation for the experimental and numerical studies presented in later chapters, 

this chapter provides a systematic overview of the physical principles underpinning Yb-doped 

ultrafast fibre lasers. We begin by introducing the gain dynamics through a four-level rate-

equation model, which can be reduced to an effective two-level system under typical operating 

conditions. This framework enables the description of population inversion, gain saturation, and 

the steady-state solutions relevant to practical amplifiers and oscillators. Next, we discuss the 

role of dispersion and nonlinear optical effects in fibres, which govern the propagation, shaping, 

and stability of ultrashort pulses. Particular attention is given to GVD, higher-order dispersion, 

and key nonlinear processes such as SPM and self-steepening. Building on this background, the 

mode-locking mechanisms are reviewed, including soliton, breathing soliton, dissipative soliton 

formation, similariton, and the specific case of the MO. These mechanisms highlight the intricate 

balance of gain, dispersion, and nonlinearity that enables stable ultrafast pulse generation. 

Finally, the technique of DFT is introduced as a powerful real-time diagnostic method. By 

mapping optical spectra into the temporal domain, DFT allows single-shot spectral 

measurements with high resolution and has become an essential tool for studying transient 

dynamics in mode-locked fibre lasers. 

Overall, this chapter establishes the theoretical background required for understanding and 

analysing the subsequent experimental investigations of ultrafast fibre lasers and amplifiers. 

3.2 Gain dynamics in Yb-doped fibres 

Rare-earth ion Yb³⁺ is widely employed in high-power and ultrafast fibre lasers due to its relatively 

simple energy-level structure and broad absorption and emission bands. As illustrated in Fig. (a), 

the manifold of 𝐹𝐹7 2⁄
2  (ground-state multiplet) and 𝐹𝐹5 2⁄

2  (excited-state multiplet) is split into 

several Stark sublevels in a glass host. Upon optical pumping, ions are excited to the higher Stark 
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sublevels of 𝐹𝐹5 2⁄
2 , and then rapidly relax nonradiatively via phonon-assisted transitions to the 

lowest sublevel of this manifold within a picosecond to nanosecond timescale. This lowest 

sublevel acts as the upper laser level. Similarly, radiative transitions terminate on an excited 

sublevel of 𝐹𝐹7 2⁄
2 , which also undergoes ultrafast relaxation back to the ground state. 

 

Figure 3.1  Energy-level structure and effective four-level model of Yb³⁺ ions in glass hosts. (a) 

Stark-split manifolds of the ground 𝐹𝐹7 2⁄
2  and excited 𝐹𝐹5 2⁄

2  states. (b) Simplified 

four-level scheme used for rate-equation modeling: level 0 is the ground state, level 

1 the lower laser level, level 2 the upper laser level, and level 3 the pump level. Pump 

absorption occurs at 0→3, followed by ultrafast nonradiative relaxation into level 2. 

Stimulated emission 2→1 and signal absorption 1→2 form the laser transition. 

Because the populations of levels 3 and 1 decay on timescales much shorter than 

the upper-state lifetime, they can be adiabatically eliminated, reducing the system to 

an effective two-level model (𝑁𝑁0 and 𝑁𝑁2). This effective model provides the basis for 

the subsequent derivation of the rate equations and the gain expression. 

The Yb³⁺ gain medium can be represented by four levels, as in Fig. (b): level 0 is the ground state; 

level 1 is the lower laser level within the 𝐹𝐹7 2⁄
2  manifold; level 2 is the upper laser level (lowest 

Stark sublevel of 𝐹𝐹5 2⁄
2 ; level 3 is a pump level in the 𝐹𝐹5 2⁄

2  manifold. Pump stimulated 

absorption from 0→3 occurs at the rate 𝑊𝑊03. Population in level 3 decays rapidly either radiatively 

to 0 at spontaneous emission rate 𝐴𝐴30 or nonradiatively at rates 𝑆𝑆30 and 𝑆𝑆32. The laser transition 

is 2↔1: stimulated emission 2→1 proceeds at rate 𝑊𝑊21, while signal-induced absorption 1→2 

proceeds at rate 𝑆𝑆21. In addition, level-2 undergoes spontaneous emission to level-1 at rate 𝐴𝐴21, 

and the level-1 population relaxes to level-0 at rate 𝑆𝑆10 or back to level-2 at 𝑆𝑆12. In typical Yb-

doped glasses the nonradiative relaxations 𝑆𝑆32 and 𝑆𝑆10 are picosecond/ nanosecond processes, 

whereas the upper-state fluorescence lifetime is milliseconds. Consequently, levels 3 and 1 do 

not provide significant population storage: 𝑁𝑁3 is negligible, and 𝑁𝑁1 rapidly returns to level 0. All 

ions pumped from level 0 are effectively transferred to the upper laser level 2. Eliminating the fast 
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variables yields an effective two-level scheme with only 𝑁𝑁0 (ground) and 𝑁𝑁2 (upper) retained. the 

temporal evolution of the populations (𝑁𝑁0 and 𝑁𝑁2) can be written as: 

 �
𝑑𝑑𝑁𝑁2
𝑑𝑑𝑑𝑑

= 𝑊𝑊03𝑁𝑁0 − (𝑊𝑊21 + 𝐴𝐴21 + 𝑆𝑆21)𝑁𝑁2
𝑁𝑁0 + 𝑁𝑁2 = 𝑁𝑁𝑇𝑇

 (3-1) 

where 𝑁𝑁𝑇𝑇  is the total dopant concentration. 

At steady state (𝑑𝑑𝑁𝑁2 𝑑𝑑𝑑𝑑⁄ = 0), and substituting 𝑁𝑁0 = 𝑁𝑁𝑇𝑇 − 𝑁𝑁2, the inversion becomes： 

 𝑁𝑁2 = 𝑁𝑁𝑇𝑇
𝑊𝑊03

𝑊𝑊03 + 𝑊𝑊21 + 𝐴𝐴21 + 𝑆𝑆21
 . (3-2) 

It is convenient to express the transition rates via the absorption and emission cross sections 𝜎𝜎 

and the photon flux densities 𝜙𝜙 = 𝑃𝑃 (𝐴𝐴ℎ𝜐𝜐)⁄ , where 𝑃𝑃 is the optical power at the pump or signal 

wavelength, 𝐴𝐴 is the effective cross-sectional area of the optical mode within the doped region 

and 𝜐𝜐 is the optical frequency. The pump and signal transition rates are written as： 

 𝑊𝑊03 = 𝜎𝜎𝑎𝑎,𝑝𝑝𝜙𝜙𝑝𝑝,    𝑊𝑊21 = 𝜎𝜎𝑒𝑒,𝑠𝑠𝜙𝜙𝑠𝑠, (3-3) 

where 𝜎𝜎𝑎𝑎,𝑝𝑝 is the pump absorption cross section and 𝜎𝜎𝑒𝑒,𝑠𝑠 is the stimulated emission cross section 

at the signal wavelength. The upper-state fluorescence lifetime can be defined as 𝜏𝜏𝑓𝑓 ≈

1 (𝐴𝐴21 + 𝑆𝑆21)⁄ . Substituting these relations, the fractional inversion is obtained as 

 
𝑁𝑁2
𝑁𝑁𝑇𝑇

=
𝜎𝜎𝑎𝑎,𝑝𝑝𝜙𝜙𝑝𝑝

𝜎𝜎𝑎𝑎,𝑝𝑝𝜙𝜙𝑝𝑝 + 𝜎𝜎𝑒𝑒,𝑠𝑠𝜙𝜙𝑠𝑠 + 1 𝜏𝜏𝑓𝑓⁄  . (3-4) 

The net gain coefficient at the signal wavelength is determined by the balance of stimulated 

emission and reabsorption: 

 𝑔𝑔 = 𝜎𝜎𝑒𝑒,𝑠𝑠𝑁𝑁2 − 𝜎𝜎𝑎𝑎,𝑠𝑠𝑁𝑁0 = 𝑁𝑁𝑇𝑇 �𝜎𝜎𝑒𝑒,𝑠𝑠
𝑁𝑁2
𝑁𝑁𝑇𝑇
− 𝜎𝜎𝑎𝑎,𝑠𝑠 �1 − 𝑁𝑁2

𝑁𝑁𝑇𝑇
��, (3-5) 

where 𝜎𝜎𝑎𝑎,𝑠𝑠 denotes the signal absorption cross section. 

3.3 Dispersion and nonlinear effects 

The propagation of ultrashort pulses in optical fibres is governed by the interplay between 

dispersion and nonlinear effects. Dispersion arises from the frequency dependence of the 

refractive index and leads to temporal broadening or compression, depending on its sign and 

order. Nonlinear effects originate from the intensity dependence of the refractive index and from 

delayed molecular responses of the medium, giving rise to phenomena such as SPM, stimulated 

Raman scattering (SRS), and self-steepening. In realistic fibre systems, these effects act 
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simultaneously; their relative impact is determined by pulse duration, peak power, fibre length, 

and the dispersion profile. Understanding these mechanisms is essential for modeling and 

optimizing the spectral and temporal evolution of pulses in MOs and related ultrafast fibre laser 

architectures. 

3.3.1 Dispersion 

When a pulse propagates in a dispersive medium, different frequency components travel at 

different group velocities. The propagation constant 𝛽𝛽(𝜔𝜔) can be expanded as a Taylor series 

around the carrier frequency 𝜔𝜔0: 

 𝛽𝛽(𝜔𝜔) = 𝛽𝛽0 + 𝛽𝛽1(𝜔𝜔 − 𝜔𝜔0) +
𝛽𝛽2
2!

(𝜔𝜔 −𝜔𝜔0)2 +
𝛽𝛽3
3!

(𝜔𝜔 − 𝜔𝜔0)3 + ⋯ (3-6) 

Here, 𝛽𝛽1 is the inverse of the group velocity, 𝛽𝛽2 is the GVD parameter, and 𝛽𝛽3 represents third-

order dispersion (TOD). For broadband ultrashort pulses, higher-order terms can become non-

negligible. 

Chromatic dispersion is the combined effect of material dispersion and waveguide dispersion. In 

silica fibres, material dispersion arises from the wavelength-dependent refractive index of silica 

(and is influenced by dopants), whereas waveguide dispersion is governed by the guiding 

geometry. The commonly used dispersion parameter is: 

 𝐷𝐷(𝜆𝜆) = −
2𝜋𝜋𝑐𝑐
𝜆𝜆2

𝛽𝛽2(𝜆𝜆) (3-7) 

typically reported in ps/(nm·km). In the normal-dispersion regime (𝛽𝛽2 > 0), longer wavelengths 

travel faster; in the anomalous regime (𝛽𝛽2 < 0), the opposite occurs. 

Material dispersion can be well approximated using the Sellmeier model. Using the standard 

three-term Sellmeier coefficients for fused silica, 𝐷𝐷(𝜆𝜆) over 800-1600 nm is readily computed 

[190] (see Fig. 2.1). Around the Yb emission band (∼1000-1100 nm), fused-silica material 

dispersion lies in the normal-dispersion region. Waveguide dispersion depends on the fibre 

design (e.g., core radius 𝑎𝑎, index contrast ∆, refractive-index profile) and can be engineered to be 

positive or negative, enabling dispersion-shifted, dispersion-compensating, or dispersion-

flattened fibres. 
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Figure 3.2  Chromatic dispersion D(λ) of fused silica computed from the three-term Sellmeier 

model over 800-1600 nm. The Yb band lies in the normal-dispersion region. 

When the pulse spectral span is large, especially near the zero-dispersion wavelength, third-

order dispersion (𝛽𝛽3) becomes important. TOD introduces asymmetric temporal and spectral 

distortions (pre-/post-pulses and oscillations). During pulse compression, imperfect TOD 

compensation limits the attainable pulse quality even when GVD is well managed. Therefore, 

broadband compression typically requires careful dispersion management across orders, and 

including 𝛽𝛽3 in simulations is necessary to faithfully model ultrashort, broadband pulses. 

3.3.2 Self phase modulation 

SPM arises from the instantaneous Kerr nonlinearity of the fibre medium, in which the refractive 

index depends on the optical intensity: 

 𝑛𝑛(𝐼𝐼) = 𝑛𝑛0 + 𝑛𝑛2𝐼𝐼 (3-8) 

This effect induces a time-dependent phase shift 𝜙𝜙𝑁𝑁𝑁𝑁(𝑡𝑡) = 𝛾𝛾𝛾𝛾(𝑡𝑡)𝐿𝐿𝑒𝑒𝑒𝑒𝑒𝑒 , where 𝛾𝛾 is the nonlinear 

coefficient, 𝑃𝑃(𝑡𝑡)  is the instantaneous power, and 𝐿𝐿𝑒𝑒𝑒𝑒𝑒𝑒  is the effective interaction length. The 

corresponding instantaneous frequency change 𝛿𝛿𝛿𝛿(𝑡𝑡) = −𝜕𝜕𝜙𝜙𝑁𝑁𝑁𝑁 𝜕𝜕𝜕𝜕⁄  yields spectral broadening 

that is ideally symmetric about the carrier. Both the shape and chirp state of the initial pulse affect 

SPM broadening. Super-Gaussian pulses and Gaussian pulsess, exhibit multi-peak structures, 

but most of their energy remains within the central peak in Super-Gaussian pulses. Positive pre-

chirp tends to smooth spectral oscillations, whereas sufficiently negative pre-chirp may lead to 

partial spectral narrowing. In ultrafast fibre lasers, SPM is often the dominant mechanism for 

bandwidth generation, and the resulting chirp can be partially or fully compensated to produce 

shorter pulses. 
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3.3.3 Stimulated Raman scattering 

In addition to the instantaneous electronic response, silica fibres exhibit a delayed nonlinear 

response associated with molecular vibrations, known as the Raman response. When the optical 

peak power is sufficiently high, the delayed Raman response can lead to SRS, in which energy is 

transferred from higher to lower frequencies within the pulse. For ultrashort pulses, this 

manifests as an asymmetric broadening of the optical spectrum toward longer wavelengths, 

often referred to as the intrapulse Raman self-frequency shift. In practice, SRS acts alongside 

other nonlinear effects such as SPM and self-steepening; its qualitative role is to bias otherwise 

symmetric broadening toward longer wavelengths 

3.3.4 Self-steepening  

The self-steepening effect arises from the intensity dependence of the group velocity and 

becomes significant when the pulse duration approaches a few optical cycles or the spectral 

bandwidth is large. The self-steepening effect derives its name from the fact that it makes the 

pulse trailing edge steeper. The most obvious characteristic of the self-steepening effect is the 

asymmetric broadening of the spectrum: manifested in a stronger redshift peak than a blueshift 

peak and a wider spectral broadening at the blue end. While usually secondary to SPM in fibres, 

self-steepening can imprint fine high-frequency features and a blue-side spectral bias, especially 

when combined with higher-order dispersion and Raman effects. 

3.4 Pulse evolution regimes  

The evolution of mode-locking strategies in ultrafast fibre lasers can be viewed as a progressive 

response to two overarching demands: increasing the extractable pulse energy and maintaining 

stability under high nonlinearity. Early designs operated in the soliton regime within all-

anomalous-dispersion cavities, where the interplay between GVD and SPM produced pulses 

close to the fundamental soliton solution of the nonlinear Schrödinger equation (NLSE). While 

such “average solitons” offered TL durations and simple implementation, their pulse energy was 

strictly constrained by the soliton area theorem, and NPS beyond 𝜋𝜋 triggered soliton fission or 

resonant dispersive wave emission. To relax this limitation, dispersion mapping was introduced, 

alternating segments of normal and anomalous dispersion so that the pulse “breathed” in 

duration and bandwidth within each round trip. This stretched-pulse or dispersion-managed-

soliton regime reduced the average peak power, allowing larger B-integral (≳2𝜋𝜋) and energies in 

the multi-nanojoule range while preserving compressibility to near-transform limits. A major 

advance was the introduction of ANDi cavities supporting dissipative solitons. In this regime, the 

interplay of SPM with normal GVD is counterbalanced by spectral filtering, saturable absorption, 
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and the finite gain bandwidth, leading to the formation of strongly chirped pulses inside the cavity. 

The resulting broad temporal width lowers the peak power for a given pulse energy, which allows 

the system to tolerate NPS exceeding 10π and to support pulse energies in the tens of nanojoules. 

In parallel, the self-similar evolution (similariton) regime emerged, particularly in fibre segments 

with distributed gain, where pulses evolve toward a parabolic intensity profile with linear 

frequency sweep. This attractor state allows wave-breaking-free spectral broadening and high-

energy operation and is often combined with dissipative soliton shaping for further performance 

gains. Building on these developments, the Mamyshev oscillator implements a filtering-based 

mode-locking mechanism using two offset bandpass filters separated by a nonlinear spectral 

broadening in the gain fibre. Only pulses whose spectra have been sufficiently broadened can 

pass to the next filter, providing an effective saturable absorber without recovery-time or 

modulation-depth limitations. This architecture supports NPS exceeding 20𝜋𝜋 and pulse energies 

in the 100-nJ to microjoule range, with external compression to sub-100-fs durations. As such, 

the MO  represents the current state-of-the-art in energy-scalable mode-locked fibre oscillators, 

combining the broadening capacity of high-nonlinearity stages with the selectivity of spectral 

filtering to achieve both stability and performance. 

From a theoretical perspective, the pulse evolution regimes discussed in this section are 

commonly described using different classes of evolution models, depending on the relative roles 

of dispersion, nonlinearity, gain, loss, and spectral filtering. Conservative regimes are typically 

captured by the NLSE, which in its simplest form can be written as 

 𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

= −
𝛼𝛼
2
𝐴𝐴 + 𝑖𝑖

𝛽𝛽2
2
𝜕𝜕2𝐴𝐴
𝜕𝜕𝑡𝑡2

+ 𝑖𝑖𝑖𝑖|𝐴𝐴|2𝐴𝐴 (3-9) 

where 𝐴𝐴 is the slowly varying pulse envelope, 𝛽𝛽2is the group-velocity dispersion coefficient, and 

𝛾𝛾 is the Kerr nonlinearity. NLSE governs soliton and dispersion-managed soliton dynamics. When 

gain, loss, and spectral filtering are included, the dynamics can be described by dissipative 

extensions such as the complex Ginzburg–Landau equation (CGLE), which admits dissipative 

soliton and self-similar solutions. Strongly filtered systems such as the MO are more naturally 

described using cavity map models, in which nonlinear propagation governed by the the 

generalized nonlinear Schrödinger equation (GNLSE) is combined with discrete gain and filtering 

operators. The detailed numerical framework adopted in this thesis is introduced in Chapter 4. 

3.4.1 Soliton 

The soliton regime occurs in all-anomalous-dispersion cavities where pulse dynamics are well 

described by the conservative NLSE. The stationary solution is the fundamental soliton with a 

sech2 temporal profile as:  
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 𝐼𝐼(𝑡𝑡) = 𝐼𝐼0𝑠𝑠𝑠𝑠𝑠𝑠ℎ2(𝑡𝑡/𝑇𝑇0) (3-10) 

where, 𝑇𝑇0 is the pulse width, and nearly flat instantaneous frequency (minimal chirp). Its 

existence is governed by the soliton order  

 𝑁𝑁2 =
𝛾𝛾𝑃𝑃0𝑇𝑇02

|𝛽𝛽2|  (3-11) 

with 𝑁𝑁 = 1 for the fundamental state; higher 𝑁𝑁 values produce periodic breathing and, under 

perturbations, soliton fission. The corresponding “area” relation for energy, 

 𝐸𝐸 =
2|𝛽𝛽2|
𝛾𝛾𝑇𝑇0

 (3-12) 

illustrates the intrinsic energy-duration-dispersion scaling and the limited energy headroom of 

conservative solitons. 

Figure 3.3 and Figure 3.4 illustrate the intrinsic relationship between pulse energy, duration, and 

dispersion, as well as the characteristic temporal-spectral evolution of a soliton fibre laser. In the 

fundamental soliton regime, the cavity operates with net anomalous dispersion, and the local 

dispersion along the propagation path remains constant and negative. Under these conditions, 

the effects of GVD are exactly balanced by SPM, leading to a stationary pulse in both temporal 

and spectral domains. As shown in Figure 3.3, the pulse duration remains constant throughout 

the cavity, reflecting this balance, while the local dispersion curve indicates a uniform anomalous 

dispersion environment. Figure 3.4 presents a numerical example of such a cavity, where the 

temporal and spectral envelopes are preserved over successive round trips, highlighting the 

stability and invariance of soliton operation. 

In practice, the maximum tolerable NPS (𝐵𝐵-integral) is on the order of 𝜋𝜋. Beyond this, resonant 

dispersive waves or wave breaking appear, particularly when higher-order dispersion (e.g., 𝛽𝛽3) 

introduces asymmetry. While soliton lasers are valued for simplicity and TL output, their strict 

energy ceiling motivated the search for dispersion management strategies. 
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Figure 3.3  Schematic of local dispersion (green) and pulse duration (red) evolution in a 

fundamental soliton fibre laser. The local dispersion remains constant and 

anomalous along the cavity, enabling a fixed pulse duration through the balance of 

GVD and SPM. 

 

Figure 3.4  Numerical illustration of temporal and spectral evolution in a soliton regime[191]. 

Both envelopes remain invariant over successive round trips, characteristic of a 

conservative soliton solution.  

3.4.2 Dispersion-managed soliton 

Dispersion-managed solitons (DMS) arise in fibre laser cavities where the local dispersion 

alternates periodically between anomalous and normal segments, forming a dispersion map with 

near-zero net dispersion over one period. This periodic alternation causes the pulse to breathe in 
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both temporal duration and spectral bandwidth during each round trip, yet return to its initial 

shape after a full map period. The breathing reduces the peak power over a significant fraction of 

the cavity, enabling larger nonlinear phase accumulation (𝐵𝐵 ≳ 2𝜋𝜋) and thus higher pulse energies 

than stationary solitons, while maintaining good compressibility at the output. The dynamics can 

be interpreted via an “average soliton” model with modified effective dispersion and nonlinearity. 

Stable operation requires careful control of the map strength and segment lengths: excessive 

stretching suppresses nonlinear interaction, while insufficient stretching risks wave breaking. In 

practice, higher-order dispersion (𝛽𝛽3) and finite gain bandwidth further influence stability and 

compressibility. Typical DMS systems produce few-nJ pulses that can be externally compressed 

to sub-100-fs durations. 

Figure 3.5 and Figure 3.6 show the dispersion map and pulse evolution for a DMS fibre laser. As 

depicted in Figure 3.5, the local dispersion (green) alternates between anomalous and normal 

segments, while the pulse duration (red) breathes periodically within each dispersion period. 

Figure 3.6 presents a numerical example of temporal and spectral breathing dynamics. The 

reduced peak power over most of the cavity length allows for larger nonlinear phase 

accumulation before instability, enabling higher pulse energies than stationary solitons while 

maintaining good compressibility at the output. 

 

Figure 3.5  Schematic of local dispersion (green) and pulse duration (red) evolution in a DMS 

fibre laser. The local dispersion alternates between anomalous and normal 

segments, producing periodic breathing in temporal width. 
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Figure 3.6  Numerical illustration of pulse evolution in a DMS regime[191]. Temporal and 

spectral breathing over each dispersion period reduces peak power for most of the 

cavity, allowing larger nonlinear phase accumulation before instability.  

3.4.3 Dissipative soliton 

Dissipative solitons form in fibre laser cavities with net-normal dispersion, where the combined 

action of SPM, normal GVD, spectral filtering, saturable absorption, and finite gain bandwidth 

produces stable attractor solutions of the CGLE. Unlike conservative solitons, which are nearly 

TL in-cavity, dissipative solitons are strongly chirped during propagation. This chirp, together with 

their broad temporal width, keeps the peak power relatively low for a given pulse energy, allowing 

tolerance to accumulated NPS well beyond 10𝜋𝜋. As a result, dissipative solitons can achieve 

pulse energies an order of magnitude higher than those in soliton or DMS regimes, while 

maintaining stable single-pulse operation and robustness to environmental perturbations.  

In a typical dissipative soliton cavity, SPM and normal GVD act together to broaden the spectrum, 

while the spectral filter truncates and reshapes it. The saturable absorber and gain bandwidth 

define the energy and amplitude stability, ensuring that the pulse evolves toward a self-

consistent attractor each round trip. The resulting spectra are often near-rectangular with steep 

edges determined by the filter passband, and the in-cavity pulses remain highly chirped. External 

compression can then yield clean, high-quality pulses in the 50-200 fs range. However, the flat-
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topped spectra may introduce residual sidelobes upon compression, which can be mitigated by 

spectral apodization or higher-order dispersion compensation. Apart from dissipative solitons, 

ANDi cavities can also sustain self-similar pulse evolution, known as the similariton regime, 

which is discussed in the following section. 

Figure 3.7 and Figure 3.8 illustrate the dispersion profile and pulse evolution in a dissipative 

soliton fibre laser. As shown in Figure 3.7, the cavity exhibits a net-normal dispersion profile, and 

the pulse maintains a relatively broad temporal width within the fibre segments, limiting peak 

power for a given energy. The apparent narrowing of the pulse in the middle of the map is caused 

by the spectral filter located at the output position, which reduces the pulse width before it is re-

injected into the cavity. Figure 3.8 presents a numerical example of the temporal and spectral 

evolution, showing the characteristic strong in-cavity chirp and near-rectangular spectrum 

associated with the dissipative soliton regime. 

 

Figure 3.7  Schematic of local dispersion (green) and pulse duration (red) evolution in a 

dissipative soliton fibre laser operating in an ANDi cavity. Gain, spectral filtering, and 

SPM collectively shape the pulse toward a strongly chirped steady state. 
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Figure 3.8  Numerical illustration of pulse evolution in a dissipative soliton regime[191]. The 

pulse remains broad and strongly chirped in fibre segments, with narrowing occurring 

at the intracavity filter before re-amplification.  

3.4.4 Self-similar (Similariton) 

In addition to dissipative solitons, ANDi cavities can also support self-similar pulse evolution. 

Similaritons arise in normally dispersive fibre segments under strong nonlinear phase 

accumulation, typically in the presence of distributed gain (amplifier similariton). They evolve 

toward a parabolic temporal intensity profile with a linear frequency chirp, which represents an 

attractor solution of the governing equations. This self-similar evolution enables wave-breaking-

free spectral broadening and supports high pulse energies without compromising stability. In an 

amplifier similariton, the pulse duration, bandwidth, and chirp scale monotonically with 

propagation distance. In oscillator implementations, a narrowband filter is often placed within 

the cavity to truncate the spectrum and reset the pulse for the next round trip. When embedded 

in ANDi cavities, similariton dynamics can be combined with dissipative shaping to suppress 

multi-pulsing and CW breakthrough. In this regime, the tolerance to NPS can match or exceed 

that of dissipative solitons, provided that gain distribution and dispersion are appropriately 

matched. 
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Figure 3.9 shows a numerical example in which both temporal and spectral profiles broaden 

steadily in the gain segment, approaching the self-similar attractor before being reshaped by 

intracavity elements for the next round trip. 

 

Figure 3.9  Numerical illustration of pulse evolution in a similariton regime[191]. Temporal and 

spectral profiles broaden monotonically in the gain segment, approaching the self-

similar attractor before being reset by intracavity shaping elements.  

3.4.5 Mamyshev oscillator 

A MO employs offset spectral filtering between two bandpass filters whose passbands are 

separated by several nanometers. Between the filters, a length of gain fibre induces strong SPM-

driven spectral broadening. Only pulses with sufficient peak power to broaden across the filter 

offset can pass to the next stage, while low-intensity background and CW components are 

rejected. This spectral gating mechanism functions as an artificial saturable absorber with a near-

100% effective modulation depth and no recovery time, since both Kerr-induced spectral 

broadening and spectral filtering are instantaneous on the timescale of the pulse. As a result, it 

avoids the limitations associated with finite modulation depth and saturation fluence in material-

based absorbers. In contrast to soliton-like attractors described by the complex Ginzburg–

Landau equation, the Mamyshev oscillator operates as a strongly dissipative system dominated 

by highly selective, filter-induced spectral losses. Its steady states are therefore less universal 
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but exhibit exceptional robustness for energy scaling. This mechanism enables the cavity to 

sustain extremely large NPS (𝐵𝐵 > 20𝜋𝜋) and pulse energies in the 100-nJ to μJ range. Intra-cavity 

pulses are strongly chirped and exhibit flat-topped spectra due to filter truncation, allowing 

external compression to durations below 100 fs. MOs thus represent the current state-of-the-art 

in energy-scalable mode-locked fibre lasers, combining the large-broadening capacity of high-

nonlinearity gain segments with the selectivity of spectral filtering to achieve both stability and 

high performance. 

Figure 3.10 presents a numerical simulation of intracavity propagation between the two offset 

filters, highlighting the monotonic temporal and spectral broadening within the gain fibre, 

followed by abrupt spectral narrowing at the filter due to the step-like spectral filtering. 

 

 

Figure 3.10  Temporal and spectral evolution in a MO, obtained from numerical simulation of 

propagation between two offset spectral filters. (a) Simulated temporal intensity 
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evolution over one filter-to-filter segment. (b) Full-width at half-maximum (FWHM) 

pulse duration versus normalized propagation distance, showing monotonic 

broadening in the gain fibre followed by abrupt narrowing at the filter. (c) Simulated 

spectral evolution over the same segment, illustrating strong SPM-induced 

broadening. (d) 10-dB spectral bandwidth versus normalized propagation distance, 

with sudden reduction at the filter due to the step-like spectral gating. 

3.4.6 Technology Comparison 

Comparing MO with other similar fibre laser technologies can more intuitively demonstrate its 

technical characteristics. Here, MO technology will be compared with other oscillator 

technologies and laser amplification technologies in multiple dimensions. 

Table 3.1  performance summary of SMF-based ytterbium-doped fibre oscillators for 

different pulse evolutions. 

Pulse Evolution Nonlinear Phase 
Typical 

Performance 
Best Performance 

Soliton ∼0 0.1 nJ, 300 fs 0.5 nJ, 100 fs 

Dispersion-managed 

soliton 
0 − π 1 nJ, 100 fs up to 3 nJ, down to 50 fs 

Passive similariton 2π − 10π 6 nJ, 150 fs 15 nJ, 100 fs 

Dissipative soliton 2π − 10π 6 nJ, 150 fs 
up to 20 nJ, down to 70 

fs 

Amplifier similariton 4π − 10π 3 nJ, 70 fs up to 8 nJ, 40 fs 

MO 

>60π 

(in simulation: > 

140π) 

 

experiment: 50 nJ, 40 fs 

(in simulation: >190 nJ, 

<20 fs) 

The Table 3.1, from ref [179], demonstrates the superior performance of the MO oscillator in the 

field of fibre optic oscillators. It can tolerate nonlinear phase shifts several times greater than 

other oscillators, thus achieving the highest pulse energy, the shortest pulse width and also 

highest peak power with consistent fibre core diameter. Therefore, the MO is comparable in 

performance to fibre lasers with pulse amplifiers. Table 3.2 lists the widely used ultrashort pulse 

amplification techniques in fibre media and, to my knowledge, the best results in terms of peak 

power, comparing them with the results from MO. The most mature technique, CPA, benefits 

from advantages in gain fibre, primarily in the size of the effective mode field area, enabling it to 
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achieve the highest output power and peak power of a single fibre to date. CPA is a linear 

amplification technique, and the output pulse spectrum is limited by the gain narrowing effect, 

resulting in pulse durations often in the hundreds of femtoseconds. Pre-chirp managed 

amplification, as a nonlinear amplification technique, can generate pulses in the hundreds of 

femtoseconds range. Another recently emerging nonlinear amplification technique, gain-

managed amplification, can achieve pulses as short as sub-50 fs. From the results, MO is similar 

to gain-managed amplification, capable of producing pulses as short as sub-50 fs, and the 

highest peak power achieved so far is also close to 10-20 MW. Overall, MO still lags behind the 

best amplification results, but compared to nonlinear amplification techniques, this gap is not 

insurmountable; further design optimizations in fibre optics are expected to narrow this gap. 

Based on this, MO, as a simple oscillator, becomes particularly unique and structurally simple. 

Table 3.2 Performance summary of different ytterbium-doped fibre amplifications and MO. 

Pulse Evolution Best Performance 
Gain fibre used in 

Main ampflifer  

Number of 

amfplifier stages 

CPA[133] 2.2 mJ, 480 fs, 3.8GW 

An Yb-doped Large-

Pitch PCF with a core 

diameter of 108 µm 

and an affective MFD 

of 105 µm 

4 

Pre-chirp managed 

amplification[192] 
27μJ, 172 fs, 113MW 

An Yb-doped LMA-

PCF with a core 

diameter of 40 µm 

5 

Gain-managed 

amplification[193] 
2.7μJ, 76 fs, 28MW 

An Yb-doped PCF with 

core/cladding 

diameter of 40/200 

μm 

3 

MO[9] 1.2uJ, 58fs, 13MW 

An in-house 

fabricated step-index 

YDF with a large core 

diameter of ∼33 µm 

0 

3.5 Dispersive Fourier transform 

The DFT is a real-time spectroscopic technique that maps the optical spectrum of an ultrashort 

pulse into a temporal waveform via GVD. As illustrated in Figure 3.11, when a broadband pulse 
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propagates through a highly dispersive medium, different spectral components acquire distinct 

group delays, leading to a temporally stretched output pulse whose intensity profile reproduces 

the input spectrum. Under the temporal Fraunhofer approximation, written as 𝑡𝑡02 ≪ |2𝛽𝛽2𝑧𝑧| where 

𝑡𝑡0 is the pulse duration, this frequency-to-time mapping becomes linear, and the general relation 

between time 𝑇𝑇 and angular frequency 𝜔𝜔 is 

 𝑇𝑇(𝜔𝜔) = �
𝛽𝛽𝑚𝑚𝑧𝑧

(𝑚𝑚 − 1)!
𝜔𝜔𝑚𝑚−1

∞

𝑚𝑚=2

 (3-13) 

where 𝛽𝛽𝑚𝑚 are the 𝑚𝑚-th order dispersion coefficients and 𝑧𝑧 is the propagation length. In the ideal 

case where higher-order dispersion terms (𝑚𝑚 > 3) are negligible, this relation reduces to the 

second-order form 𝑇𝑇(𝜔𝜔) ≈ 𝛽𝛽2𝑧𝑧𝑧𝑧. 

 

Figure 3.11  Principle of DFT measurements[194]. A broadband ultrashort pulse undergoes linear 

propagation in a highly dispersive fibre, where different spectral components 

experience distinct group delays. This frequency-to-time mapping enables direct 

reconstruction of the optical spectrum from the temporally stretched pulse intensity 

waveform, provided the temporal Fraunhofer approximation is satisfied. 

Following the basic principle of frequency-to-time mapping, the performance of a DFT system is 

ultimately determined by a set of interdependent parameters that link the optical source, 

dispersive medium, and detection system. Specifically, the spectral resolution, scan rate, and 

number of data points acquired per spectrum are closely related. The scan rate 𝑅𝑅 is simply the 

repetition rate of the laser pulses. When a pulse is stretched by GVD, the mapping between 

wavelength and time is described by Δ𝜏𝜏 = |𝐷𝐷|𝑧𝑧Δ𝜆𝜆, where Δ𝜆𝜆 is the optical bandwidth, 𝐷𝐷 is the 

GVD per unit length (in 𝑝𝑝𝑝𝑝 ∙ 𝑛𝑛𝑛𝑛−1 ∙ 𝑘𝑘𝑘𝑘−1), and Δ𝜏𝜏 is the temporal span of the mapped spectrum. 

To avoid temporal overlap between adjacent stretched pulses, Δ𝜏𝜏 must remain smaller than 𝑅𝑅−1. 

The number of sampled points in the time-stretched waveform is given by 𝑁𝑁 = 𝑓𝑓Δ𝜏𝜏 = 𝑓𝑓|𝐷𝐷|𝑧𝑧Δ𝜆𝜆, 

where 𝑓𝑓  is the sampling rate of the digitizer. The achievable spectral resolution is limited by 

several factors: the digitizer sampling rate, yielding 𝛿𝛿𝛿𝛿𝑑𝑑𝑑𝑑𝑑𝑑 = (𝑓𝑓|𝐷𝐷|𝑧𝑧)−1; the analog bandwidth 𝐵𝐵 of 

the detection system, giving 𝛿𝛿𝛿𝛿𝑑𝑑𝑑𝑑𝑑𝑑 = (𝐵𝐵|𝐷𝐷|𝑧𝑧)−1; and the GVD itself, which imposes a far-field-

equivalent limit 𝛿𝛿𝛿𝛿𝐺𝐺𝐺𝐺𝐺𝐺 = 𝜆𝜆0�2 (𝑐𝑐|𝐷𝐷|𝑧𝑧)⁄ , where 𝜆𝜆0 is the center wavelength and 𝑐𝑐 is the speed of 
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light. In practice, the overall spectral resolution is determined by the most restrictive among 

these limits. While this analysis assumes that 𝛽𝛽2 dominates, higher-order dispersion terms (𝛽𝛽3, 

𝛽𝛽4, ⋯) can distort the frequency-to-time mapping, particularly for broadband ultrashort pulses or 

extremely large dispersion. Such terms break the strict linear wavelength-time relation, leading 

to spectral warping and asymmetric stretching, most pronounced at the spectral edges. These 

effects can be mitigated by careful selection of dispersive media, such as dispersion-

compensating fibre or chirped fibre Bragg gratings, and by operating within the temporal far-field 

regime so that higher-order terms remain negligible compared to 𝛽𝛽2. 

Owing to its simplicity and ability to acquire spectra at the laser repetition rate, the DFT has 

become an indispensable tool in ultrafast laser research. In real-time measurements, 

consecutive stretched pulses are detected by a high-speed photodiode and digitized for direct 

single-shot spectral retrieval, enabling statistical analysis of shot-to-shot variations. In the field 

of ultrashort pulse lasers, this capability has enabled real-time observation of mode-locking 

startup and noise evolution, tracking of soliton interactions and breathing dynamics, monitoring 

of multi-pulsing transitions, measurement of spectral broadening in nonlinear fibres and chirped-

pulse amplification systems, and single-shot detection of rare phenomena such as soliton 

explosions and optical rogue waves. 

3.6 Conclusion 

In this chapter, we have developed the theoretical framework necessary for the study of Yb-doped 

ultrafast fibre lasers. The gain dynamics were first described using a four-level rate-equation 

model, which was simplified into an effective two-level system under the assumption of fast 

relaxation of pump and lower-laser levels. This treatment enabled the derivation of steady-state 

population inversion and gain expressions, providing the foundation for amplifier and oscillator 

modelling.  

The propagation of femtosecond pulses in fibres was examined, with emphasis on the interplay 

between dispersion and nonlinear effects that dictates pulse evolution. The inclusion of both 

second- and higher-order dispersion, together with SPM and related nonlinear processes, forms 

the basis for understanding pulse broadening, compression, and spectral shaping. Subsequently, 

the mechanisms of mode-locking were reviewed, with emphasis on soliton, breathing, and 

dissipative regimes. The MO was introduced as a representative example of dissipative mode-

locking, illustrating how strong spectral filtering combined with nonlinear broadening can 

stabilise ultrashort pulses. Finally, we introduced the concept of DFT, a real-time diagnostic 

technique that provides unprecedented access to the transient and stochastic behaviour of 

ultrafast lasers. Together, these elements establish the physical principles that underpin the 
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experimental and numerical investigations presented in later chapters. By combining gain 

dynamics, nonlinear fibre optics, mode-locking mechanisms, and advanced diagnostics, we are 

equipped with a comprehensive framework to understand and control the operation of Yb-doped 

ultrafast fibre systems. 
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Chapter 4 Numerical simulation of ultrafast pulses in 

fibres 

4.1 Introduction 

The simulation of ultrafast pulse propagation in fibre laser systems requires accurate modeling 

of dispersion, nonlinearity, and gain. This chapter establishes the numerical framework used 

throughout this thesis, focusing on solving the GNLSE and incorporating both SS and Dy gain 

models for rare-earth-doped fibres. Two numerical solvers are implemented to handle the 

nonlinear propagation: the split-step Fourier method (SSFM), which treats linear and nonlinear 

effects in alternating domains, and the fourth-order Runge-Kutta (RK4) method, which enables 

more accurate integration of the nonlinear operator and longitudinally varying effects such as 

gain or Raman response. The appropriate solver is selected based on simulation demands for 

precision or efficiency. Special emphasis is placed on modeling the gain dynamics in YDFs, which 

play a central role in pulse amplification and MO operation. A SS model is first introduced, where 

the upper-state population is calculated directly from time-averaged pump and signal powers, 

allowing fast estimation of the gain profile with minimal computation. To address situations 

where gain recovery and depletion vary within and between pulses, a Dy gain model is developed, 

which solves the time-dependent rate equations in tandem with pulse propagation. A modular 

simulation structure is employed, allowing for flexible construction of full cavity models from 

independently defined components. The two gain models are compared in terms of accuracy and 

computational load, using test cases at different repetition rates. The final section provides a 

unified set of simulation parameters used in later chapters, including dispersion, nonlinearity, 

and gain fibre specifications. 

4.2 Background: the GNLSE and common numerical solvers   

4.2.1 The generalized nonlinear Schrödinger equation   

To accurately simulate ultrashort pulse evolution in fibre-based systems, a comprehensive 

physical model is required to describe the effects of dispersion, nonlinearity, and optical gain. 

These effects collectively govern the temporal and spectral dynamics of femtosecond pulses, 

especially under high peak power and broad bandwidth conditions. 

In particular, the propagation of an ultrashort pulse in an optical fibre is governed by the GNLSE, 

which accounts for the combined effects of dispersion, Kerr nonlinearity, Raman scattering, and 

fibre loss. The GNLSE in the time domain is expressed as[105]: 
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Here, 𝐴𝐴 is the slowly varying envelope of the pulse and 𝛼𝛼 represents the linear loss. The second 

term on the right-hand side is the dispersion term. 𝛽𝛽𝑘𝑘 is the 𝑘𝑘th-order dispersion coefficient. It is 

usually enough to consider high to third order dispersion for most conditions. The last three terms 

correspond to SPM, self-steepening and Raman effects. This equation is expressed in a retarded 

time frame defined by: 𝑇𝑇 = 𝑡𝑡 − 𝑧𝑧 𝑣𝑣𝑔𝑔⁄ , where 𝑣𝑣𝑔𝑔 = 1 𝛽𝛽1⁄  is the group velocity. The nonlinear 

coefficient 𝛾𝛾 = 𝑛𝑛2𝜔𝜔0
𝐴𝐴𝑒𝑒𝑒𝑒𝑒𝑒

, where the nonlinear-index coefficient 𝑛𝑛2  is set to 2.1 × 10−20𝑚𝑚2 𝑊𝑊⁄  for a  

silica fibre,  𝜔𝜔0  is the centre optical frequency and the 𝐴𝐴𝑒𝑒𝑒𝑒𝑒𝑒  is the effective core area. Raman 

effect related 𝑇𝑇𝑅𝑅 is defined as[105]: 
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The response function 𝑅𝑅(𝑡𝑡)  consists of an instantaneous electronic response and a delayed 

Raman response:  𝑅𝑅(𝑡𝑡) =  (1 − 𝑓𝑓𝑅𝑅)𝛿𝛿(𝑡𝑡) + 𝑓𝑓𝑅𝑅ℎ𝑅𝑅(𝑡𝑡), where 𝑓𝑓𝑅𝑅 denotes the fractional contribution 

of the delayed Raman. Based on experimental measurements, 𝑓𝑓𝑅𝑅 ≈ 0.18 for silica fibres. A widely 

used analytic form of ℎ𝑅𝑅(𝑡𝑡) is [105]: 

 ℎ𝑅𝑅(𝑡𝑡) =
𝜏𝜏12 + 𝜏𝜏22

𝜏𝜏1𝜏𝜏22
𝑒𝑒−𝑡𝑡 𝜏𝜏2⁄ 𝑠𝑠𝑠𝑠𝑠𝑠(−𝑡𝑡 𝜏𝜏1⁄ ), 𝑡𝑡 ≥ 0 (4-3) 

with 𝜏𝜏1 = 12.2𝑓𝑓𝑓𝑓 and 𝜏𝜏2 = 32𝑓𝑓𝑓𝑓. 

The above equation can be used to model the pulse evolution in passive fibres (PFs). To model 

pulse evolution in gain fibres, a position- and frequency- dependent gain term is added: 
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The four-level system can be used to describe the 𝑔𝑔(𝑧𝑧,𝜔𝜔) of YDF as: 

 𝑔𝑔(𝑧𝑧,𝜔𝜔) =
𝜎𝜎𝑒𝑒(𝜔𝜔)𝛥𝛥𝛥𝛥(𝑧𝑧) − 𝜎𝜎𝑎𝑎(𝜔𝜔)�𝑁𝑁 − 𝛥𝛥𝛥𝛥(𝑧𝑧)�

2
 (4-5) 

Here, 𝜎𝜎𝑎𝑎(𝜔𝜔)  and 𝜎𝜎𝑒𝑒(𝜔𝜔) are absorption cross section and emission cross section, respectively, 

as shown in Figure 4.1. 𝛥𝛥𝛥𝛥 is the population difference between upper and lower energy levels. 

Since the relaxation times are very short in the four-energy level system, it can be simplified that 

the sum of the ion numbers of these two energy levels is the total number of doped ions 𝑁𝑁. Here, 

the value of 𝑁𝑁 is set to 5 × 1025/𝑚𝑚3 
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Figure 4.1  Absorption (blue curve) and emission (red curve) section spectrum of Yb-doped fibre. 

4.2.2 Split-step Fourier and Runge-Kutta methods 

4.2.2.1 Split-Step Fourier Method 

The SSFM is a widely used numerical scheme for solving the GNLSE. It exploits the fact that 

dispersion and nonlinearity act independently over short propagation steps. The total evolution 

over one step Δz is approximated by sequentially applying the linear (dispersive) and nonlinear 

operators: 

 𝐴𝐴(𝑧𝑧 + ∆𝑧𝑧,𝑇𝑇) ≈ 𝑒𝑒𝑒𝑒𝑒𝑒 �𝐷𝐷� ∙
∆𝑧𝑧
2
� exp (𝑁𝑁� ∙ ∆𝑧𝑧)𝑒𝑒𝑒𝑒𝑒𝑒 �𝐷𝐷� ∙

∆𝑧𝑧
2
�𝐴𝐴(𝑧𝑧,𝑇𝑇) (4-6) 

Here, 𝐷𝐷�  represents the linear dispersion operator, including dispersions, loss and gain, and is 

applied in the frequency domain via finite-Fourier-transfrom (FFT). The nonlinear operator 𝑁𝑁� is 

applied in the time domain and includes SPM, self-steepening, and Raman effects. 

The implementation steps are: 

1. Transform 𝐴𝐴(𝑧𝑧,𝑇𝑇) to the frequency domain to apply the linear operator 𝑒𝑒𝑒𝑒𝑒𝑒 �𝐷𝐷� ∙ ∆𝑧𝑧
2
�. 

2. Transform back to the time domain and apply the nonlinear operator 𝑁𝑁� over ∆𝑧𝑧. 

3. Transform to frequency domain again and apply 𝑒𝑒𝑒𝑒𝑒𝑒 �𝐷𝐷� ∙ ∆𝑧𝑧
2
� to complete the step. 

This symmetric form ensures second-order accuracy. SSFM is computationally efficient and 

suitable for long-distance steady-state simulations, but its accuracy diminishes in highly 

nonlinear or strongly coupled systems. 

4.2.2.2 Runge-Kutta Method 

The RK4 method is a widely used numerical integrator for solving ordinary differential equations 

with high accuracy. In the context of ultrafast pulse simulation, RK4 provides a robust and flexible 

framework for computing nonlinear evolution in the GNLSE, particularly when combined with the 
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split-step method. The classical RK4 method is a widely used algorithm for numerically solving 

ordinary differential equations of the form 

 𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

= 𝑓𝑓(𝑧𝑧,𝑦𝑦) (4-7) 

over discrete steps of size ∆𝑧𝑧. Within each step, the RK4 procedure proceeds as follows: 

1. Compute the first estimate of the slope: 

 𝑘𝑘1 = ∆𝑧𝑧 ∙ 𝑓𝑓(𝑧𝑧,𝑦𝑦)
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

= 𝑓𝑓(𝑧𝑧,𝑦𝑦) (4-8) 

2. Estimate at the midpoint using 𝑘𝑘1: 

 𝑘𝑘2 = ∆𝑧𝑧 ∙ 𝑓𝑓 �𝑧𝑧 +
∆𝑧𝑧
2

,𝑦𝑦 +
𝑘𝑘1
2
� (4-9) 

3. Repeat midpoint evaluation with 𝑘𝑘2: 

 𝑘𝑘3 = ∆𝑧𝑧 ∙ 𝑓𝑓 �𝑧𝑧 +
∆𝑧𝑧
2

,𝑦𝑦 +
𝑘𝑘2
2
� (4-10) 

4. Estimate the slope at the endpoint using 𝑘𝑘3: 

 𝑘𝑘4 = ∆𝑧𝑧 ∙ 𝑓𝑓(𝑧𝑧 + ∆𝑧𝑧,𝑦𝑦 + 𝑘𝑘3) (4-11) 

5. Update the solution: 

 𝑦𝑦(𝑧𝑧 + ∆𝑧𝑧) = 𝑦𝑦(𝑧𝑧) +
1
6

(𝑘𝑘1 + 2𝑘𝑘2 + 2𝑘𝑘3 + 𝑘𝑘4) (4-12) 

In this study, the RK4 method is employed for two main purposes: 1. Nonlinear Operator 

Evaluation: Within each split-step interval, the linear and nonlinear effects are separated. The 

linear dispersive terms are evaluated in the frequency domain, while the nonlinear terms, 

including SPM, self-steepening, Raman scattering, and gain, are treated in the time domain using 

the RK4 scheme. 2. Pump Power Evolution: A standard RK4 routine is employed to solve a set of 

coupled differential equations describing the longitudinal evolution of pump and signal powers 

along the fibre. These equations are governed by the local population inversion 𝛥𝛥𝛥𝛥(𝑧𝑧), which 

itself depends on both pump and signal intensities. This approach enables accurate modeling of 

the spatially varying gain profile in active fibres such as Yb-doped fibre amplifiers. 

The RK4 method provides fourth-order accuracy, with global error scaling as 𝒪𝒪(∆𝑧𝑧4). It offers a 

good balance between accuracy and computational efficiency. RK4 is explicit and stable for a 

wide range of step sizes, making it suitable for nonlinear systems with spatially varying 

parameters. 
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4.3 Modeling strategies for pulse evolution 

4.3.1 Steady-state gain modelling and numerical implementation 

4.3.1.1 Physical model and assumptions 

In fibre-based amplification and resonant cavity systems, the evolution of the optical field is 

governed by the interaction between dispersion, Kerr nonlinearity, and optical gain. The latter is 

determined by the population inversion of the active medium, which depends on the balance 

between pump-induced excitation and signal-induced depletion. In this work, the gain medium 

is described using a SS gain approximation, which assumes that the population inversion adjusts 

quasi-instantaneously to the locally averaged optical intensities. This approximation is well 

justified under stable operating conditions, including CW amplification, quasi-CW pumping of 

pulsed systems, and mode-locked fibre cavities operating near steady state. In such regimes, the 

upper-state lifetime 𝜏𝜏  is typically orders of magnitude longer than the optical pulse duration, 

while remaining short compared to the timescale over which average pump and signal powers 

vary along the fibre. The main assumptions of the SS gain model used throughout this thesis are 

summarized as follows: 

1. scalar model: All quantities depend only on the propagation coordinate 𝑧𝑧. Radial dependence 

of the optical modes and spatial hole burning effects are neglected. The polarization is 

ignored. Mode overlap is incorporated through a constant confinement factor Γ. 

2. Steady-state population inversion: The population inversion is described by a time-averaged 

equilibrium value Δ𝑁𝑁(𝑧𝑧), rather than time-resolved carrier dynamics within individual pulses.  

3. Equivalent average-power treatment of pulsed signals: For pulsed operation, the effect of the 

signal on the inversion is approximated by its local average power or spectral energy density, 

avoiding explicit resolution of ultrafast gain depletion and recovery during each pulse. 

4. No dynamic gain transients: Gain recovery, relaxation oscillations, and Q-switching-like 

dynamics are not explicitly modeled. These effects may become relevant during startup 

transients or strong perturbations but are outside the scope of the present SS framework. 

5. Uniform dopant distribution and fixed material parameters: The total dopant density 𝑁𝑁, 

emission and absorption cross-sections 𝜎𝜎𝑒𝑒(𝜔𝜔) , 𝜎𝜎𝑎𝑎(𝜔𝜔) , and upper-state lifetime 𝜏𝜏  are 

assumed constant along the fibre. 

Within these assumptions, the SS gain model provides a computationally efficient yet physically 

consistent description of energy exchange between pump, signal, and the gain medium. 
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4.3.1.2 Steady-state population inversion 

We denote the populations of the upper and lower laser levels by 𝑁𝑁𝐸𝐸(𝑧𝑧) and 𝑁𝑁𝐺𝐺(𝑧𝑧), respectively, 

such that the total dopant density satisfies 

 𝑁𝑁 = 𝑁𝑁𝐸𝐸(𝑧𝑧) +𝑁𝑁𝐺𝐺(𝑧𝑧). (4-13) 

The population inversion is defined as 

 𝛥𝛥𝛥𝛥(𝑧𝑧) = 𝑁𝑁𝐸𝐸(𝑧𝑧) −𝑁𝑁𝐺𝐺(𝑧𝑧). (4-14) 

Under steady-state conditions, the rate equations for the two-level system admit a closed-form 

solution for 𝛥𝛥𝛥𝛥(𝑧𝑧) , obtained by balancing stimulated absorption, stimulated emission, and 

spontaneous decay. Using the notation introduced in Chapter 3, the inversion at position 𝑧𝑧 can 

be written as 

 𝛥𝛥𝛥𝛥(𝑧𝑧) =
∑ Γ𝜎𝜎𝑎𝑎(𝜔𝜔𝑖𝑖)𝐼𝐼(𝑧𝑧,𝜔𝜔𝑖𝑖)/ℏ𝜔𝜔𝑖𝑖𝑖𝑖

∑ Γ�𝜎𝜎𝑎𝑎(𝜔𝜔𝑖𝑖) + 𝜎𝜎𝑒𝑒(𝜔𝜔𝑖𝑖)�𝐼𝐼(𝑧𝑧,𝜔𝜔𝑖𝑖)
ℏ𝜔𝜔𝑖𝑖

+ 1 𝜏𝜏⁄𝑖𝑖

 (4-15) 

where 𝐼𝐼(𝑧𝑧,𝜔𝜔𝑖𝑖)  represents the local optical intensity (or spectral intensity) at frequency 𝜔𝜔𝑖𝑖 , 

including contributions from both pump and signal fields. The summation index 𝑖𝑖 runs over all 

discrete spectral components included in the numerical model. This expression yields the local 

equilibrium inversion corresponding to the instantaneous average optical intensities at position 

𝑧𝑧. Importantly, no temporal derivatives appear in Eq. (4-15), reflecting the steady-state nature of 

the approximation. 

4.3.1.3 Gain spectrum and coupling to field propagation 

Once 𝛥𝛥𝛥𝛥(𝑧𝑧) is obtained, the frequency-dependent gain coefficient is calculated as 

 𝑔𝑔(𝑧𝑧,𝜔𝜔) = Γ{𝜎𝜎𝑒𝑒(𝜔𝜔)𝛥𝛥𝛥𝛥(𝑧𝑧) − 𝜎𝜎𝑎𝑎(𝜔𝜔)[𝑁𝑁 − 𝛥𝛥𝛥𝛥(𝑧𝑧)]} (4-16) 

This gain spectrum enters the linear operator of the field propagation equation and determines 

the amplification or attenuation of each spectral component. In this work, the optical field 

envelope 𝐴𝐴(𝑧𝑧, 𝑡𝑡)  is propagated using the GNLSE, solved numerically by the SSFM. The linear 

operator includes dispersion up to the required order and the gain term 𝑔𝑔(𝑧𝑧,𝜔𝜔) , while the 

nonlinear operator accounts for Kerr nonlinearity and, where relevant, self-steepening. The 

spectral bandwidth considered in this thesis typically exceeds several tens of nanometers 

(corresponding to pulse durations in the few-tens-of-femtoseconds regime), which necessitates 

inclusion of higher-order dispersion terms beyond 𝛽𝛽2, as well as self-steepening effects. These 
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contributions become non-negligible when the pulse bandwidth approaches a significant 

fraction of the carrier frequency or spans regions of rapidly varying dispersion. 

4.3.1.4 Numerical implementation and cavity algorithm 

 

Figure 4.2  Flowchart of the resonant cavity simulation under the steady-state gain 

approximation. Each active fibre segment is solved using the SSFM with locally 

updated dispersion, nonlinearity, and gain operators. The population inversion 

Δ𝑁𝑁(𝑧𝑧) is computed at each spatial step. The round-trip loop continues until 

convergence or a predefined iteration count is reached. 

The complete resonant cavity simulation is implemented using a modular round-trip propagation 

framework, as schematically illustrated in Figure 4.2. Each optical component in the cavity, 

including active fibres, PFs, filters, and couplers, is treated as an independent module and 

sequentially applied in a round-trip loop. The algorithm proceeds as follows: 

1. Initialization: The optical field 𝐴𝐴(𝑧𝑧 = 0, 𝑡𝑡), pump power 𝑃𝑃𝑝𝑝(𝑧𝑧 = 0), and signal power 𝑃𝑃𝑠𝑠(𝑧𝑧 =

0)are initialized. The spatial coordinate is set to 𝑧𝑧 = 0, and the round-trip counter is 

initialized. 
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2. Active fibre propagation: For each active fibre segment, the field is propagated along the fibre 

length using the SSFM. At each spatial step Δ𝑧𝑧: The local pump and signal powers 𝑃𝑃𝑝𝑝(𝑧𝑧) and 

𝑃𝑃𝑠𝑠(𝑧𝑧) are first updated. Based on these values, the population inversion Δ𝑁𝑁(𝑧𝑧) is computed 

using Eq. (4-15) , and the corresponding gain spectrum 𝑔𝑔(𝑧𝑧,𝜔𝜔) is evaluated using Eq. (4-16). 

Subsequently, the linear operator, including dispersion and gain, and the nonlinear operator 

are applied sequentially to update the field envelope 𝐴𝐴(𝑧𝑧, 𝑡𝑡). 

3. Passive components: For PFs and other passive elements, the same SSFM framework is 

used, but gain-related calculations are omitted. Only dispersion and nonlinear effects are 

applied. 

4. Round-trip update: After the field traverses all cavity components, the round-trip index is 

incremented, and the output field 𝐴𝐴(𝑡𝑡, 𝐿𝐿) is fed back as the input for the next round trip. 

5. Termination criterion: The simulation continues until either a predefined number of round 

trips is reached or a steady state is achieved, defined by convergence of output energy, 

spectral shape, or temporal waveform. 

The subroutine responsible for computing Δ𝑁𝑁(𝑧𝑧)and 𝑔𝑔(𝑧𝑧,𝜔𝜔)at each spatial step is detailed in 

Figure 4.3. 

 

Figure 4.3  Subroutine for computing the local steady-state population inversion and gain 

spectrum. The inversion Δ𝑁𝑁(𝑧𝑧)is obtained from the steady-state solution of the rate 

equations using local pump and signal powers, and subsequently used to calculate 

the frequency-dependent gain coefficient 𝑔𝑔(𝑧𝑧,𝜔𝜔). 

4.3.1.5 Limitations and outlook toward advanced modelling 

While the SS gain approximation enables efficient simulation of complex resonant cavities, it 

inherently neglects spatial and temporal gain dynamics. A more complete description would 

require solving the full time-dependent rate equations, potentially coupled to transverse mode 

dynamics, leading to spatio-temporal or even spatio-spectral models. Such approaches, while 

more accurate during transients or strong perturbations, are computationally demanding and 
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often impractical for long cavity simulations involving hundreds or thousands of round trips. 

Alternative numerical strategies include reduced-order models, adaptive time-scale separation 

methods, or hybrid schemes in which dynamic gain is resolved only during critical phases (e.g., 

startup or perturbation events). In this context, data-driven or AI-assisted approaches may play a 

supporting role, for example by accelerating parameter sweeps, identifying attractor states, or 

learning surrogate models that approximate gain dynamics without explicitly solving the full rate 

equations. However, such methods should be regarded as complementary tools rather than 

replacements for physically grounded modelling. 

4.3.2 Dynamic gain modelling and numerical implementation 

4.3.2.1 Motivation and scope of the dynamic gain model 

While the SS gain approximation provides an efficient description of energy exchange under near-

equilibrium conditions, it inherently neglects the temporal evolution of the population inversion. 

This limitation becomes critical in systems where strong gain depletion, significant recovery 

between pulses, or non-equilibrium operation play an essential role, such as during startup 

dynamics, low-repetition-rate operation, or perturbative studies of resonant cavities. To address 

these effects, we implement a Dy gain model, in which the evolution of the upper-state 

population is explicitly tracked over successive round trips. The Dy model retains the modular 

cavity structure and field propagation framework used in the SS approach, but replaces the static 

inversion profile with a round-trip–resolved population dynamics model based on the rate 

equations. The key idea is to decouple the ultrafast signal-induced gain depletion, occurring on 

the timescale of the optical pulse, from the slow pump-induced gain recovery, occurring over the 

inter-pulse interval. This separation is justified by the large disparity between the pulse duration 

(fs–ps) and the repetition period (ns–µs) under CW pumping. 

4.3.2.2 Definition of population inversion variables 

In the Dy gain model, the evolution of the gain medium within each round trip is described by 

explicitly separating signal-induced depletion and pump-induced recovery of the population 

inversion. To this end, three inversion-related quantities are introduced at each spatial position 

𝑧𝑧. The initial inversion Δ𝑁𝑁𝑖𝑖(𝑧𝑧)is defined as the population inversion immediately before the arrival 

of the optical pulse. It represents the available upper-state population and is used to compute 

the local gain spectrum during pulse amplification. During pulse propagation, stimulated 

emission extracts energy from the gain medium. The corresponding depleted inversion amount, 

denoted as Δ𝑁𝑁𝑒𝑒(𝑧𝑧), quantifies the reduction of the population inversion induced by the signal. 

Importantly, Δ𝑁𝑁𝑒𝑒(𝑧𝑧)represents a consumed inversion amount, rather than a population state. 

After pulse amplification, the remaining population inversion is given by 
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 Δ𝑁𝑁after_amp(𝑧𝑧) = Δ𝑁𝑁𝑖𝑖(𝑧𝑧) − Δ𝑁𝑁𝑒𝑒(𝑧𝑧), (4-17) 

which describes the population inversion immediately after the pulse has passed through the 

gain medium. This formulation allows the Dy model to explicitly capture the asymmetric roles of 

gain depletion during pulse amplification and gain recovery during the inter-pulse interval, while 

maintaining computational efficiency. 

4.3.2.3 Gain spectrum evaluation and depletion step 

At each spatial position 𝑧𝑧 within an active fibre segment, the gain spectrum 𝑔𝑔(𝑧𝑧,𝜔𝜔) is computed 

using the initial inversion Δ𝑁𝑁𝑖𝑖(𝑧𝑧) by Eq. (4-16). This gain coefficient is applied to the optical field 

during propagation using the SSFM, in combination with dispersion and nonlinear effects. During 

this step, the signal extracts energy from the gain medium, leading to a reduction in the 

population inversion. The exhausted inversion Δ𝑁𝑁𝑒𝑒(𝑧𝑧)is then computed by integrating the rate 

equation over the pulse interaction, accounting explicitly for signal-induced stimulated emission. 

In contrast to the SS model, no assumption of instantaneous equilibrium is made during this step. 

4.3.2.4 Gain recovery between round trips 

After completion of a full round trip, the remaining inversion Δ𝑁𝑁after_amp(𝑧𝑧) serves as the initial 

condition for gain recovery during the inter-pulse interval. The recovery process is simulated at a 

fixed pump power 𝑃𝑃𝑝𝑝, assuming no signal is present during this time window. By integrating the 

rate equation over the inter-pulse duration, the population inversion is increased by a recovery 

amount Δ𝑁𝑁recovery(𝑧𝑧). As a result, the initial inversion for the subsequent round trip is updated 

according to 

 Δ𝑁𝑁𝑖𝑖
�𝑛𝑛+1�(𝑧𝑧) = Δ𝑁𝑁after_amp

(𝑛𝑛) (𝑧𝑧) + Δ𝑁𝑁recovery
(𝑛𝑛) (𝑧𝑧), (4-18) 

where the recovery term is governed by pump absorption and spontaneous decay. This 

decoupled treatment of depletion and recovery is justified by the large separation between the 

ultrafast pulse duration and the inter-pulse spacing under continuous-wave pumping. 

4.3.2.5 Numerical algorithm and cavity implementation 

The overall Dy gain simulation follows the same modular round-trip structure as the SS model, 

with additional steps introduced to account for population dynamics. The algorithm proceeds as 

follows: 
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Figure 4.4  Flowchart of the resonant cavity simulation under the dynamic gain model. The 

algorithm explicitly separates signal-induced gain depletion and pump-induced 

recovery of the population inversion. At each spatial step, the gain spectrum is 

computed from the initial inversion Δ𝑁𝑁𝑖𝑖(𝑧𝑧) , while the depleted inversion amount 

Δ𝑁𝑁𝑒𝑒(𝑧𝑧) is evaluated during pulse amplification, yielding the post-amplification 

inversion Δ𝑁𝑁after_amp(𝑧𝑧). Gain recovery during the inter-pulse interval is then used to 

update Δ𝑁𝑁𝑖𝑖(𝑧𝑧) for the next round trip. 

1. Initialization: An initial inversion profile Δ𝑁𝑁𝑖𝑖(𝑧𝑧) is computed at the pump power 𝑃𝑃𝑝𝑝. The optical 

field 𝐴𝐴(𝑧𝑧 = 0, 𝑡𝑡) and spatial coordinate are initialized. 

2. Active fibre propagation: For each spatial step Δ𝑧𝑧, the gain spectrum 𝑔𝑔(𝑧𝑧,𝜔𝜔) is computed 

from Δ𝑁𝑁𝑖𝑖(𝑧𝑧) . The optical field is then propagated using SSFM, including dispersion, 

nonlinearity, and gain. The depleted inversion amount Δ𝑁𝑁𝑒𝑒(𝑧𝑧)  is evaluated from the rate 

equation, and the post-amplification inversion Δ𝑁𝑁after_amp(𝑧𝑧) is obtained. 

3. Passive components: Passive fibres and other cavity elements are treated identically to the 

SS model, with gain-related calculations disabled. 
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4. Gain recovery: After completion of the round trip, gain recovery is simulated over the inter-

pulse interval to compute Δ𝑁𝑁recovery(𝑧𝑧) and update Δ𝑁𝑁𝑖𝑖(𝑧𝑧) for the next iteration. 

5. Iteration and convergence: The round-trip counter is incremented, and the process repeats 

until either a predefined number of round trips is reached or a steady state is achieved. 

The complete simulation flow is illustrated in Figure 4.4, while the gain calculation subroutine is 

detailed in Figure 4.5. 

 

Figure 4.5  Subroutine for dynamic gain calculation. The gain spectrum is computed from the 

initial inversion Δ𝑁𝑁𝑖𝑖(𝑧𝑧). Signal-induced gain depletion yields the exhausted inversion 

Δ𝑁𝑁𝑒𝑒(𝑧𝑧), which is subsequently used to simulate pump-driven recovery before the 

next round trip. 

4.3.2.6 Model capabilities and limitations 

Compared to the SS approximation, the Dy gain model enables simulation of strong gain 

depletion and recovery effects, arbitrary pulse sequences and repetition rates, non-equilibrium 

initial inversion profiles, and transient dynamics during startup or perturbation. However, the 

model remains one-dimensional and neglects transverse spatial effects, spatial hole burning, 

and mode competition. Full spatio-temporal modelling would require solving coupled Maxwell–

Bloch or multimode GNLSE–rate-equation systems, which are computationally prohibitive for 

long-cavity simulations involving many round trips. Reduced-order or hybrid approaches may 

offer a practical compromise between physical fidelity and computational efficiency. 

4.3.3 Simulation parameters 

The numerical simulations presented throughout this thesis rely on a consistent set of physical, 

fibre-specific, and numerical control parameters, which are summarized in Table 4.1, Table 4.2, 

and Table 4.3, respectively. Together, these parameters form the basis for modeling dispersion, 

nonlinearity, gain, and loss in both passive and active fibre segments. Table 4.1 lists the key 

material constants used for modeling YDFs, including the upper-state lifetime 𝜏𝜏 , nonlinear 
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refractive index 𝑛𝑛2, dopant concentration 𝑁𝑁, and the emission and absorption cross sections. 

These quantities are held fixed across all simulations involving gain media, ensuring consistency 

in the evaluation of population inversion and the associated gain dynamics. Table 4.2 

summarizes the geometric and dispersion-related properties of the fibre types used in the 

simulations, including the mode field diameter (MFD), cladding radius, fibre loss 𝛼𝛼, second-order 

dispersion coefficient 𝛽𝛽2 , and third-order dispersion coefficient 𝛽𝛽3 . The values correspond to 

typical specifications of commercially available fibres and are chosen to best reproduce the 

experimentally observed pulse characteristics. In addition, Table 4.3 provides the numerical 

parameters controlling the simulations, such as the temporal window, sampling resolution, 

spatial step size, and round-trip limits. These parameters are selected to ensure numerical 

stability and accuracy of the SSFM, and are applied consistently in both the SS and Dy gain 

models. Unless stated otherwise, the same parameter sets are used across the SS and Dy gain 

simulations to ensure direct comparability under different gain modeling assumptions. The 

specific role and sensitivity of selected parameters will be discussed in the context of individual 

simulation cases in later chapters. 

Table 4.1  Key physical parameters used for simulating Yb-doped fibre segments. 

𝜏𝜏 𝑛𝑛2 𝑁𝑁 

0.85 𝑚𝑚𝑚𝑚 2.1 × 10−20  𝑚𝑚2 𝑊𝑊⁄  5.0 × 1025  𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 𝑚𝑚3⁄  

Table 4.2  Fibre parameters used in the simulations, including mode size, dispersion, and 

loss. 

Fibre type 
MFD 

(𝜇𝜇𝜇𝜇) 

Cladding radius 

(𝜇𝜇𝜇𝜇) 

𝛼𝛼  

(𝑑𝑑𝑑𝑑 𝑘𝑘𝑘𝑘⁄ ) 

𝛽𝛽2  

(𝑓𝑓𝑓𝑓2 𝑚𝑚𝑚𝑚⁄ ) 

𝛽𝛽3 

(𝑓𝑓𝑓𝑓3 𝑚𝑚𝑚𝑚⁄ ) 

PM-10/125[195] 11.6 62.5 0.5 23 58 

PM-25/250[196] 20.6 125 0.5 20 62 

PLMA-25/250[197] 20.6 125 0.5 20 62 

PLMA-30/250[198] 23.4 125 0.5 20 62 

Table 4.3  Numerical control parameters used in the SS and Dy cavity simulations. 

Parameter Symbol Value / Range 

Time window 𝑇𝑇𝑤𝑤𝑤𝑤𝑤𝑤 62.5 

Number of points 𝑁𝑁𝑡𝑡 4096 

Spatial step ∆z 2mm 
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Max round trips 𝑁𝑁𝑚𝑚𝑚𝑚𝑚𝑚 5000 

Repetition period (Dy) 𝑇𝑇𝑅𝑅 50𝑛𝑛𝑛𝑛 − 1𝜇𝜇𝜇𝜇 

4.4 Comparative analysis of steady-state and dynamic gain models 

To evaluate the impact of gain model selection on amplification accuracy, we perform a 

comparative simulation using both the SS and Dy gain models. The test case involves the 

continuous injection of a 500 fs Gaussian pulse with 20 pJ energy and a central wavelength of 

1040 nm into a 1-m-long PLMA-25/250 gain fibre. Forward pumping is applied with a fixed pump 

power of 5 W. Given the upper-state lifetime 𝜏𝜏 = 0.85 𝑚𝑚𝑚𝑚 , we examine two representative 

repetition rates: 10 kHz and 1 MHz. These cases correspond to markedly different recovery 

conditions between successive pulses, complete recovery at 10 kHz and strong depletion at 1 

MHz, thus highlighting the regimes where Dy modeling becomes necessary. Figure 4.6 and Figure 

4.7 compare the SS amplification results after convergence for the two repetition rates. Each 

figure includes the following panels: spectral evolution, spatial distribution of population 

inversion 𝑁𝑁2(𝑧𝑧), pulse energy evolution, output spectrum and temporal waveform, and the gain 

depletion and recovery profiles used in the Dy model to determine whether stable amplification 

has been achieved. At 10 kHz, both models yield nearly identical results, validating the SS 

approximation for low-repetition-rate systems. In contrast, at 1 MHz, the SS model significantly 

overestimates gain, as it fails to account for incomplete inversion recovery between pulses. The 

Dy model accurately captures the reduced gain, spectral narrowing, and output pulse energy 

resulting from insufficient recovery time, making it essential for modeling high-repetition-rate 

amplification. However, this improved accuracy comes at the cost of significantly increased 

computational effort. The SS model requires only a single calculation. As shown in the captions 

of Figure 4.6 and Figure 4.7, the Dy model requires 40 and 2888 pulse injection iterations to reach 

convergence at 10 kHz and 1 MHz, respectively. At higher repetition rates, even more iterations 

are needed to achieve stability. Moreover, each iteration involves additional computations to 

resolve the population inversion 𝑁𝑁2(𝑧𝑧) within a single pulse amplification cycle. 

In general, the SS model remains an efficient and practical tool, and it is extensively employed in 

the MO simulations presented in Chapter 5, Chapter 6 and Chapter 7. Cross-comparison with 

experimental results confirms its accuracy in modeling amplification paths and pulse evolution. 

However, it should be noted that the SS model tends to underestimate the required pump power 

in high-repetition-rate scenarios. For the study of high-speed cavity dynamics in Chapter 8, where 

transient gain behavior plays a crucial role, the SS model becomes inadequate, and the Dy model 

is adopted to simulate the mode-locking establishment process of the MO. 
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Figure 4.6  Comparison of SS and Dy gain models for 10 kHz pulse repetition rate. All results 

converge after 40 pulse injections in the Dy model. The negligible difference between 

SS and Dy confirms that the SS model remains valid under full recovery conditions. 

 

Figure 4.7  Comparison at 1 MHz repetition rate. The Dy model requires 2888 pulse injections to 

reach SS. The SS model significantly overestimates gain due to neglecting gain 

depletion. The Dy model reveals reduced pulse energy and spectral narrowing 

caused by incomplete inversion recovery. 
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4.5 Conclusion 

This chapter provides a robust computational foundation for modeling ultrafast pulse 

propagation and amplification in fibre-based systems. By combining the GNLSE with efficient 

numerical solvers and physically realistic gain models, the simulation framework is capable of 

capturing both SS and time-dependent dynamics of high-energy pulse evolution. The SS gain 

model offers a computationally efficient approach that remains accurate in low-repetition-rate 

systems or conditions with complete inversion recovery. In contrast, the Dy gain model is 

necessary to simulate gain saturation and recovery effects in high-repetition-rate or strongly 

depleted regimes. A comparative analysis between these models highlights their respective 

strengths and limitations, guiding their application in later chapters. The tools and models 

established here form the basis for the optimization and experimental validation of MOs in 

Chapter 5 and Chapter 7, and for modeling cavity dynamics and mode-locking behavior in 

Chapter 8.  
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Chapter 5 High energy femtosecond Mamyshev 

oscillator 

5.1 Introduction 

Ultrafast fibre lasers based on the MO architecture have attracted considerable attention due to 

their exceptional pulse-energy scalability and robustness. The unique spectral-filtering 

mechanism in MOs, enabled by offset bandpass filters and strong nonlinear spectral broadening, 

allows stable mode-locked operation without the need for additional saturable absorbers. While 

the fundamental principles of MOs have been extensively studied, practical optimization 

strategies for achieving higher output energy and improved pulse quality remain active areas of 

research. In this chapter, we design and experimentally demonstrate a high-performance MO 

operating at 20 MHz. The oscillator configuration, seed source, and output characteristics are 

first described. Numerical modelling is then employed to guide energy optimization, analyzing the 

influence of gain-fibre length, pump-power distribution, filter offset, passive-fibre length, and 

dispersion. These simulations provide clear guidance for experimental optimization and design. 

The modelling framework is further extended to the seed laser, where the effects of pulse energy, 

central wavelength, pulse duration, and chirp on MO performance are systematically assessed. 

Based on these results, a simplified femtosecond fibre oscillator is proposed as a practical seed 

option, offering reduced system complexity without compromising output performance. Overall, 

this chapter presents a comprehensive study of a 20 MHz MO, combining experimental validation 

with numerical modelling to optimize both cavity parameters and seed-laser characteristics. It 

establishes a detailed experimental and theoretical foundation for further investigations of MO 

systems. 

5.2 20MHz Mamyshev oscillator 

5.2.1 Mamyshev oscillator setup 

Based on the principle of MO, the experimental configuration of the oscillator is schematically 

illustrated in Figure 5.1. The MO was built comprising two active fibre amplifiers (the pre-amplifier 

and the main amplifier), two spectral filters and some free-space and PF cavity sections. The pre-

amplifier consisted of a 2.5-m length of double-clad PM YDF (PM YDF; PLMA-YDF-25/250-VIII, 

Coherent) that had a numerical aperture (NA) of 0.065/0.46 for the core/cladding, respectively. 

The V-number of the fibre at 1 μm was estimated to be 5.1. To suppress high-order transverse 

modes and ensure single-mode operation, the fibre was coiled with a bending diameter of 7 cm. 
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According to the datasheet, the fibre cladding absorption is estimated to be approximately 1.7 

dB/m at 915 nm and around 5.1 dB/m near 975 nm, respectively. The YDF in the pre-amplifier was 

forward pumped through a pump/signal combiner since the pre-amplifier only needed to provide 

low-power amplification to overcome the intracavity loss and to generate sufficient spectral 

broadening to enable MO operation. The YDF used in the main-amplifier is the same YDF in the 

pre-amplifier, but has a shorter length, 2m. The main-amplifier provided the main power 

amplification within the MO. Hence, to reduce the NPS accumulation in the main-amplifier, the 

YDF was backward cladding-pumped using free-space coupling. By injecting light from a 

superluminescent diode (SLD), the amplified spectra of the two gain stages were measured and 

are shown in Figure 5.2. The blue curve represents the input spectrum from the SLD, while the red 

and green curves correspond to the amplified spectra of the pre-amplifier and main amplifier, 

respectively. Notably, the gain peak of pre-amplifier is observed to be red shifted, which can be 

attributed to the longer fibre length. This slight separation in the gain peak is beneficial for 

effective mode locking as it allows for the spectral separation of two spectral filters.  

 
Figure 5.1  Schematic diagram of the MO used in the experiment. The cavity includes two 

spectrally offset bandpass filters and two Yb-doped fibre amplifiers to enable mode-

locking. A 0.4 m PM PF is inserted between the pre-amplifier and the main amplifier. 

Both amplifiers are pumped by 975 nm multimode laser diodes (LDs). The oscillator 

is externally seeded to facilitate self-starting of the mode-locking process. Optical 

components: L, lens; DM, dichroic mirror; PBS, polarization beam splitter; λ/2, half-

wave plate; BPF, bandpass filter. 
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Figure 5.2  Input spectrum of the SLD and amplified spectra of the gain fibres. The blue, red, and 

green curves represent the SLD seed, pre-amplifier output, and main amplifier output, 

respectively. 

The gain fibres used in this experiment were pumpedby multimode laser diodes (LDs) centered at 

a wavelength of 975 nm. Figure 5.3 (a) shows the measured pump power of the main amplifier as 

a function of LD drive current. Since the pump light is not fully absorbed by the active fibres, the 

absorbed pump power was determined by subtracting the residual (unabsorbed) pump power 

from the injected pump power. This method enables an accurate estimation of the pump power 

effectively coupled into the active fibre core. It is estimated that approximately 90% of the 

launched pump light is coupled into the main amplifier. In the setup, the main amplifier is 

pumped by four identical LDs (each rated at 60 W), while the pre-amplifier is pumped by a single 

LD of the same type. Figure 5.3 (b) presents the estimated absorbed pump powers for both 

amplifiers over a range of drive currents from 0.6 A to 3.0 A. 

 
Figure 5.3 (a) Measured LD output, residual, and absorbed pump powers for the main amplifier 

as functions of LD drive current. (b) Estimated absorbed pump powers for the pre-

amplifier (𝑃𝑃1) and main amplifier (𝑃𝑃2). 

Fibre optic components used in the cavity are also constructed with PM fibres. The PFs have a 

core/cladding diameter of 10/125 µm (FUD-3460, Coherent), except for the fibre section directly 

spliced with pre-amplifier, which has a diameter of 25/250 µm (PLMA-GDF-25/250-M, Coherent). 

The length of PF that between L6 and gain fibre 1, PF1, and between L2 and L3, PF2, are 2.0 m and 

0.4 m, respectively. To maximize the coupling efficiency within the cavity, different focal lengths 
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of aspherical lens pairs are employed. For the above-mentioned cavity, the focal length 

information of the lenses used can be found in Table 5.1. If the core size of the fibre used in the 

cavity changes, the focal length of the lens used must also be changed accordingly. 

Table 5.1  The focal length of the aspherical lens in the MO. 

Lens 1 2 3 4 5 6 

Focal length (mm) 18.4 8.0 11.0 25.4 25.4 11.0 

Diffraction gratings were employed to spatially distribute the spectrum before coupling into the 

single-mode fibres, thereby forming narrow-band spectral filters with Gaussian-shaped 

transmission profiles, which is an important feature to enable good MO performance[158]. The 

centre wavelengths and bandwidths of the filters can be tuned by changing the angle of grating 

and position of receiving fibre. The groove density of the grating 1 used in 1st filter and the grating 

2 in 2nd filter are 300 line/mm and 1000 line/mm, respectively. Dielectric-coated band-pass filters 

(BPFs) with a bandwidth of 4 nm were placed before the gratings to enhance the spectral filtering 

extinction ratio and suppress parasitic lasing. It was measured that the spectral filtering 

extinction ratio was increased from 40 dB to over 60 dB with the insertion of the BPFs, which 

effectively suppressed the parasitic lasing during the high-power operation of the MO. As 

referenced in Figure 5.1, the 1st filter was set to be centered at 1040 nm with a 3 dB bandwidth of 

2.5 nm, while the  2nd filter was centered at 1047 nm with a bandwidth of 2.8 nm. The measured 

transmission spectra of both filters are presented in Figure 5.4. The influence of these filter 

settings on mode-locking performance will be further discussed in Section 5.3. Half-wave plates 

(HWPs) are used to align the beam polarization and to ensure alignment with the principal axis of 

the PM fibre components (e.g. PM fibres, isolators, ISOs, and gratings). The output coupling ratio 

is adjusted at ~90% using a combination of a HWP and a PBS. The total optical cavity path length 

was measured to be ~ 15 m, corresponding to a fundamental repetition rate of ~ 20 MHz. A 10/90 

fibre coupler was used to couple and inject an external seed laser at the 10% port into the cavity 

to initiate the mode-locked operation.  

 

Figure 5.4  Measured transmission spectra of the 1st filter (red) and the 2nd filter (blue). 
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Single-pulse mode-locking was achieved when the pump powers of both the pre-amplifier and 

main amplifier exceeded their respective thresholds. Figure 5.5 (a) presents the output power of 

the MO as a function of the absorbed pump power of the main amplifier, with the pre-amplifier 

pump power held constant throughout the measurement. The absorbed power was calculated 

by subtracting the residual power from the launched pump power. A maximum output power of 

7.6 W was recorded. At maximum pump power, the output spectrum, which is shown in Figure 

5.5 (b), was centered at 1062 nm with a 10 dB bandwidth of 120 nm. 

 

Figure 5.5  (a) Average output power of the MO as a function of absorbed pump power in the main 

amplifier. (b) Output optical spectrum at maximum pulse energy (381 nJ), centered 

at 1062 nm with a 10-dB bandwidth of 120 nm. 

An external pulse compressor based on a pair of transmission gratings (1250 lines/mm, Ibsen) 

was implemented, as shown in Figure 5.6. The total transmission efficiency of the compressor 

was measured to be approximately 67% at full MO output power. To protect the autocorrelator 

from excessive power during measurement, the output beam was attenuated using a HWP and a 

PBS before entering the compressor. Figure 5.7 (a) shows the measured autocorrelation function 

(ACF) of the compressed pulse, along with the calculated TL ACF derived from the output 

spectrum. The measured and calculated ACFs had Full-width at half-maximum (FWHM) values 

of 51.7 fs and 42.8 fs, respectively. Assuming a Gaussian pulse shape, the actual pulse duration 

of the compressed pulse was estimated to be 36.7 fs. The measured ACF exhibits small pedestals, 

likely due to nonlinear chirp generated in the amplification stage that could not be fully 

compensated by the grating-based compressor. Based on the ACF, 74% of the total pulse energy 

was concentrated within the main lobe. Figure 5.7 (b) shows a broader time scan, confirming the 

absence of side pulses, further validating stable single-pulse operation. The radio-frequency (RF) 

spectrum, which is shown in Figure 5.8 (a) verifies a fundamental repetition rate of 20.03 MHz, 

with a signal-to-noise ratio (SNR) of 65.48 dB measured using a resolution bandwidth of 1 Hz and 

a span of 700 Hz. These results confirm the stable single-pulse mode-locked operation. Based on 

the measured output power and repetition rate, the maximum pulse energy was calculated to be 

381 nJ. 
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Figure 5.6 Schematic of the external pulse compressor used for characterizing the output of the 

MO. A pair of transmission gratings provides dispersion compensation. 

 

Figure 5.7  (a) Measured ACF (orange) of the compressed pulse and the calculated TL ACF 

(green). Blue dashed line: Gaussian fit. (b) Measured ACF of the compressed pulse 

over a 5 ps span, showing no evidence of side pulses. 

 

Figure 5.8  (a) RF spectrum measured at 20.03 MHz with a 1 Hz resolution bandwidth and 700 Hz 

span. (b) A wider span RF spectrum showing fundamental repetition rate and 

harmonics. 
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5.2.2 Seed laser 

Due to the unique characteristics of the mode-locking process in the MO, special measures are 

typically required to initiate mode-locking. Several common approaches include: (1) injecting an 

external seed laser [158], (2) modulating the pump power [172], and (3) incorporating an external 

configuration for assistance [8]. In our case, mode-locking was initiated by injecting an external 

seed pulse.  

The structure of the seed source is illustrated in Figure 5.9. It consists of four main modules: a 

SESAM-based mode-locked fibre laser, a fibre amplifier, a pulse compressor, and a pulse 

spectrum broadener. The seed generates a high-peak-power pulse train with a broad optical 

spectrum. The mode-locked fibre laser provides stable picosecond pulses. Figure 5.10 (a) shows 

the output power as a function of pump current. The working current was set to 244 mA. This 

particular value was chosen as further increasing the pump current would result in pulse splitting 

and the occurrence of double-pulse mode locking. The corresponding repetition rate under 

single-pulse operation is ~19.64 MHz, as shown in Figure 5.10 (b). The output spectrum at highest 

energy single-pulse mode-locking is presented in Figure 5.10 (c). The generated pulse is then 

amplified by a fibre amplifier, yielding an output power of ~60 mW. A pulse compressor is used to 

shorten the pulse duration. The ACF of the shortest pulse is shown in Figure 5.11 (b), with a FWHM 

of 422 fs, corresponding to a pulse duration of ~300 fs assuming a Gaussian profile. The 

compressed pulse is subsequently injected into a ~1.5 m segment of single mode fibre (SMF) to 

induce spectral broadening through SPM. As shown in Figure 5.11 (c), the 10-dB spectral width is 

broadened from 14.3 nm to 24.9 nm. Due to coupling losses in the seed system, the average 

power coupled into the MO is approximately 0.5 mW. 

 

Figure 5.9  Schematic of the external seed source used to initiate mode-locking in the MO. The 

system comprises four modules: a SESAM-based mode-locked fibre laser, a fibre 

amplifier, a grating-based pulse compressor, and a nonlinear pulse spectrum 
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broadener. The spectrum broadening stage utilizes ~1.5 m of SMF to induce SPM. 

Optical components: SESAM, semiconductor saturable absorber mirror; PM-WDM, 

PM wavelength division multiplexer; CFBG, chirped fibre Bragg grating; ISO, isolator; 

OC, optical coupler. 

 

Figure 5.10   Single-pulse characteristics of the SESAM-based mode-locked fibre laser. (a) Output 

power as a function of pump current; (b) Pulse train measured on an oscilloscope, 

showing a repetition rate of ~19.64 MHz; (c) Optical spectrum at the operating point 

for single-pulse operation. 

 

Figure 5.11  Performance of the seed pulse after amplification and compression. (a) Spectrum of 

the amplified pulse before compression; (b) Autocorrelation trace of the shortest 

compressed pulse, with an FWHM of 422 fs; (c) Optical spectrum after nonlinear 

spectral broadening in single-mode fibre, showing an increased 10-dB bandwidth 

from 14.3 nm to 24.9 nm. 
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5.3 Simulation and optimization 

MO is a complex system whose operating characteristics are affected by many factors such as 

filtering, gain, and nonlinear effects. Therefore, the optimization direction to improve its output 

characteristics is not intuitive. Compared with experiments, it is more efficient and economical 

to use numerical simulation to determine the optimization settings. In this part, I performed 

numerical simulation on the afore-mentioned MO, compared it with the experimental results, and 

confirmed the reliability of the numerical simulation. With the help of numerical simulation, I 

investigated the effects of the main amplifier gain fibre length, PF length, pre-amplifier power, and 

filter combination on the maximum output energy in the MO, as well as the effect of the seed 

pulse on the start-up of the MO. 

5.3.1 Simulation (steady-stete gain modeling) V.S. experiment 

Table 5.2 lists the values of some key parameters in the numerical simulation. Their 

corresponding elements in the experimental setup shown in Figure 5.1 are defined as follows: 

𝐿𝐿𝑃𝑃𝑃𝑃1, refers to the length of PF 1(i.e., the PF between lens L6 and gain fibre 1); 𝐿𝐿𝑃𝑃𝑃𝑃2 denotes the 

length of PF 2 (between lenses L2 and L3); 𝐿𝐿𝐺𝐺𝐺𝐺1and 𝐿𝐿𝐺𝐺𝐺𝐺2 are the lengths of the pre-amplifier and 

main-amplifier gain fibres, respectively; 𝑃𝑃1  and 𝑃𝑃2  represent the pump powers for the pre-

amplifier and main-amplifier; 𝜆𝜆𝑐𝑐1 and 𝜆𝜆𝑐𝑐2 are the center wavelengths of the 1st and 2nd  filters, with 

corresponding 3-dB bandwidths  Δ𝜆𝜆1 and Δ𝜆𝜆2.  

The seed pulse used in the simulation shares the same spectrum as shown in Figure 5.11 (c), with 

a energy of 2.5 pJ. The simulation yielded an output pulse energy of 384 nJ, which agrees very well 

with the experimental value of 381 nJ. Figure 5.12 (a) compares the simulated and experimental 

spectra, showing close agreement in bandwidth and shape. Since it is difficult to retrieve spectral 

phase information experimentally, the simulated output was numerically compressed for 

comparison. As shown in Figure 5.12 (b), the ACFs of the compressed pulses from simulation and 

experiment are also highly consistent. These comparisons confirm that the simulation accurately 

reproduces both the spectral and temporal characteristics of the experimental pulse, indicating 

that the numerical model is reliable for further investigation and design optimization. 

Table 5.2  Parameters setting in simulation compared to experiment. 

𝐿𝐿PF1  𝐿𝐿PF2 𝐿𝐿GF1 𝐿𝐿GF2 𝑃𝑃1 𝑃𝑃2 𝜆𝜆𝑐𝑐1 𝜆𝜆𝑐𝑐2 Δ𝜆𝜆1 Δ𝜆𝜆2 

m m m m W W nm nm nm nm 

2.0 0.4 2.5 2.0 4.0 13.8 1040.0 1047.0 2.5 2.8 
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Figure 5.12  Comparison between simulation (blue dashed curve) and experiment (red dashed 

curve). (a) Output spectrum; (b) Autocorrelation of compressed pulse. 

5.3.2 Optimization for maximum output energy 

5.3.2.1 Main amplifier gain fibre length 

The main amplifier plays a critical role in pulse amplification. Therefore, the first parameter 

considered here is the length of the gain fibre in the main amplifier, denoted as 𝐿𝐿𝐺𝐺𝐺𝐺2, and its 

influence on the maximum achievable output pulse energy. Although MOs exhibit strong 

tolerance to NPS accumulation, the accumulated NPS, quantified by the B-integral, remains a 

key factor limiting the maximum pulse energy. 

To evaluate this limit, I fixed the output pulse energy at 384 nJ and varied 𝐿𝐿𝐺𝐺𝐺𝐺2 from 1.0 m to 5.0 m. 

The required pump power 𝑃𝑃2 was adjusted accordingly to maintain the same output energy, while 

other parameters remained constant. Figure 5.13 (a) shows that the B-integral increases 

monotonically with fibre length, indicating a positive correlation. This means shorter gain fibres 

can tolerate higher pulse energies before nonlinear effects become detrimental. The reasoning is 

straightforward: longer fibres allow more distance for NPS to accumulate. Interestingly, despite 

identical output pulse energy, the output spectra differ significantly. As shown in Figure 5.13 (b), 

increasing the gain fibre length leads to a redshift in the central wavelength, which is attributed to 

increased spectral evolution in the longer fibre. This observation offers a potential method for 

tailoring the output spectrum by adjusting the fibre length.  

In summary, shortening the gain fibre in the main amplifier reduces the accumulated NPS, which 

in turn allows for higher pulse energy scaling in MOs. Additionally, the gain fibre length also affects 

the spectral profile of the output pulse, offering a degree of flexibility for tailoring spectral 

characteristics in oscillator design. 
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 Figure 5.13 (a) B-integral values versus gain fibre length in the main amplifier, with fixed output 

energy of 384 nJ. (b) Corresponding output spectra for different gain fibre lengths, 

showing a redshift of the central wavelength with increasing fibre length. 

5.3.2.2 Pre-amplifier power 

The pre-amplifier, as the first gain stage within the oscillator cavity, plays an essential role in 

determining the final output. During experiments, we observed a phenomenon that lowering the 

𝑃𝑃1 often allows a higher 𝑃𝑃2 without disrupting mode-locking, thereby enabling higher output pulse 

energy. To verify and explain this observation, numerical simulations were performed. 

 

Figure 5.14 (a) Simulated B-integral in the main amplifier and (b) pulse energy injected into the 

main amplifier, plotted as functions of the 𝑃𝑃1. Output pulse energy was fixed at 384 nJ. 

In the simulation, the 𝑃𝑃1 was varied from 2 W to 6 W, while the 𝑃𝑃2 was adjusted accordingly to 

maintain a constant output pulse energy of 384 nJ. Figure 5.14 (a) shows that the B-integral 

increases with increasing 𝑃𝑃1 , confirming the experimental observation: reducing 𝑃𝑃1  lowers 

nonlinear phase accumulation in the main amplifier. To understand this further, Figure 5.14 (b) 

plots the pulse energy entering the main amplifier as a function of 𝑃𝑃1. It can be seen that a lower 

pre-amplifier pump power results in lower seed energy injected into the main amplifier, which 

helps suppress nonlinear effects and allows for stronger pumping in the main amplifier without 

excessive NPS. However, it is important to note that the 𝑃𝑃1  cannot be reduced indefinitely. 
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Sufficient gain is still required to (1) initiate mode-locking from the injected seed, and (2) ensure 

adequate spectral broadening within the pre-amplifier to support filter-based pulse shaping. 

In summary, optimizing the pump power of the pre-amplifier can effectively reduce NPS 

accumulation in the main amplifier, thus enabling higher pulse energy output without 

compromising mode-locking stability. 

5.3.2.3 Filters setting 

In earlier, less systematic attempts, it was noticed that the center wavelength settings of the 

filters significantly affect the maximum achievable output pulse energy. This section presents a 

more detailed analysis of this relationship. As shown in Figure 5.15, 𝜆𝜆𝑐𝑐1 was varied from 1030 nm 

to 1040 nm in the simulation, while the 𝜆𝜆𝑐𝑐2 was fixed at 1047 nm. Interestingly, when the output 

energy was fixed at 384 nJ, the results shown in Figure 5.15 (a) reveal that the B integral fluctuates 

around 32π as  𝜆𝜆𝑐𝑐1 changes. Conversely, when the B integral was fixed at 35π, the results in Figure 

5.15 (b) indicate that the output energy first decreases and then increases as 𝜆𝜆𝑐𝑐1 shifts from 1030 

nm to 1040 nm. 

 

Figure 5.15  (a) B integral as a function of the center wavelength of the 𝜆𝜆𝑐𝑐1, with output energy 

fixed at 384 nJ;(b) Output pulse energy as a function of 𝜆𝜆𝑐𝑐1, with the B integral fixed at 

35 π. In both cases, the pre-amplifier pump power 𝑃𝑃1 was fixed at 4.0 W. 

It is worth noting that in the simulations shown in Figure 5.15, the 𝑃𝑃1 was fixed at 4.0 W, which 

represents a relatively high value. As concluded in Section 5.3.2.2, lowering 𝑃𝑃1 can increase the 

maximum output energy. Therefore, by reducing 𝑃𝑃1  from 4.0 W to 1.5 W, the results shown in 

Figure 5.16 were obtained. Under different 𝜆𝜆𝑐𝑐1  values and corresponding 𝑃𝑃2  settings, the 

relationship between the B integral and output energy was calculated, as shown in Figure 5.16 (a). 

The fitted trends for each 𝜆𝜆𝑐𝑐1  value indicate that, at a lower 𝑃𝑃1 , a larger spectral separation 

between the two filters (i.e., a smaller 𝜆𝜆𝑐𝑐1 relative to 𝜆𝜆𝑐𝑐2 = 1047 nm) allows higher output energy 

at the same B integral. This trend can be understood by considering the seed pulse injected into 

the main amplifier. In the MO cavity, a portion of the main amplifier output is filtered by the 2nd 
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filter into a Gaussian-shaped pulse centered at 1047 nm, which is then sent through the pre-

amplifier and used as the new seed. Figure 5.16 (b) shows the spectral broadening of this seed 

under two different 𝑃𝑃1  values (1.5 W and 4.0 W). When 𝑃𝑃1  is reduced to 1.5 W, the resulting 

spectrum is narrower and has greater intensity contrast between 1030 nm and 1040 nm 

compared to that under 4.0 W. This leads to a weaker seed being injected into the main amplifier, 

which in turn suppresses the NPS accumulation and enables higher amplification. 

In summary, the maximum output energy of the MO is strongly influenced by the injected seed 

energy. A lower seed energy results in reduced nonlinear effects in the main amplifier and thus 

enables higher output pulse energies, provided the seed can still be sufficiently amplified. This 

relationship offers insight into optimizing both the spectral filtering scheme and the pump power 

configuration. 

 

Figure 5.16  (a) Output pulse energy versus B integral for various values of 𝜆𝜆𝑐𝑐1, with 𝑃𝑃1 = 1.5 W. 

Data series: blue circles (1030.0 nm), orange asterisks (1032.5 nm), yellow squares 

(1035.0 nm), purple stars (1040.0 nm). (b) Spectral broadening of the seed pulse in 

the pre-amplifier for 𝑃𝑃1 = 1.5 W (orange) and 4.0 W (blue). The original seed spectrum 

(purple dashed) is also shown for reference. 

5.3.2.4 Passive fibre length 

Based on the previous analysis, the main amplifier primarily determines the final output 

characteristics of the MO. Therefore, the 𝐿𝐿𝑃𝑃𝑃𝑃2  plays a crucial role and cannot be ignored. 

Simulations were performed for four different values of 𝐿𝐿𝑃𝑃𝑃𝑃2: 0.4 m, 2.0 m, 5.0 m, and 7.0 m. The 

pump power 𝑃𝑃2 was adjusted to maintain a fixed output pulse energy of 384 nJ, while all other 

parameters remained consistent with Table 5.2. As shown in  Figure 5.17 (a), the B integral in the 

main amplifier decreased significantly from 31.7 π to 12.9 π as 𝐿𝐿𝑃𝑃𝑃𝑃2 increased. However, this 

reduction is not caused by a decrease in the seed energy injected into the main amplifier. On the 

contrary, as 𝐿𝐿𝑃𝑃𝑃𝑃2 increases from 0.4 m to 7.0 m the repetition rate decreases from 21.7 MHz to 
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12.8 MHz, resulting in an increase in the seed pulse energy from 1.4 nJ to 2.6 nJ, as shown in Figure 

5.17 (b). This might appear contradictory to earlier results, but it's not. According to the B integral 

definition, the critical factor is the peak power, not the pulse energy.  

 

Figure 5.17  (a) Accumulated B-integral in the main amplifier and (b) pulse energy injected into 

the main amplifier as functions of the 𝐿𝐿𝑃𝑃𝑃𝑃2, under a fixed output energy of 384 nJ.  

 

Figure 5.18  Influence of the 𝐿𝐿𝑃𝑃𝑃𝑃2 on the pulse characteristics before entering the main amplifier. 

(a) Temporal pulse profiles and (b) corresponding spectra for different 𝐿𝐿𝑃𝑃𝑃𝑃2 values. (c) 

Extracted pulse durations and (d) peak powers as functions of 𝐿𝐿𝑃𝑃𝑃𝑃2.  

Figure 5.18 (a) and  Figure 5.18 (b) show that as 𝐿𝐿𝑃𝑃𝑃𝑃2 increases, the pulse broadens both 

temporally and spectrally. As depicted in  Figure 5.18 (c), the pulse duration broadens from 0.69 

ps to 3.98 ps, while the corresponding peak power decreases from 1.84 kW to 0.41 kW, as 

illustrated in Figure 5.18 (d). This explains the reduction in NPS accumulation despite higher pulse 

energy. In previous analyses without additional dispersion, the peak power was approximately 
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proportional to the pulse energy. Moreover, increasing 𝐿𝐿𝑃𝑃𝑃𝑃2 leads to a gradual transformation of 

the seed pulse shape in the main amplifier. As seen in Figure 5.18 (a) and (b), a Gaussian-shaped 

pulse evolves into a parabolic-like pulse, which significantly alters the spectral broadening 

behavior in the main amplifier. Figure 5.19 shows spectral evolution at different 𝐿𝐿𝑃𝑃𝑃𝑃2 values. At 

𝐿𝐿𝑃𝑃𝑃𝑃2=0.4 m, the spectrum exhibits asymmetric broadening with a redshift; at 𝐿𝐿𝑃𝑃𝑃𝑃2=7.0 m, it 

maintains a symmetric profile; and at 𝐿𝐿𝑃𝑃𝑃𝑃2=2.0 m, it still maintains a certain degree of 

asymmetric evolution. 

 

Figure 5.19  Simulated spectral evolution in the main amplifier for different 𝐿𝐿𝑃𝑃𝑃𝑃2 . (a) Spectral 

evolution for 𝐿𝐿𝑃𝑃𝑃𝑃2  = 0.4 m, showing significant asymmetry. (b) Evolution for 

𝐿𝐿𝑃𝑃𝑃𝑃2  = 2.0 m, with reduced asymmetry. (c) Evolution for 𝐿𝐿𝑃𝑃𝑃𝑃2  = 7.0 m, where the 

spectrum remains highly symmetric. 

In summary, changing 𝐿𝐿𝑃𝑃𝑃𝑃2 introduces several coupled effects: it alters the cavity length and 

repetition rate, and introduces additional dispersion and nonlinearity before the main amplifier. 

These effects complicate the analysis of whether the change is beneficial. In particular, when 
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𝐿𝐿𝑃𝑃𝑃𝑃2 is further extended to 10.0 m (with other parameters unchanged and output fixed at 384 nJ), 

the output pulse becomes severely distorted. The corresponding time-domain envelope and 

spectrum are presented in Figure 5.20. 

 

Figure 5.20  Simulated output pulse characteristics of the MO with an extended PF length 

𝐿𝐿𝑃𝑃𝑃𝑃2 = 10.0 m. (a) Temporal intensity profile. (b) Corresponding optical spectrum. 

5.3.2.5 Dispersion 

To decouple the influence of  𝐿𝐿𝑃𝑃𝑃𝑃2 discussed in Section  5.3.2.4, which mainly affects the pulse 

peak power through dispersion, we independently investigate the impact of dispersion in this 

section. To isolate the role of dispersion, the PF length𝐿𝐿𝑃𝑃𝑃𝑃2 is fixed at 0 m, and the 𝑃𝑃1 was set to 

0.5 W to reflect the high-energy operation regime. Five group delay dispersion (GDD) values are 

considered: ±0.4ps2, ±0.2ps2 and 0ps2, representing increasing levels of positive, negative, and 

zero dispersion. Figure 5.21 shows the relationship between the output pulse energy and the B-

integral under these dispersion conditions. While numerical limitations prevent access to results 

at very high peak powers, the trends are still evident: increasing the absolute amount of 

dispersion, whether positive or negative, reduces peak power and thus slows the accumulation 

of NPS, ultimately enabling higher output pulse energy. Notably, positive dispersion appears to 

be more effective than negative dispersion of equal magnitude in suppressing the B-integral. This 

phenomenon is further elucidated by the spectral evolution of the pulse within the main amplifier, 

as shown in Figure 5.22. For a fixed output energy (~850 nJ), the spectrum under negative 

dispersion (GDD = -0.2 ps²) narrows near a propagation length of 0.5 m, a signature of 

amplification of a negatively chirped pulse in a positively dispersive Yb-doped fibre. This spectral 

narrowing is absent under positive dispersion (GDD = +0.2 ps²). The corresponding temporal 

behavior is illustrated in Figure 5.23. As shown in Figure 5.23 (a), the pulse duration under 

negative dispersion decreases up to 0.55 m and subsequently increases, while under positive 

dispersion, the duration increases monotonically. Figure 5.23 (b) demonstrates that although 

both pulses achieve similar output energies, the pulse with negative dispersion consistently 
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exhibits higher peak power throughout the amplification process, and thus accumulates more 

NPS. 

 

Figure 5.21  Output pulse energy as a function of B-integral under different values of GDD: 0 ps² 

(blue cross), +0.2 ps² (red diamond), -0.2 ps² (yellow circle), +0.4 ps² (purple star), 

and -0.4 ps² (green square). 

 

Figure 5.22  Spectral evolution of the pulse in the main amplifier at an output energy of ~850 nJ 

under (a) GDD = -0.2 ps² and (b) GDD = +0.2 ps². Positive dispersion suppresses 

spectral narrowing compared to negative dispersion. 
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Figure 5.23  (a) Pulse duration evolution and (b) peak power evolution during amplification for 

GDD values of -0.2 ps² (blue dotted curve) and +0.2 ps² (red dash-dotted curve). 

Positive dispersion leads to lower peak power throughout the amplifier length. 

In summary, introducing moderate dispersion prior to the main amplifier can enhance the 

achievable pulse energy by suppressing NPS accumulation. Positive dispersion is found to be 

more effective in this role than negative dispersion of equal magnitude. However, whether this 

dispersion control affects the maximum peak power remains an open question, limited by the 

current simulation model. Additionally, determining the upper bound of applicable dispersion 

before entering the chirped-pulse amplification regime is a subject worth further exploration. 

5.3.2.6 Optimization in the experiment 

In the experimental stage, optimization efforts were focused on adjusting the filter settings and 

the pump power of the pre-amplifier. The corresponding results are presented in this section. 

Initially, the center wavelength separation, ∆𝜆𝜆𝑐𝑐, between the two filters was set to 7 nm, under 

which the maximum pulse energy achieved was 381 nJ. Two alternative filter configurations were 

subsequently explored. In the first configuration, the center wavelengths were set to 𝜆𝜆𝑐𝑐1  = 

1035.5 nm and 𝜆𝜆𝑐𝑐2  = 1044.2 nm, yielding a ∆𝜆𝜆𝑐𝑐  of 8.7 nm. In the second configuration, 𝜆𝜆𝑐𝑐1  = 

1032.1 nm and 𝜆𝜆𝑐𝑐2  = 1047.2 nm, resulting in ∆𝜆𝜆𝑐𝑐  = 15.1 nm. The corresponding transmission 

spectra of both configurations were experimentally measured and are shown in  Figure 5.24 (a) 

and (b), respectively.  

For the ∆𝜆𝜆𝑐𝑐 = 8.7 nm case, different values of 𝑃𝑃1 (6.52 W, 7.05 W, and 7.59 W) were tested, and 

the respective stable mode-locking ranges of the main amplifier pump power 𝑃𝑃2 were recorded, 

as listed in Table 5.3. The results show that lower values of 𝑃𝑃1 lead to wider mode-locking ranges 

and allow higher 𝑃𝑃2 values. Moreover, it was observed experimentally that during stable mode-

locking operation, the output pulse energy is primarily determined by 𝑃𝑃2, and the influence of 𝑃𝑃1 

becomes negligible. no matter how 𝑃𝑃1 changes, as long as MO remains in a stable mode-locked 

state, the output pulse energy can be be roughly judged simply determined by the value of 𝑃𝑃2. 
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These observations are consistent with the simulation results presented in Section 5.3.2.2, which 

suggest that minimizing 𝑃𝑃1 is beneficial for enhancing the maximum output energy of the MO. 

 

Figure 5.24  Measured transmission spectra of the two filter combinations used in the 

optimization experiments. (a) Combination with a central wavelength separation ∆𝜆𝜆𝑐𝑐 

of 8.7 nm, where the 1st and 2nd filters are centered at 1035.5 nm and 1044.2 nm, 

respectively. (b) Combination with ∆𝜆𝜆𝑐𝑐  = 15.1 nm, corresponding to central 

wavelengths of 1032.1 nm and 1047.2 nm for the 1st and 2nd filters, respectively. 

Table 5.3  Measured stable mode-locking ranges of the 𝑷𝑷𝟐𝟐 under different 𝑷𝑷𝟏𝟏 for ∆𝝀𝝀𝒄𝒄 = 

8.7 nm. 

𝑃𝑃1 (W) Mode-locking range of 𝑃𝑃2 (W) 

6.52 4.58-22.59 

7.05 4.58-13.51 

7.59 4.58-11.16 

Figure 5.25 (a) illustrates the dependence of the output pulse energy on the absorbed pump 

energy under two ∆𝜆𝜆𝑐𝑐  conditions: 8.7 nm (blue circles) and 15.1 nm (red stars). The maximum 

pulse energies achieved were 377 nJ and 426 nJ, respectively, indicating that increasing ∆𝜆𝜆𝑐𝑐 leads 

to an enhancement of approximately 50 nJ in maximum output energy. This result supports the 

simulation conclusions drawn in Section 5.3.2.3. In these experiments, the pump power 𝑃𝑃1 was 

set to 6.52 W for ∆𝜆𝜆𝑐𝑐  = 8.7 nm and 7.59 W for ∆𝜆𝜆𝑐𝑐  = 15.1 nm, as a higher ∆𝜆𝜆𝑐𝑐  required a higher 

threshold  𝑃𝑃1  to initiate mode-locking. Since the objective is to compare the maximum output 

energy at different ∆𝜆𝜆𝑐𝑐  values, 𝑃𝑃1  was not kept constant. Instead, for each ∆𝜆𝜆𝑐𝑐 , the lowest 

possible 𝑃𝑃1 value was used. It is worth noting that the 377 nJ result under ∆𝜆𝜆𝑐𝑐 = 8.7 nm is slightly 

lower than the 381 nJ obtained in Section5.2.1 using a ∆𝜆𝜆𝑐𝑐 of 7.0 nm. This discrepancy may stem 

from differences in the MO cavity alignment at the time of measurement, as the experimental 

setup involves numerous spatial optical components and the measurements were taken several 

months apart. Another possible factor could be minor deviations in the setting of 𝜆𝜆𝑐𝑐2. Figure 5.25 
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(b) presents the output spectra of the pulses corresponding to their respective maximum 

energies for the two ∆𝜆𝜆𝑐𝑐 values. The spectral bandwidth at the −10 dB level was measured to be 

116.2 nm for ∆𝜆𝜆𝑐𝑐 = 8.7 nm and 126.7 nm for ∆𝜆𝜆𝑐𝑐 = 15.1 nm. These results confirm that a larger ∆𝜆𝜆𝑐𝑐 

not only facilitates higher output pulse energy, as predicted by simulations, but also leads to 

broader spectral bandwidths. Figure 5.26 displays the ACFs of the compressed pulses under both 

spectral conditions shown in Figure 5.25 (b). The TL traces are shown as blue dashed lines, while 

the experimentally measured traces are plotted in red dotted lines. In Figure 5.26 (a), 

corresponding to ∆𝜆𝜆𝑐𝑐 = 8.7 nm, the measured pulse duration was 44.8 fs, with a TL duration of 

26.8 fs (assuming a Gaussian temporal profile). In Figure 5.26 (b), for ∆𝜆𝜆𝑐𝑐  = 15.1 nm, the 

compressed pulse duration was reduced to 35.2 fs, with a TL duration of 24.2 fs. Compression 

was achieved using a grating-based compressor that was independently optimized for each 

spectral configuration. 

These findings demonstrate that efficient compression of MO output pulses is achievable under 

both spectral configurations. Increasing the spectral separation ∆𝜆𝜆𝑐𝑐 leads to higher pulse energy, 

broader output spectra, shorter compressed pulse durations, and increased peak power. At the 

same time, this scaling strategy introduces important trade-offs associated with spectral filtering 

inside the Mamyshev oscillator. A fraction of the spectrally broadened energy is inevitably 

rejected by the offset bandpass filters. However, under stable mode-locking conditions, the 

unselected spectral components could be in principle be accessed through additional output 

ports. From a system-design standpoint, increasing ∆𝜆𝜆𝑐𝑐  therefore involves a balance between 

stability. While larger filter separations enhance output performance, they also increase the 

threshold pump power during the startup, leading to a higher pump-power requirement for 

starting and a reduced pump power range of stable mode-locking. Experimentally, when∆𝜆𝜆𝑐𝑐  was 

increased to more than 15.1 nm, reliable mode-locking became significantly more difficult to 

achieve, with the system operating close to the multi-pulsing regime. As a result, further 

increases in ∆𝜆𝜆𝑐𝑐 were found to offer diminishing practical benefit under the present experimental 

conditions. Numerical simulations performed within the explored parameter range did not reveal 

a clear fundamental limit to this scaling trend. Instead, the observed constraints are primarily 

practical, arising from startup dynamics, pump-power availability, and the narrowing stability 

margin between single-pulse and multi-pulse operation. If these startup and stability limitations 

can be mitigated through improved cavity design, further exploration of larger filter separations 

may become viable. These considerations highlight important directions for future optimization, 

where the trade-offs between energy scaling, efficiency, and operational robustness must be 

carefully balanced. 
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Figure 5.25  (a) Output pulse energy as a function of absorbed pump power under two different 

filter settings: ∆𝜆𝜆𝑐𝑐  = 8.7 nm (blue circles) and ∆𝜆𝜆𝑐𝑐  = 15.1 nm (red hexagrams). The 

maximum output energies achieved were 377 nJ and 426 nJ, respectively. (b) 

Normalized output spectra corresponding to the maximum output energies under the 

two filter settings. The -10 dB bandwidths were measured as 116.2 nm for 

∆𝜆𝜆𝑐𝑐 = 8.7 nm and 126.7 nm for ∆𝜆𝜆𝑐𝑐 = 15.1 nm.  

 

Figure 5.26  ACFs of compressed pulses corresponding to the spectra shown in Figure 5.25 (b). (a) 

Pulse under ∆𝜆𝜆𝑐𝑐  = 8.7 nm condition: experimentally measured pulse duration is 

44.8 fs with a TL duration of 26.8 fs. (b) Pulse under ∆𝜆𝜆𝑐𝑐  = 15.1 nm condition: 

compressed to 35.2 fs with a TL duration of 24.2 fs. Blue dashed lines represent the 

calculated TL traces, and red dotted lines are the measured ACFs. All pulse durations 

are deconvolved assuming Gaussian temporal profiles. 

5.3.3 Optimization for simplifying seed laser 

The seed laser shown in Section 5.2.2 consists of four parts: a femtosecond fibre laser, a laser 

amplifier, a pulse compressor, and a spectrum stretcher. This seed is very complex and contains 

many spatial components, which needs large footprint, but also requires continuous 

maintenance. In this section, the requirements for seed parameters for starting MO will be 

studied in order to achieve better integration and more stable use of the seed laser. 
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The seed pulse used in the simulation in Section 5.3.1 and 5.3.2 has a spectrum measured in the 

experiment as shown in Figure 5.11 (c) and a energy of 25 pJ, which worked well in the above 

simulation. To facilitate the design of various parameters, the seed pulse is assumed to have a 

Gaussian spectrum in this section. Table 5.4 lists the reference parameters of the Gaussian seed 

pulse used in the simulation, including the central wavelength 𝜆𝜆seed_c, pulse energy 𝐸𝐸seed, pulse 

duration 𝜏𝜏seed, and chirp value (group delay dispersion, GDD). These parameters serve as the 

baseline configuration unless otherwise stated. Each symbol defined here will be used 

consistently in the following sections, where the influence of varying each parameter on the MO 

system performance will be systematically investigated. The stable output of MO is determined 

by the parameters of the MO cavity itself. The role of the seed pulse is only to provide a relatively 

strong perturbation to promote the self-reproduction of MO. Therefore, in this part of the 

simulation, more attention is paid to the mode-locking threshold power of 𝑃𝑃1, and the results of 

the first roundtrip after the seed pulse is injected into the MO, especially the characteristics of 

the pulse injected into the cavity as the input of the second roundtrip. The 𝑃𝑃1  and 𝑃𝑃2 are set at a 

low state to maximize the influence of the parameters of the seed pulse itself. The rest 

parameters of the MO are consistent with Table 5.2.  

Table 5.4  Reference parameters of the Gaussian seed pulse used in the simulations, 

including central wavelength 𝝀𝝀𝐬𝐬𝐬𝐬𝐬𝐬𝐬𝐬_𝐜𝐜 , pulse energy 𝑬𝑬𝐬𝐬𝐬𝐬𝐬𝐬𝐬𝐬, pulse duration 𝝉𝝉𝐬𝐬𝐬𝐬𝐬𝐬𝐬𝐬, and chirp 

(GDD). These values serve as the baseline configuration for the seed laser in Section 5.3.3. 

𝜆𝜆seed_c 𝐸𝐸seed 𝜏𝜏seed Chrip 

nm pJ ps ps2 

1040 25 0.5 0 

5.3.3.1 Pulse energy 

It is undoubted that higher seed pulse energy makes it easier to start MO. The significance of 

studying it is to find out where the upper limit of this performance improvement is, and also to 

find out what the intrinsic threshold pump energy is for a MO cavity with specific parameters. 

𝑃𝑃2 was set to 4.0 W, which is a low value. Seed pulse energies, 𝐸𝐸seed, ranging from 2.5 pJ to 25 nJ 

were tried in the simulations and the corresponding pre-amplifier threshold pump powers, 𝑃𝑃1_thr, 

are listed in Table 5.5. When the 𝐸𝐸seed increases from 2.5 pJ to 7 pJ, the 𝑃𝑃1_thr gradually decreases 

from 0.61 W to a minimum of 0.55 W. When the 𝐸𝐸seed further increases, the 𝑃𝑃1_thr remains at 0.55 

W without any change. Therefore, it can be considered that 0.55 W is the intrinsic 𝑃𝑃1_thr for the 

this MO setting, that is, 𝑃𝑃2= 4.0 W, 𝜆𝜆c1=1040.0nm, 𝜆𝜆c2=1047.0nm. Table 5.6 lists the pulse 

energies injected into the second roundtrip after seed pulses, 𝐸𝐸2rd , of different 𝐸𝐸seed  evolve 
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through the first roundtrip when 𝑃𝑃1 = 0.55 W and 𝑃𝑃2 = 4.0 W.  When the 𝐸𝐸seed increases from 2.5 

pJ to 7 pJ, the 𝐸𝐸2rd gradually increases from 158 pJ to a maximum of 562 pJ. When the 𝐸𝐸seed further 

increases, the 𝐸𝐸2rd fluctuated in a wide range exceeding 600 pJ. This fluctuation originates from 

sufficient spectral broadening in the main amplifier. It can also be inferred that the threshold 𝐸𝐸2rd 

for achieving MO mode-locking in this pumping state is in the range of 485 pJ to 562 pJ. This can 

provide an evaluation criterion for analyzing the effect of seed pulse parameters on the start of 

MO mode locking.  

Table 5.5  Pre-amplifier threshold pump power 𝑷𝑷𝟏𝟏_𝐭𝐭𝐭𝐭𝐭𝐭 as a function of seed pulse energy 

𝑬𝑬𝐬𝐬𝐬𝐬𝐬𝐬𝐬𝐬. 

𝐸𝐸seed 2.5 pJ 5 pJ 6 pJ 7 pJ 8 pJ 25 pJ 250 pJ 2.5 nJ 25 nJ 

𝑃𝑃1_thr 0.61 W 0.58 W 0.56 W 0.55 W 0.55 W 0.55 W 0.55 W 0.55 W 0.55 W 

 

Table 5.6  Pulse energy injected into the second roundtrip 𝑬𝑬𝟐𝟐𝟐𝟐𝟐𝟐 as a function of seed pulse 

energy 𝑬𝑬𝐬𝐬𝐬𝐬𝐬𝐬𝐬𝐬. 

𝐸𝐸seed 2.5 pJ 5 pJ 6 pJ 7 pJ 8 pJ 25 pJ 250 pJ 2.5 nJ 25 nJ 

𝐸𝐸2rd 158 pJ 444 pJ 485 pJ 562 pJ 631 pJ 1002 pJ 689 pJ 679 pJ 685 pJ 

5.3.3.2 Central wavelength 

In the practical MO, the 𝜆𝜆𝑐𝑐1  can be customized. However, for the sake of consistency and 

controllability in the simulation, this 𝜆𝜆𝑐𝑐1 is fixed at 1040.0 nm. Instead, the 𝜆𝜆seed_c is varied from 

1030.0 nm to 1045.0 nm with a step of 1.0 nm to investigate the impact of spectral offset between 

the 𝜆𝜆seed_c and the 𝜆𝜆𝑐𝑐1. Two representative seed energies, 25 pJ and 250 pJ, are considered in this 

study. The 25 pJ level corresponds to the typical output of a standard femtosecond fibre oscillator, 

which is readily achievable without further amplification. In contrast, reaching 250 pJ usually 

requires additional pre-amplification stages, which inevitably increase system complexity, cost 

and footprint. Comparing these two levels allows for a clearer understanding of the system’s 

sensitivity to spectral offset under different seed conditions. Figure 5.27 shows the variation of 

𝐸𝐸2rd as a function of the seed center wavelength 𝜆𝜆seed_c under two different seed energies: 25 pJ 

(blue circles) and 250 pJ (orange squares). A clear threshold region, indicated by the shaded red 

area labeled as 𝑃𝑃1_thr, is observed. When the 𝐸𝐸seed is low (25 pJ), 𝐸𝐸2rd exceeds the threshold only 

for wavelengths around 𝜆𝜆𝑐𝑐1, from 1038.0 nm to 1043.0 nm, whereas higher 𝐸𝐸seed (250 pJ) enables 

a broader spectral range. The fluctuation of these 𝐸𝐸2rd above the threshold is attributed to the 

reduction in power spectral density caused by spectral broadening in the main amplifier. The 
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results highlight the wavelength dependence of the amplification process and the significant 

influence of seed energy on crossing the efficiency threshold. 

 

Figure 5.27  Dependence of 𝐸𝐸2rd on the 𝜆𝜆seed_c for two 𝐸𝐸seed levels: 25 pJ (blue circles) and 

250 pJ (orange squares). The shaded red region indicates the threshold level 𝑃𝑃1_thr. 

5.3.3.3 Pulse duration 

The previous investigation demonstrated the strong influence of 𝐸𝐸seed on solving offset between 

𝜆𝜆seed_c  and 𝜆𝜆𝑐𝑐1 , which is primarily attributed to the spectral broadening SPM. SPM-induced 

spectral broadening is highly dependent on the peak power of the seed pulse. Varying the 𝜏𝜏seed is 

another effective way to influence the peak power while keeping the pulse energy constant. 

Therefore, this section focuses on examining the effect of 𝜏𝜏seed on the start of the mode-locking 

of the MO. 

 

Figure 5.28 Influence of 𝜏𝜏seed on the 𝐸𝐸2rd under (a) spectral overlap condition, 𝜆𝜆seed_c=1040.0 nm, 

and (b) spectral offset condition, 𝜆𝜆seed_c=1035.0 nm. Blue circles: 𝐸𝐸seed =25 pJ; red 

squares: 𝐸𝐸seed=250 pJ. The shaded area indicates the 𝑃𝑃1_thr for the mode-lcoking of 

the MO. 

A series of 𝜏𝜏seed are selected for comparison, including 0.3 ps, 0.5 ps, 0.8 ps, 1.0 ps, 1.5 ps, 2.0 ps, 

2.5 ps, and 3.0 ps. These values are representative of durations that can be directly obtained from 

femtosecond oscillators or amplifier systems, or alternatively realized through proper pulse 
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compression. Figure 5.28 compares the dependence of 𝐸𝐸2rd on the seed pulse duration 𝜏𝜏seed 

under two different spectral offset conditions between 𝜆𝜆seed_c and 𝜆𝜆𝑐𝑐1. In both cases, simulations 

are performed using two seed energy levels: 25 pJ and 250 pJ. In Figure 5.28 (a), the 𝜆𝜆seed_c is set 

to 1040.0 nm, which is exactly overlap to the 𝜆𝜆𝑐𝑐1 . Under this spectral overlap condition, 𝐸𝐸2rd 

exceeds the threshold for both seed energy levels when the 𝜏𝜏seed is short. As 𝜏𝜏seed increases, the 

reduced peak power leads to a rapid drop in 𝐸𝐸2rd. For the 25 pJ case, the output energy falls below 

the threshold when the pulse duration exceeds 1.5 ps. In contrast, for the 250 pJ case, the 

threshold can still be met up to 𝜏𝜏seed ≈ 2.0 ps, indicating that higher seed energy allows greater 

tolerance to longer pulse durations. In contrast, Figure 5.28 (b) shows the case where the 𝜆𝜆seed_c 

is detuned to 1035.0 nm. Here, the spectral offset significantly suppresses the 𝐸𝐸2rd, and only 

high-energy short pulses succeed to exceed the shaded 𝑃𝑃1_thr region. Spectral overlap between 

the 𝜆𝜆seed_c and the 𝜆𝜆𝑐𝑐1 reduces the system's dependence on 𝐸𝐸seed  and 𝜏𝜏seed, enabling efficient 

pulse regeneration even with relatively low-energy or long-duration pulses. In contrast, when 

spectral offset is present, the seed must maintain sufficiently high peak powe. 

5.3.3.4 Pulse chirp 

In practical systems, femtosecond oscillators often generate pulses with chirp due to 

uncompensated dispersion or intentional design. Therefore, understanding the influence of chirp 

on MO performance is essential.  

 

Figure 5.29 Influence of seed pulse chirp (GDD) on the extracted energy 𝐸𝐸2rd under (a) spectral 

overlap condition, 𝜆𝜆seed_c=1040.0 nm, and (b) spectral offset condition, 𝜆𝜆seed_c

=1035.0 nm. Blue circles: 𝐸𝐸seed =25 pJ; red squares: 𝐸𝐸seed=250 pJ. The shaded area 

indicates the 𝑃𝑃1_thr for the mode-lcoking of the MO. 

Figure 5.29 illustrates the effect of seed pulse chirp, represented by its GDD, from -2.0 ps2 to +2.0 

ps2 with a step of 0.2 ps2, on the 𝐸𝐸2rd under under conditions of (a), spectral overlap,  and (b), 

spectral offset. In Figure 5.29 (a), where the 𝜆𝜆seed_c=1040.0 nm, the MO exhibits moderate 

tolerance to GDD variations of the seed pulse. For both seed energy levels, 𝐸𝐸2rd  remains above 
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the threshold in a relatively broad GDD range. Additionally, exhibits a notable asymmetry in 

tolerance to positive and negative GDD. Specifically, the introduction of positive dispersion (GDD > 

0) causes more severe degradation in MO performance compared to the same magnitude of 

negative dispersion. This is evident in the 250 pJ seed energy case, where the only configuration 

that fails to reach the threshold occurs at GDD = +0.2 ps². Similarly, for the 25 pJ seed case, 𝐸𝐸2rd  

falls below threshold when GDD ≥ +0.1 ps² and GDD = -0.2 ps². This suggests that positive chirp 

is more detrimental to the MO startup condition. One explanation for this asymmetry is that, in 

the simulation, the seed pulse propagates through a 2 m long PF before entering the preamplifier, 

which is used to simulate the pigtail of the optical fibre device. This PF introduces a total GDD of 

approximately 0.044 ps². As a result, negatively chirped seed pulses experience partial 

compensation, whereas positively chirped pulses accumulate additional chirp, further degrading 

the system performance. In contrast, Figure 5.29 (b) presents the case with a 5 nm spectral offset 

(𝜆𝜆seed_c=1035.0 nm). Here, the 𝐸𝐸2rd  is significantly suppressed for most GDD values, and only a 

narrow region around unchirped or slightly negative chirp allows the start of the mode-locking of 

the MO, only in the high-energy (250 pJ) case. This confirms that spectral offset significantly 

narrows the chirp tolerance and increases the reliance on the amplifier for seed laser. 

In summary, in the case of spectral overlap, a seed pulse with small chirp facilitates the start of 

the MO, with negative dispersion providing an even greater benefit. In contrast, under spectral 

offset conditions, the effect of the chirp of the seed pulse will be small and more dependent on 

the 𝐸𝐸seed. 

5.3.3.5 Simplified seed laser 

Based on the above simulations, a femtosecond oscillator producing output pulses with reduced 

chirp (Figure 5.30) was constructed as the seed source for MO generation. Since realizing a 

soliton oscillator in the 1 μm wavelength band is theoretically challenging, this design still follows 

the architecture shown in Figure 5.9 but employs a shorter cavity length, resulting in a net 

intracavity dispersion of approximately - 0.1 ps². This configuration establishes a dispersion 

distribution suitable for DMS operation. The oscillator operates at a central wavelength of 1041.4 

nm, consistent with the optical modulator wavelength 𝜆𝜆c1 , as shown in Figure 5.31 (a). The 

spectral profile of the new oscillator exhibits relatively smooth edges, which is distinctly different 

from dissipative solitons that are characterized by pronounced and abrupt spectral edges. 

Oscilloscope measurements indicate a repetition frequency of approximately 40.24 MHz, as 

shown in Figure 5.31 (b). The maximum average output power is about 6 mW, corresponding to a 

single-pulse energy of ~ 150 pJ. Because this pulse energy is insufficient for direct pulse width 

measurement, the output was first amplified by a Ytterbium-doped fibre amplifier (YDFA) and 

subsequently dispersion-compensated using a grating pair based compressor (1000 lines/mm). 
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Full compensation was achieved with a grating separation of 3.5 cm. For comparison, the 

oscillator described in Figure 5.9 required a 16.5 cm grating spacing to achieve full dispersion 

compensation. Considering the additional positive dispersion introduced by the amplifier, this 

indicates that the output chirp of the optimized oscillator is much closer to zero. The oscillator 

output was directly coupled into the optical modulator via a patch cable and an FC/APC 

connector. Despite its relatively low pulse energy, this oscillator enabled an all-fibre method to 

starting the stable mode-locking of MO. Importantly, this optimized seed source eliminates the 

need for additional amplifiers and bulky pulse compressors in MO startup. 

 

Figure 5.30 Schematic of the simplified femtosecond seed laser used to initiate the MO. The 

oscillator adopts a similar structure to that in Figure 5.9, with a shortened cavity 

length to provide net intracavity dispersion of approximately -0.1 ps², facilitating 

dispersion compensation in the downstream PF. 

 

Figure 5.31 Characterization of the simplified femtosecond seed oscillator. (a) Optical spectrum 

of the oscillator output centered at 1041.4 nm with a full width at -10 dB of 12.7 nm. 

(b) Oscilloscope trace showing a pulse repetition rate of 40.24 MHz. 

5.4 Conclusion 

In this chapter, a comprehensive study of a 20 MHz MO was presented, combining experimental 

demonstration with numerical modelling to explore energy-scaling strategies and seed-laser 

simplification. The simulations revealed that increasing the detuning between spectral filters and 

reducing the pre-amplifier pump power can significantly enhance the output pulse energy, and 

these results were validated experimentally. The optimized oscillator delivered compressed 
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pulses with energies exceeding 420 nJ and durations below 40 fs. Furthermore, the modelling 

framework was extended to the seed source, where the influence of pulse energy, central 

wavelength, duration, and chirp was systematically analyzed. Guided by these results, a compact 

femtosecond fibre oscillator with low chirp was implemented and shown to initiate stable mode 

locking in the MO without the need for an external amplifier or stretcher. Overall, this chapter 

establishes both theoretical and experimental foundations for optimizing MOs, providing a 

compact and robust platform for high-energy ultrafast pulse generation.  
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Chapter 6 1MHz Mamyshev oscillator based on 

hollow-core fibre 

6.1 Introduction 

Ultrafast fibre lasers based on the MO architecture can deliver high-energy femtosecond pulses 

at megahertz-level repetition rates, but further energy scaling is fundamentally constrained by the 

cavity length and nonlinear phase accumulation. For applications such as precision 

micromachining, nonlinear microscopy, and mass spectroscopy, lasers with low repetition rates 

(≤1 MHz) and high pulse energy are often required to suppress thermal accumulation, mitigate 

photodamage, and improve process efficiency. Conventional methods for lowering the repetition 

rate, such as external pulse picking or extending silica-fibre cavities, either reduce system 

efficiency or introduce excessive dispersion and nonlinearity, thus limiting the achievable pulse 

energy and duration. To overcome these limitations, we investigate the hollow-core NANFs into 

the MO cavity. Unlike conventional solid-core fibres, NANFs guide light in air rather than glass, 

resulting in a nonlinearity more than two orders of magnitude lower and a dispersion typically 

more than one order of magnitude smaller than silica fibres[199]. Moreover, NANFs naturally 

provide anomalous dispersion over a broad wavelength range, e.g., the zero-dispersion 

wavelength of the NANF used in our experiments is near 950 nm, making them well suited for 

managing pulse chirping in YDF-based MOs [200]. In this chapter, we demonstrate a low-

repetition-rate MO enabled by a 240-m NANF segment, achieving stable mode locking at 1 MHz 

with an output energy exceeding 500 nJ. Numerical modelling reveals the favourable pulse-

evolution dynamics supported by the anomalous-dispersion NANF, and experimental validation 

confirms substantial energy scaling. To the best of our knowledge, this represents the highest 

pulse energy and shortest pulse duration reported to date for a low-repetition-rate ultrafast fibre 

oscillator, corresponding to a peak power of ~6.4 MW, which is two orders of magnitude higher 

than previously demonstrated values. This NANF-based MO establishes a new pathway for 

energy scaling in ultrafast fibre lasers. 

6.2 Background and motivation for low-repetition-rate operation 

The optical cavities of mode-locked fibre lasers, including MOs, are typically several meters long 

and hence operate at repetition rates in the range from tens to hundreds of MHz. However, high-

energy ultrafast lasers with a low repetition rate (≤1 MHz) are preferred in some applications. For 

example, in high-precision micromachining processes, the low pulse repetition frequency can 

effectively mitigate the building up of residual heat being generated by individual ultrashort 
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pulses during the ablation process, avoiding possible damage to the material around the 

machining area and thus improving the machining quality[5]. Similarly, thermal accumulation 

effects appear in high-order nonlinear microscopy based biomedical imaging, therefore, 

decreasing the pulse repetition rate can effectively reduce phototoxic effects, such as 

photobleaching and photodamages[7, 201]. Beyond that, reducing the repetition rate can also 

improve imaging depth[6]. In femtosecond laser-assisted chemical ionization mass 

spectroscopy, high repetition rate lasers could generate an accumulation of ions in the ionization 

region, resulting in space charge saturation and therefore reducing the ionization efficiency from 

the subsequent pulse[4]. For the same purpose, there are similar 1MHz works in the field of 

CPA[202]. 

A common method of reducing the pulse repetition rate of an ultrafast fibre laser is to employ an 

external pulse picker. However, this not only decreases energy efficiency but also increases the 

complexity of the laser system. In principle, increasing the length of silica fibres in the mode-

locked cavity can reduce the pulse repetition rate, however, this will result in large dispersion and 

high nonlinearity, restricting the maximum achievable pulse energy as well as the minimum 

achievable pulse duration. Various previous works on long-cavity ultrafast fibre lasers, including 

conventional mode-locked oscillators[203-205] and giant-chirp oscillators[206, 207], have 

shown that it is challenging to achieve a peak power more than 50 kW in the low repetition rate 

(≤1MHz) operation. MOs, offering larger tolerance to the NPS accumulation than other laser 

techniques to favor high-energy output, have also been investigated for low-repetition-rate 

operation. X. Luo, et al. reported a fibre MO with a cavity length of 65 m and demonstrated a 3.18-

MHz pulse repetition rate at 1560 nm. A minimum pulse duration of 230 fs was obtained; however, 

the maximum pulse energy was only 18 nJ due to the long SMFs used inside the cavity[171]. M. 

Olivier, et al. presented a fibre MO with a 100-m cavity length, operating at 1030 nm. Although a 

low repetition rate of 939 kHz was realized, the maximum pulse energy was still relatively low (20 

nJ), and the compressed pulse duration was quite long (436 fs)[208]. Regrettably, still limited to 

silica fibre, the standard method of increasing fibre length to reduce pulse repetition rate in MOs 

does not fulfil the combined need for high pulse energy and short pulse duration. 

6.3 Hollow-core fibre 

Hollow-core NANFs are a novel class of optical fibres that guide light predominantly in an air core 

by utilizing the antiresonant reflection mechanism. Compared with conventional solid-core silica 

fibres, NANFs offer several compelling advantages. Firstly, NANFs exhibit ultra-low transmission 

loss. Through the development of advanced cladding designs such as nodeless and nested-tube 

structures, researchers have achieved record-low losses down to 0.08 ± 0.03 dB/km[135], 

surpassing the attenuation of commercial single-mode fibres and demonstrating the potential of 
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NANFs for long-distance, high-fidelity optical transmission. Secondly, NANFs support broad and 

low-loss transmission windows. A recent breakthrough demonstrated that a double NANF can 

maintain attenuation below 0.1 dB/km across the entire 1200-1650 nm range, corresponding to 

a usable optical bandwidth of over 68 THz[10]. This represents the first time such a broad low-

loss window has been experimentally verified in HCFs, making NANFs particularly attractive for 

wavelength-division multiplexing and ultrafast photonics applications. Thirdly, NANFs offer 

extremely low chromatic dispersion and nonlinear effects. Since light propagates mainly in air, 

the nonlinear refractive index is nearly negligible, and material dispersion is greatly reduced. This 

enables distortion-free propagation of high-peak-power femtosecond pulses and is particularly 

beneficial for supercontinuum generation and ultrafast light sources[209]. In addition, NANFs 

feature low transmission latency due to the high speed of light in air, and their air-guiding nature 

provides excellent thermal stability, which is crucial for precise optical frequency 

transmission[210]. The structural flexibility of NANFs, including variations in the number, shape, 

and arrangement of cladding tubes, also allows for optimization of modal properties and further 

suppression of higher-order modes, though these aspects are secondary compared to their 

fundamental optical benefits. 

 

Figure 6.1  Structural and optical properties of the in-house fabricated NANF, a type of 

antiresonant HCF. (a) Optical microscope image of the fibre cross-section showing 

the nested antiresonant structure. (b) Measured loss spectrum, exhibiting a 

minimum attenuation of 1.3 dB/km near 1040 nm. (c) Simulated dispersion profile 

showing anomalous dispersion (D = 2.36 ps/(nm·km)) at the laser operating 

wavelength. 

The unique properties of NANFs make them a promising solution for repetition rate reduction in 

ultrafast oscillators, particularly in scenarios where low dispersion, minimal nonlinearity, and low 

loss are essential. Figure 6.1 presents the structural and optical properties of an in-house 

fabricated NANF, a specific type of antiresonant HCFs. The fibre features a MFD of 21 μm, a loss 

of 1.3 dB/km, and a dispersion coefficient of 2.36 ps/(nm·km) at the operating wavelength. The 

measured transmission window of the NANF aligns well with the spectral region of the MO output, 
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and the fibre exhibits anomalous dispersion at those wavelengths. These characteristics render 

the NANF a suitable candidate for intracavity dispersion management. 

6.4 1MHz MO experiment 

To evaluate the potential of the NANF for repetition rate reduction in MOs, we replaced the 0.4 m 

PM PF after the 1st filter in Figure 5.1 with a 12.5 m-long NANF, as shown in Figure 6.2. To improve 

the mode field matching between the fibres, the focal lengths of Lens 2 and Lens 3 were adjusted 

to 18.4 mm and 25.4 mm, respectively. In addition, the 𝜆𝜆𝑐𝑐1  was tuned to 1036 nm with a 

bandwidth of 2.0 nm, as shown in Figure 6.3 (a), to optimize the output pulse characteristics. The 

rest of the MO cavity remained unchanged. This configuration was seeded by the laser described 

in Section 5.2.2. Figure 6.3 (a) illustrates that stable single-pulse mode-locking was achieved at 

a repetition rate of 11.24 MHz with pump powers of 𝑃𝑃1= 6.5 W and 𝑃𝑃2=10.0 W. With 𝑃𝑃2 increased, 

the output pulse energy grew nearly linearly, as shown in Figure 6.3 (c), reaching a maximum of 

359 nJ. Beyond this pump level, mode-locking was lost. When 𝑃𝑃1 was increased to 8.1 W, only 

dual-pulse mode-locking could be sustained. 

 

Figure 6.2  Experimental setup and performance of the MO incorporating a 12.5 m-long NANF for 

repetition rate reduction.  
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Figure 6.3  (a) Transmission spectrum of the 1st filter. (b) Detected pulse train showing stable 

single-pulse mode-locking at a repetition rate of 11.24 MHz. (c) Output pulse energy 

as a function of absorbed pump power 𝑃𝑃2, showing a nearly linear dependence. 

The primary objective of demonstrating the feasibility of using NANF in the MO cavity to reduce 

the repetition rate was successfully achieved. Previous attempts using PM PFs of comparable 

length failed to initiate mode locking. In contrast, stable mode locking was readily obtained with 

a 12.5 m-long NANF. Building on this result, the NANF length was further increased to 35 m and 

107 m, corresponding to repetition rates of approximately 6 MHz and 2.5 MHz, respectively, both 

successfully supporting stable mode-locking.  

Encouraged by these results, the NANF length was ultimately increased to ~240 m in subsequent 

experiments to further reduce the repetition rate (the structure and implementation are shown in 

Figure 6.4). As a result, the total optical length of the cavity increased to approximately 254 m, 

yielding a reduced repetition rate of ~1.18 MHz. In the experiment, the polarization extinction ratio 

(PER) was observed to degrade from 30 dB to 14 dB after the NANF, probably due to the 

asymmetric tension caused by fibre bending. To address this, PBS1 was included to maintain a 

high PER for the main-amplifier.  Multi-pulse mode locking was initially observed at the onset of 

MO operation when absorbed pump powers were increased to 6.3 W and 20.8 W in the pre-

amplifier and the main-amplifier, respectively. However, stable single-pulse mode locking could 

be obtained when pump powers were reduced selectively for the two amplifiers. In the single-

pulse mode-locked operation, the absorbed pump power was fixed at 3.8 W in the pre-amplifier 

while was adjusted between 4.6 W and 6.4 W in the main-amplifier to change the output power 

from the MO. This multi-pulsed mode-locking for the MO with NANF is attributed to the large 

mismatch in pulse repetition rates between the seed laser and the MO cavity. Nevertheless, the 

pump threshold of the MO with the NANF was substantially lower than the MO without NANF. 
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Figure 6.4  Schematic of the MO incorporating a 240 m-long in-house fabricated NANF to 

achieve ultra-low repetition rates. The NANF replaces the short PF segment after the 

first spectral filter, increasing the total cavity length to ~254 m and resulting in a 

repetition rate of ~1.18 MHz. The the 𝜆𝜆𝑐𝑐1=1040 nm, with a 2.5 nm bandwidth,  and the 

𝜆𝜆𝑐𝑐2 =1047 nm,  with a 2.8 nm bandwidth. 

Under the single-pulse mode-locking regime, the variation of output power with respect to the 

absorbed pump power in the main amplifier was measured, as presented in Figure 6.5 (a). The 

maximum average output power reached 0.608 W, corresponding to a single-pulse energy of 

514 nJ. Attempts to further increase the pump power led to disruption of stable mode-locking. 

This pulse energy, achieved at a repetition rate of 1.18 MHz, significantly surpasses that obtained 

from the 20.03 MHz MO configuration, and the improvement can be attributed to several factors. 

First, operating at a lower repetition rate reduces the average thermal load in the gain fibre of the 

main amplifier, thereby reducing thermally induced noise. More critically, the anomalous 

dispersion introduced by the NANF may modify the pulse chirp and influence the phase evolution, 

contributing to more efficient pulse formation. The output spectrum at maximum power, shown 

in Figure 6.5 (b), exhibits a central wavelength of 1046 nm and a 10-dB bandwidth of 91 nm. This 

bandwidth is narrower than that observed in the high-repetition-rate (20 MHz) MO, likely due to 

suppressed SPM in the presence of anomalous dispersion from the NANF. Pulse compression 

was performed using the same grating-based compressor as in previous experiments. The ACF of 

the compressed pulse and the TL Gaussian pulse are shown in Figure 6.6 (a). The FWHM of ACF 

is measured to be 64.5 fs, corresponding to pulse duration estimated at 45.7 fs under the 

Gaussian assumption. Compared to the 20 MHz case, this ACF features a significantly lower 

pedestal, indicating reduced NPS accumulation. Approximately 85% of the pulse energy is 

confined within the main lobe. Figure 6.6 (b) displays the ACF over a 5 ps window, showing no 

evidence of satellite pulses. The RF spectrum in Figure 6.7 (a) confirms a fundamental repetition 
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rate of 1.18 MHz with a SNR of 60.51 dB. The wideband spectrum, shown in Figure 6.7 (b), is flat 

and free of sidebands, evidencing stable and clean single-pulse mode-locking. 

 

Figure 6.5   (a) Output power of single-pulse mode-locking at different pump power at the main-

amplifier. (b) Output spectrum at 514 nJ pulse energy. 

 

Figure 6.6  (a) The intensity AC traces of the compressed pulses (green) and TL pulses (orange) 

with a span of 500 fs. (b) The intensity AC traces of the compressed pulses with a 

span of 5 ps. 

 

Figure 6.7   (a) RF spectrum with a NBW of 1 Hz and a span of 500 Hz. (b) RF spectrum with a 

NBW of 10kHz and a span of 20 MHz. 

Single-pulse mode-locked operation was successfully achieved both in MOs using standard PM 

PFs and using NANFs. As expected, the introduction of NANF substantially reduced the repetition 
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frequency of the MO from 20.03 MHz to 1.18 MHz. It is notable that 35% more pulse energy was 

achieved in the MO using NANF. Less heat generated by the low average power at a low repetition 

rate partly contributes to this but should not be the main reason. The bandwidth of the output 

spectrum indicates that the negative dispersion introduced by NANF plays a crucial role in 

reaching a higher pulse energy. For a given MO, the bandwidth of the output spectrum is 

broadened at higher values of pump power in the main-amplifier. The MO using NANF delivers 

output pulses with a higher pulse energy (514nJ vs. 381nJ) but narrower bandwidth (91 nm vs. 120 

nm) than the MO using standard PM PFs. Thus, the introduction of the NANF resulted in 

suppressions of spectral broadening and NPS accumulation simultaneously. 

6.5 Simulation results 

The spectral broadening process of the pulse in the gain fibre of the main-amplifier is likely 

dominated by the so-called gain-managed nonlinear amplification, which balances the 

nonlinearity and the longitudinal gain-shaping. To further investigate this phenomenon, we 

numerically modelled the MOs and simulated the intra-cavity pulse evolution by using the split-

step method [160]. Given the low dispersion, low nonlinearity, and low loss characteristics of the 

240 m NANF, it was modeled as a lumped dispersive element with an overall GDD of −0.34 ps² for 

simplification. To facilitate a fair comparison, both the PF- and NANF-based MOs were simulated 

to generate 300 nJ output pulse energy. 

Figure 6.8 (a) displays the simulated spectrogram of the intra-cavity pulse immediately before 

entering the main amplifier in the NANF-based MO, showing a down-chirped profile. In contrast, 

Figure 6.8 (b) shows an up-chirped pulse for the PF-based MO, where a 0.4 m PM PF was used 

instead of the NANF. This is the essential impact brought about by the introduction of NANF. 

Figure 6.9 (a) presents the evolution of the spectral bandwidth along the gain fibre. In the PF-

based MO, spectral broadening begins early due to the positively chirped input pulse, resulting in 

a final output bandwidth of 104 nm. However, in the NANF-based MO, spectral broadening is 

noticeably delayed, initiating after ~0.5 m of propagation and yielding a significantly narrower 

output bandwidth of 58 nm. This delayed spectral broadening explains the narrower output 

spectra despite higher pulse energy in the NANF-based MO. Figure 6.9 (b) illustrates the evolution 

of the pulse peak power in the main amplifier, which reflects the accumulation of NPS and is a 

key factor limiting pulse energy in ultrafast oscillators. The shaded area indicates the cumulative 

NPS, which is clearly smaller for the NANF-based MO. At 300 nJ, the calculated total NPS is 

approximately 20π for the NANF-based MO and 28π for the PF-based MO. In experimental 

conditions corresponding to maximum pulse energies of 514 nJ and 381 nJ for the NANF- and PF-

based MOs, respectively, the accumulated NPS for both cases is approximately 35π. These 

results support the conclusion that lower NPS accumulation in the NANF-based MO facilitates 
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the generation of higher-energy pulses. Figure 6.10 compares the simulated output spectra with 

experimental results for both MO configurations, demonstrating good agreement and validating 

the simulation framework. Those results clearly prove that the negative dispersion introduced by 

the NANF can reduce the NPS accumulation and hence increase the maximum output pulse 

energy.  

 

Figure 6.8  Numerical simulation results for MOs using PF and NANF, each delivering 300 nJ 

output pulse energy. (a) Spectrogram of the intra-cavity pulse before entering the 

main amplifier in the NANF-based MO, showing a negatively chirped (down-chirped) 

pulse. (b) Spectrogram of the intra-cavity pulse before entering the main amplifier in 

the PF-based MO, showing a positively chirped (up-chirped) pulse. 

 

Figure 6.9  Numerical simulation results for MOs using PF and NANF, each delivering 300 nJ 

output pulse energy. (a) Evolution of the spectral bandwidth along the gain fibre of 

the main amplifier for both configurations (blue: NANF; orange: PF). (b) Evolution of 

the pulse peak power along the gain fibre, indicating NPS accumulation (blue: NANF; 

orange: PF). 
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Figure 6.10 Numerical simulation results comparison between simulated and experimental 

output spectra for both Mos, each delivering 300 nJ output pulse energy. Upper panel: 

NANF-based MO; lower panel: PF-based MO. 

In this work, NANF not only functions as a time delay line to reduce the pulse repetition rate but 

also provides chirp management functionality for the intra-cavity pulses to further enhance the 

output pulse energy. These findings confirm that the anomalous dispersion introduced by the 

NANF not only enables repetition rate reduction but also serves as an effective intra-cavity chirp 

management tool. This dual functionality helps suppress NPS accumulation and consequently 

enhances the achievable pulse energy in mode-locked oscillators. 

6.6 Conclusion 

In this chapter, we have implemented and analyzed a MO incorporating a long NANF to achieve 

low-repetition-rate operation. The combined experimental and numerical study confirms that the 

NANF segment provides both anomalous dispersion and ultra-low nonlinearity, which are 

essential for maintaining stable single-pulse operation in an extended cavity. Importantly, the 

introduction of the NANF does not degrade the pulse characteristics; instead, it facilitates a 

higher tolerance to nonlinear phase accumulation, thereby supporting an increase in the 

maximum achievable pulse energy. Our modelling clarified the pulse-evolution dynamics in this 

hybrid system, showing how the NANF suppresses nonlinear phase accumulation and enables 
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efficient gain-managed amplification by suitable negative chirp value. The consistency between 

simulation and experiment underlines the robustness of the approach. Beyond validating this 

concept, the results establish NANF-based MO integration as a powerful strategy for breaking the 

conventional trade-off between repetition rate, pulse energy, and pulse duration in fibre 

oscillators. This opens new opportunities for scaling ultrafast fibre lasers toward application 

regimes that demand simultaneously high pulse energy and low repetition rates, such as 

precision micromachining and nonlinear biomedical imaging. 
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Chapter 7 High-performance pulse compression 

based on hollow core nested antiresonant nodeless 

fibre 

7.1 Introduction 

The generation and manipulation of ultrashort laser pulses are essential in numerous scientific 

and industrial applications, ranging from high-resolution spectroscopy and micro-machining to 

nonlinear optics and biomedical imaging. To reach the temporal resolution required for such 

applications, post-compression techniques are often employed to shorten the pulse duration 

beyond the oscillator limit. Conventional free-space compression methods, such as grating pairs, 

prism pairs, and chirped mirrors (CMs), are capable of compensating spectral phase distortions 

accumulated during propagation. However, they typically involve complex optical alignment, 

large footprint, and sensitivity to mechanical perturbations. HCFs have emerged as a powerful 

alternative for pulse compression due to their low nonlinearity, high power handling, and 

favorable dispersion characteristics. Among various HCF types, the NANF offers exceptionally 

low propagation loss and broad transmission bandwidth, making it a strong candidate for high-

performance compression. In particular, the negative GVD of NANF near 1 µm makes it well 

suited for compressing positively chirped pulses from Yb-based fibre oscillators. This chapter 

presents a comprehensive study of femtosecond pulse compression based on NANF. We first 

review the fundamental principles of conventional pulse compression techniques, followed by a 

detailed description of the NANF-based compression setup. Key challenges and optimization 

steps during implementation are analyzed, including spectral distortion control and nonlinear 

effects in diagnostics. Compression performance is experimentally characterized and compared 

with a benchmark grating pair compressor. Finally, we discuss dispersion limitations, integration 

potentials, and the future prospects of NANF in compact ultrafast systems. 

7.2 Principles of conventional compression techniques 

Ultrashort pulse compression is fundamentally based on compensating the spectral phase 

accumulated during pulse propagation through dispersive and nonlinear media. To achieve TL 

pulse durations, it is essential to introduce a dispersive optical element with an opposite sign of 

GDD and higher-order dispersion to that accumulated. This section introduces three widely used 
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pulse compression techniques: grating pairs, prism pairs, CMs, and pulse shaper, along with their 

physical principles and dispersion characteristics. 

7.2.1 Grating pair based compressor 

Grating pair compressors utilize angular dispersion and free-space propagation to introduce 

negative GDD, making them well-suited for compressing positively chirped pulses. By passing the 

ultrashort pulse through a pair of parallel reflective or transmissive diffraction gratings, different 

spectral components of a pulse propagate along different optical paths due to diffraction, where 

longer wavelengths propagating shorter distances and shorter wavelengths propagating longer 

paths. This results in a introduction of a negative GDD that can be expressed as: 

 𝐺𝐺𝐺𝐺𝐺𝐺(𝜆𝜆0) = −
𝑚𝑚2𝜆𝜆03𝐿𝐿

2𝜋𝜋𝑐𝑐2𝑑𝑑2𝑐𝑐𝑐𝑐𝑐𝑐3𝜃𝜃0
 (7-1) 

Where 𝑚𝑚 is the diffraction order (usually -1 for compressors), 𝜆𝜆0 is the central wavelength, 𝐿𝐿 is 

the separation between the gratings,  𝑐𝑐 is the speed of light, 𝑑𝑑 is the grating period, and 𝜃𝜃0 is the 

diffraction angle.  

Figure 7.1 (a) and (b) show schematic diagrams of compressors using transmissive gratings and 

reflective gratings, respectively. Transmissive gratings tend to have higher compression 

efficiency. Grating compressors inherently introduce negative GDD and positive TOD, and both 

parameters scale with the separation distance between the gratings. By tuning this separation, 

one can flexibly adjust the amount of dispersion. Grating pair compressors have a very mature 

device supply and can also provide flexible and efficient dispersion compensation, but they 

usually rely on good spatial optical path alignment. In the case of large dispersion compensation, 

the size and space occupation of the grating are relatively high. 

 

Figure 7.1 Schematic diagrams of grating pair compressors. (a) Configuration using 

transmissive diffraction gratings, which offers higher efficiency. (b) Configuration 



Chapter 7 High-performance pulse compression based on hollow core nested antiresonant 

nodeless fibre 

93 

using reflective diffraction gratings. In both cases, angular dispersion separates 

spectral components, and path length differences among wavelengths introduce 

negative GDD and positive TOD for pulse compression. 

7.2.2 Prism pair based compressor 

Prism pair compressors operate on the principle of material dispersion and angular separation 

through refraction. The GDD generated by the ultrashort pulse passing through the prism pair is 

partly due to the angular dispersion caused by refraction and partly due to the material dispersion 

of the prism medium that can be expressed as:  

 𝐺𝐺𝐺𝐺𝐺𝐺(𝜆𝜆0) = −4𝐿𝐿𝑠𝑠𝑠𝑠𝑠𝑠
𝜆𝜆03
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 (7-2) 

Where 𝐿𝐿𝑠𝑠𝑠𝑠𝑠𝑠 is the separation between prisms, 𝑛𝑛 is the refractive index of the prisms, 𝐿𝐿𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 is the 

insertion thickness of the prism.  

Figure 7.2 (a) and (b) are schematic diagrams of a prism compressor without and with a folded 

structure, respectively. The latter has a more compact structure. Unlike grating pairs, due to the 

combined effects of material dispersion and angular dispersion, prism pairs can introduce 

negative GDD and negative TOD by finely adjusting the insertion thickness of the prisms and the 

prism spacing. This gives prism pairs an advantage in compressing pulses below 100fs or even 

shorter pulses. For compensation of large amounts of dispersion, large grating pairs and footprint 

are also required. 

 

Figure 7.2  Schematic diagrams of prism pair compressors. (a) Standard unfolded geometry 

where the beam propagates through two prisms and experiences material and 

angular dispersion. (b) Folded configuration that enhances compactness by folding 

the beam path with mirrors. Prism compressors generate negative GDD and negative 

TOD by adjusting prism separation and insertion depth, making them suitable for 

compressing sub-100 fs pulses. 
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7.2.3 Chirped mirror based compressor 

CMs are multilayer dielectric mirrors engineered to provide tailored spectral phase shifts upon 

reflection. By designing the layer thicknesses to vary (chirp) in depth, the mirror causes different 

spectral components to reflect at different depths, leading to wavelength-dependent group 

delays. This enables precise control over GDD and higher-order dispersion. An important feature 

of CM is that the depth and material can be designed to customize GDD and TOD more freely, 

which is different from grating and prism pairs, where GDD and TOD are usually coupled. There 

are also CM products on the market that have zero net GDD and are only used for TOD 

compensation. 

Figure 7.2 (a) and (b) respectively show the schematic diagram of the structure of the CM and the 

schematic diagram of the compressor based on the CM. CMs are more convenient to collimate 

and can provide ultra-high compression efficiency. The single-shot reflectivity is almost always 

over 99%. CMs can also provide ultra-wide spectral bandwidth. Therefore, CMs are often used to 

compress sub-hundred-femtosecond or even few-cycle pulses. The GDD introduced by a single 

reflection of a CM is relatively limited and fixed (~ -50 - -100 fs² typically), unlike grating pairs and 

prism pairs that can be continuously adjusted. When compensating for large dispersion, 

cascading is sometimes required to achieve complete dispersion compensation. 

 

Figure 7.3  Schematics of CM design and CM-based pulse compressor. (a) Layer structure of a 

CM, where dielectric layers are chirped in thickness to induce wavelength-dependent 

reflection delays. (b) CM compressor configuration using a sequence of reflections 

to accumulate dispersion compensation. CMs offer precise, high-efficiency 

dispersion control and are widely used for few-cycle pulse compression. 

7.2.4 Spatial light modulators based compressor 

Pulse shapers based on spatial light modulators (SLMs) offer a highly flexible approach to pulse 

compression by directly manipulating the spectral phase and amplitude of ultrashort pulses in a 

programmable fashion. These systems typically employ a 4𝑓𝑓 compressor geometry, as shown in 

Figure 7.4, where the pulse is dispersed spatially in the frequency domain using a diffraction 
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grating and a focusing lens, then modulated by an SLM located at the Fourier plane. The SLM acts 

as a programmable mask that can imprint desired phase and/or amplitude modulation onto each 

frequency component of the pulse. After recombination by a symmetric optical path, the resulting 

time-domain waveform reflects the imposed spectral phase, enabling full or partial 

compensation of high-order dispersions, or even arbitrary waveform shaping. This pulse shaper 

can achieve arbitrary and programmable dispersion compensation, including GDD, TOD, FOD, 

etc. The pulse shaper can theoretically achieve full compensation of any order of dispersion. It 

can also adaptively compensate the pulse through the feedback algorithm. However, in practice, 

the spectral resolution and shaping fidelity of this method are affected by the number of pixels of 

the SLM, and precise optical path alignment is required. Due to the limited damage threshold of 

the SLM, this technology is not suitable for use in the field of high-energy pulses. 

 

Figure 7.4  Pulse shaping compressor based on a SLM in a 4𝑓𝑓 configuration. The input pulse is 

angularly dispersed by a diffraction grating and focused by a lens onto the SLM placed 

at the Fourier plane. The SLM modulates the spectral phase and/or amplitude of each 

frequency component. After symmetric recombination, the output pulse exhibits the 

desired time-domain waveform. This approach enables arbitrary dispersion 

compensation and waveform shaping, but is limited by the SLM's spectral resolution 

and damage threshold. 

7.2.5 Hollow-core fibre based compressor 

The pulse compressors mentioned above are usually composed of bulk components. These free-

space optics require precise alignment, occupy significant space, and introduce undesired 

power loss due to their multi-pass configuration. However, traditional solid-core fibres face 

challenges in compressing high-energy pulses due to strong nonlinearity. In contrast, NANFs, 

which guide light through air rather than glass, significantly reduce nonlinearity, enabling efficient 

pulse compression and ultrashort pulse delivery. Moreover, NANFs can be designed to provide 

anomalous dispersions at 1 µm, making them ideal for compressing up-chirped pulses from 

ytterbium-fibre-based MOs. Previous studies have demonstrated pulse compression from 1.6 ps 
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to 158 fs using a photonic bandgap HCF (PB-HCF) for a 5.3-nJ Yb fibre laser[211]. The propagation 

loss and transmission bandwidth of HCFs are critical factors in achieving high-energy pulse 

compression with minimal dispersion. Compared to PB-HCF, NANF offers lower loss and broader 

transmission bandwidth[10], which provides a promising solution for compressing and delivering 

ultrashort pulses. For example, pulse delivery at 800 nm has been demonstrated using an NANF 

with a Ti:Sapphire laser[212]. Due to the high pulse energy of 200 µJ, pre-chirp of the input pulses 

is required to compensate for the dispersion of the NANF, and a complex vacuum system is 

necessary to prevent plasma formation during the pulse delivery. Nevertheless, these results 

highlight the high-power handling capability and promising ultrashort pulse compressing 

performance of the NANF. Combining NANFs with Yb fibre lasers offers a potential route to 

realizing a monolithic, fibre-based system capable of delivering compressed pulses for end-user 

applications. 

7.3 Experimental setup of pulse compression using NANF 

7.3.1 Description of the setup 

 

Figure 7.5  Schematic layout of the experimental setup for pulse compression using NANF. The 

setup includes two compression branches (NANF and grating pair), polarization-

based beam splitting, power control optics, and diagnostic tools (OSA and 

autocorrelator). Attenuation optics are inserted before diagnostic tools to prevent 

damage from high-energy pulses. 
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To compress the output pulses of a MO, we present in this section a post-compression stage 

based on NANF in an atmospheric environment. The schematic layout of the compression system 

is shown in Figure 7.5. In order to evaluate the actual effect of the NANF-based compressor, a 

grating pair compressor was also built. An achromatic HWP and a broadband PBS were used to 

reflect almost all the energy into the optical path of the NANF-based compressor, and only a 

small part of the energy was transmitted into the optical path of the grating pair compressor. The 

two compressors share an autocorrelator and an optical spectrum analyzer (OSA) for 

measurement. The pulses are coupled into the OSA through a MMF for spectral measurement. In 

order to avoid damage to the measurement device by high energy pulses, a wedge mirror is used 

to attenuate the energy of the pulses output by the NANF. The transmission efficiency of a single 

wedge mirror is measured to be ~86%, and the reflectivity is about 7%. Therefore, two wedge 

mirrors are used. The total energy attenuation is about 0.5%. The NANF used is the same as that 

described in Section 6.3. The Chromatic Dispersion Parameter, D shown in Figure 6.1 (c) is 

converted to the Group Velocity Dispersion Parameter, 𝛽𝛽2 parameter as shown in Figure 7.6. The 

orange dashed line marks the location of the zero-dispersion point. 

 

Figure 7.6  GVD curve of the NANF, derived from the chromatic dispersion parameter shown in 

Figure 6.1 (c). The orange dashed line indicates the zero-dispersion wavelength. 

As shown in Figure 7.7, the structure of MO is basically the same as that in Section 5.2.1. The 

difference is that in order to increase the output energy, the gain fibre of the main amplifier is 

replaced from a 25um core diameter to a 30um core diameter PLMA 30/250, with a length of about 

2.4m. The fibre was coiled with a bending diameter of 5 cm for ensuring single-mode operation. 

In order to better match the mode field, the focal length of lens3 was replaced with 8.0mm. The 

recorded stable pulse train of the MO, operating in single-pulse mode-locking, is shown in Figure 

7.8 (a). The repetition rate was 19.34 MHz, matching well with the measured total optical cavity 

path length of ~ 15.50 m. With a pump power fixed at 5.69 W in the 1st arm, the output power of 

the MO was controlled by adjusting the pump power in the 2nd arm. Figure 7.8 (b) shows the 

increase of the output power and pulse energy with respect to the absorbed pump power, 
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reaching a maximum of 10.2 W and 527.2 nJ, respectively. Output spectrum of the MO broadened 

with the increase of the pump power, showing an expand of the 10-dB spectral bandwidth from 

61 nm to 91 nm, as illustrated in Figure 7.8 (c). The MO generated mode-locked pulses with an 

upchirp due to the all-normal dispersion cavity. Autocorrelation of the output pulses at the 

maximum power was measured and shown in Figure 7.8 (d), unveiling a pulse width of 2 ps with 

a Gaussian assumption. 

 

Figure 7.7  Modified MO structure used in the compression experiment. Compared with the 

setup in Section 5.2.1, the main amplifier uses a PLMA 30/250 fibre (30 µm core 

diameter) for higher output energy. The beam coupling optics were also adjusted for 

better mode-field matching. 
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Figure 7.8  Characterization of the MO performance.(a) Oscilloscope trace showing stable 

mode-locked pulse train at 19.34 MHz.(b) Output power and single-pulse energy as 

functions of absorbed pump power.(c) 10-dB spectral bandwidth broadening with 

increasing pump power.(d) Measured autocorrelation of the output pulse at 

maximum power, yielding a 2 ps pulse width under Gaussian assumption. 

7.3.2 Optimization for pulse measurement 

During the experiment, some errors occurred in data collection due to errors in the device settings. 

Therefore, the optimization process of the device is recorded in this section. 

7.3.2.1 Spectral distortion in the PBS reflection path 

In the initial experimental setup, the spectroscopic branch was constructed using a standard PBS 

and a common HWP. During initial setup, we observed that the spectral shape at the reflection 

port of the PBS deviated from the original MO output, particularly when the reflected power was 

reduced via rotation of the HWP. As shown in Figure 7.9, the output spectrum of the MO is shown 

in (a), while (b)-(g) present the reflected spectra at different power levels from 6.84 W down to 

0.40 W. As the reflected power decreased, the deviation from the original MO spectrum became 

increasingly pronounced, with the spectral center shifting towards shorter wavelengths. This 

indicates that the beam-splitting optics,the PBS and HWP, exhibit wavelength-dependent 

extinction behavior, suppressing the longer-wavelength components more effectively than the 
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shorter ones. Such spectral distortion poses a challenge when evaluating pulse compression 

performance using different methods (e.g., NANF and grating pair), because it prevents 

consistent comparison based on the same input spectrum. In our case, since the compressed 

pulse spectrum is highly sensitive to the spectral shape, these inhomogeneities must be 

minimized to ensure meaningful comparison. 

To address the spectral distortion observed in the reflected branch of the polarization 

beamsplitter (PBS) during earlier measurements as shown in Figure 7.9, we replaced the 

conventional HWP with an achromatic HWP, and the narrowband PBS with a broadband PBS. To 

ensure overall spectral fidelity throughout the compression setup, all reflective optics, including 

steering mirrors, were selected as broadband dielectric mirrors. We then repeated the power-

tuning process by rotating the HWP from 0° to 45°, corresponding to a gradual decrease in 

reflected power. The corresponding reflected spectra are shown in Figure 7.10. It is evident that 

with the upgraded optics, the normalized spectral shape remains highly consistent across 

different HWP angles. Only at the minimum reflection setting (45°) does the spectrum exhibit 

noticeable distortion, primarily due to the extremely high extinction ratio which results in a strong 

attenuation of longer-wavelength components. This behavior contrasts significantly with the 

previous configuration, where even moderate reductions in reflection power led to asymmetric 

spectral deformation. 
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Figure 7.9  Normalized spectra measured at the reflection port of the PBS under different 

reflected power levels. (a) Original output spectrum of the MO. (b-g) Reflected 

spectra corresponding to decreasing reflected powers: 6.84 W, 4.56 W, 2.64 W, 

1.24 W, and 0.40 W, respectively. As the reflected power decreases, the spectrum 

exhibits increasing distortion relative to the original MO spectrum, with a progressive 

shift of the spectral center towards shorter wavelengths and suppression of long-

wavelength components. This effect arises from the wavelength-dependent 

extinction of the beam-splitting optics and highlights the need for careful polarization 

control to maintain spectral fidelity when comparing the performance of different 

pulse compression techniques. 
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Figure 7.10  Normalized reflection spectra at different HWP angles (0°, 15°, 30°, and 45°) after 

replacing the conventional HWP and PBS with an achromatic HWP and a broadband 

PBS. The reflected power is adjusted from maximum to minimum by rotating the HWP. 

The recorded spectra exhibit excellent spectral fidelity across most settings, with 

only the 45° case (corresponding to the minimum reflected power) showing 

noticeable spectral distortion due to the extremely high extinction ratio. This result 

demonstrates that the upgraded polarization optics significantly reduce wavelength-

dependent reflection bias, enabling fair spectral comparison between subsequent 

compression branches. However, the extinction at minimal reflection power still 

limits the spectral integrity, suggesting that practical measurement should be 

performed at a slightly lower-than-maximum reflection power. 

This improvement confirms that the wavelength-dependent transmission imbalance in the earlier 

setup originated from the limited bandwidths of the standard HWP and PBS. By employing 

achromatic and broadband components, we achieve high-fidelity power tuning with minimal 

spectral bias. In practice, this optimization is critical when comparing different compression 

branches, such as the NANF and grating pair lines, ensuring that both branches receive 

comparable spectral content. However, the slight spectral clipping at the lowest power setting 

suggests that in actual measurements, the reflected power should be tuned to slightly below its 

maximum to ensure both spectral integrity and accurate compression comparison. 
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7.3.2.2 Mitigation of nonlinear distortion in spectral acquisition 

To ensure accurate spectral characterization at the NANF output, we systematically optimized 

the length of the MMF used for coupling light into the spectrometer. After full compression, the 

pulse duration was below 100 fs, resulting in relatively high peak power even after attenuation. In 

this regime, excessive MMF length may introduce nonlinear effects such as SPM or Raman 

scattering, which distort the collected spectrum.  

Initially, a 5 m MMF was used for spectral acquisition. As shown in Figure 7.11 (a), under low pulse 

energy (narrow spectrum), the collected output spectrum from the NANF closely matched the 

input spectrum. However, as the pulse energy increased and dispersion was more effectively 

compensated, spectral broadening became significant. Under these conditions, the 5 m MMF led 

to noticeable distortions, including the emergence of a Raman shoulder near the long-wavelength 

edge, as illustrated in Figure 7.11 (b). To minimize these nonlinear distortions, the MMF was 

shortened to 1 m. As shown in Figure 7.11 (c), the spectrum collected with this configuration 

exhibited much better agreement with the original input spectrum, even at high peak powers. 

Consequently, all subsequent spectral measurements at the NANF output were performed using 

a 1 m MMF. 

 

Figure 7.11 Comparison of the collected spectra at the output of the NANF using different lengths 

of MMF. The input spectrum (blue dashed line) is shown for reference in each panel.(a) 

Spectral collection using a 5 m MMF at low pulse energy, where minimal spectral 

broadening is observed.(b) Collection with the same 5 m MMF at higher pulse energy 

after near-full compression, revealing additional spectral features including a 

prominent Raman shoulder.(c) Spectral collection using a shortened 1 m MMF at high 

pulse energy, which effectively preserves the original spectral shape. All spectra are 

normalized in power for comparison. 
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7.4 Compression performance and analysis 

Based on the estimated group velocity dispersion of −1.38 fs²/mm at the central wavelength of 

the laser, a fibre length of 12 m was selected for pulse compression using the NANF. Power 

measurements were performed at both the input and output ends of the fibre to evaluate the 

overall transmission efficiency. The output beam exhibited a near-circular Gaussian profile in the 

far field, which is shown in Figure 7.14, indicating that the fundamental mode of the NANF was 

successfully excited.  

It is worth noting that the spectral bandwidth of the pulse increased with the output power of the 

mode-locked oscillator (MO). To characterize the transmission behavior of the NANF under 

different input conditions, we measured the pulse energies at both ends of the fibre across a 

range of incident spectral bandwidths. Figure 7.12 (a) shows the input and output pulse energies 

as a function of spectral bandwidth, where the input energy is denoted by diamond markers and 

the output by circles. At the highest input energy of 492 nJ, an output energy of 424 nJ was 

achieved, corresponding to an overall transmission efficiency of 86.2%.  Figure 7.12 (b) presents 

the transmission efficiency as a function of spectral bandwidth. As the bandwidth increased from 

61 nm to 91 nm, the transmission efficiency decreased slightly from 90.4% to 86.2%. This minor 

decline is primarily attributed to axial chromatic aberration introduced by the coupling lens. This 

limitation can potentially be mitigated by replacing the refractive lens with a reflective concave 

mirror, which eliminates wavelength-dependent focal shifts and improves broadband coupling 

efficiency. 

 

Figure 7.12  Characterization of the NANF transmission performance under different input pulse 

conditions.(a) Measured input and output pulse energies as a function of the input 

spectral bandwidth. Diamond markers indicate the input pulse energy before the 

NANF, and circle markers indicate the corresponding output energy after the fibre.(b) 

Overall transmission efficiency of the NANF as a function of the pulse spectral 
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bandwidth. The slight decrease in efficiency with broader spectra is attributed to 

chromatic aberration from the coupling lens. 

At the maximum input pulse energy of 492 nJ, the output pulse from the 12 m NANF was 

measured to have a duration of 181.6 fs. To determine the optimum fibre length for pulse 

compression, we performed a cut-back measurement by progressively shortening the fibre and 

recording the resulting pulse durations. As shown in Figure 7.13 (a), the pulse duration decreased 

monotonically as the fibre was shortened from 12 m to 10.8 m, reaching a minimum of 55.9 fs. 

Further reduction in fibre length resulted in pulse broadening due to over-compression. For 

comparison, the grating-based compressor produced a minimum pulse duration of 52.9 fs, as 

indicated by the green line inFigure 7.13 (a). Given the broad spectral bandwidth of the pulses, 

the TL pulse width was calculated to be 33.6 fs. The dependence of the compressed pulse 

duration on GVD can be described by the following expression[213]: 

 𝜏𝜏𝑜𝑜𝑜𝑜𝑜𝑜 = 𝜏𝜏𝑖𝑖𝑖𝑖�1 + �
4𝑙𝑙𝑙𝑙(2) × 𝐺𝐺𝐺𝐺𝐺𝐺 × 𝐿𝐿

𝜏𝜏𝑖𝑖𝑖𝑖2
�
2

 (7-3) 

where 𝜏𝜏𝑖𝑖𝑖𝑖  is the input pulse duration (assuming a Gaussian pulse), 𝜏𝜏𝑜𝑜𝑜𝑜𝑜𝑜 is the output duration, 

GVD is the group velocity dispersion, and 𝐿𝐿 is the propagation length. Using this equation, the 

evolution of the pulse duration with fibre length was calculated assuming a TL input (𝜏𝜏𝑖𝑖𝑖𝑖=33.6 fs) 

and a GVD of −1.38 fs²/mm. The resulting theoretical curve is shown as the orange dashed line in 

Figure 7.13 (a). Fitting the experimental data yields the blue dashed curve, which exhibits a good 

match with the theoretical prediction. The fit suggests that the shortest achievable pulse duration 

from the NANF would be approximately 48.9 fs at a fibre length of 10.6 m. The discrepancy 

between the theoretical and experimental curves may be attributed to residual higher-order 

dispersion present in the oscillator output. Figure 7.13 (b) presents the input and output spectra 

at the optimal compression condition (10.8 m fibre, 424 nJ output energy). The similarity in 

spectral shape indicates the absence of strong nonlinear effects during propagation, even at this 

high energy level. Figure 7.13 (c) shows the autocorrelation traces of compressed pulses from the 

NANF and grating-pair compressors, along with the TL trace. The compressed pulse durations 

from both methods closely approach the transform limit, validating the effectiveness of both 

compression schemes. To further confirm the spatial quality of the output pulse, the far-field 

beam profile was recorded at the fibre output under optimal compression conditions. As shown 

in Figure 7.14, some noise patterns in the beam image are likely caused by interference from the 

thin-film filter mounted in front of the camera sensor. To suppress the influence of such noise, 

horizontal and vertical cross-sections of the beam profile were extracted through the beam 

center and fitted with Gaussian functions. The resulting X-Y profiles exhibit a well-defined circular 
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Gaussian distribution, confirming effective excitation of the fundamental mode and the absence 

of spatial distortion throughout the pulse compression process. 

In addition to temporal and spatial characterization, the dispersion properties of the NANF 

impose further constraints on its compression capability. Based on the measured GVD 

characteristics, the corresponding TOD curve was calculated and is shown in Figure 7.15. Within 

the operational spectral range near 1 μm, the NANF exhibits negative GVD and positive TOD. This 

dispersion profile implies that the fibre cannot compensate the positive TOD originating from the 

oscillator’s solid-core fibre components. On the contrary, it introduces additional TOD, which 

becomes a limiting factor when attempting sub-50 fs pulse compression. Moreover, the 

dispersion compensation provided by the NANF is inherently fixed for a given fibre length, unlike 

grating- or prism-based compressors that offer continuous tunability. This restricts the flexibility 

of the NANF when dealing with input pulses of varying bandwidths or chirp. Nevertheless, this 

limitation can be addressed by cascading multiple fibre-based components with discrete, pre-

defined dispersion values, allowing coarse tuning of the overall dispersion compensation. 

 

Figure 7.13  Pulse compression performance using NANF and a grating-based compressor.(a) 

Measured compressed pulse durations as a function of NANF length (purple dots), 

fitted using the GVD model (blue dashed line), and compared with the theoretical 

curve based on TL input pulses (orange dashed line). The shortest experimental 

duration from the grating-based compressor is also shown (green line).(b) 

Normalized spectra before and after NANF compression at the optimum condition 
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(10.8 m fibre length, 424 nJ output).(c) Autocorrelation traces of compressed pulses 

from the NANF and grating-pair compressors, along with the TL trace. 

 

Figure 7.14  Far-field beam profile of the NANF output, exhibiting a near-Gaussian mode shape. 

The noise pattern in the beam image is likely caused by interference from the thin-

film filter mounted in front of the camera sensor. To mitigate the influence of such 

noise, horizontal and vertical cross-sections through the beam center were extracted 

and fitted with Gaussian functions (red line), confirming the symmetric Gaussian 

profile and effective excitation of the fundamental mode. 

 

Figure 7.15 Calculated TOD curve of the NANF based on its GVD characteristics (see Figure 7.6). 

In the 1 μm spectral region, the NANF exhibits positive TOD while providing negative 

GVD. 
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Despite these limitations, the NANF remains a promising platform for ultrafast pulse delivery and 

compression, owing to its low loss, broad transparency window, and customizable dispersion. 

Recent studies have demonstrated low-loss NANF designs with transmission windows exceeding 

68 THz and attenuation below 0.1 dB/km, as well as coupling efficiencies up to 97% with single-

frequency lasers[212]. Furthermore, several works have reported successful fusion splicing 

between NANF and standard silica fibres, paving the way toward all-fibre architectures with 

minimized insertion loss and back-reflection[214]. With continued progress in splicing 

techniques and dispersion engineering, NANF-based pulse compressors hold strong potential for 

future integration into compact, alignment-free ultrafast systems, including on-chip mode-

locked laser platforms[215]. 

7.5 Conclusion 

In this chapter, we have demonstrated a high-efficiency femtosecond pulse compression 

scheme based on NANF, achieving sub-60 fs pulse durations with energy up to 424 nJ and a total 

transmission efficiency exceeding 86%. The NANF exhibits negative GVD around 1 µm and 

supports fundamental mode propagation, as confirmed by far-field beam profile measurements. 

Through systematic optimization, including beam polarization control and suppression of 

diagnostic-induced nonlinear distortions, we ensured reliable comparison with conventional 

grating-pair compression. A cut-back measurement revealed the optimal NANF length to be 

~10.8 m, yielding compressed pulses as short as 55.9 fs. Experimental results aligned well with 

dispersion-based modeling, indicating the presence of residual TOD that currently limits 

compression performance. While grating compressors achieved slightly shorter durations 

(52.9 fs), the NANF offered superior beam quality, higher energy throughput, and a compact 

configuration. Limitations such as fixed dispersion compensation and positive TOD can be 

mitigated by cascading multiple fibre segments or through dispersion engineering. Recent 

advances in broadband NANF designs, fusion splicing with solid-core fibres, and low-loss 

coupling indicate strong potential for full fibre integration. These developments pave the way for 

compact, robust, and potentially on-chip femtosecond laser systems leveraging NANF-based 

compression.  
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Chapter 8 Pulse dynamics in the Mamyshev oscillator 

8.1 Introduction 

Understanding the transient dynamics during the startup of MOs is important for improving their 

controllability, stability, and reproducibility. Previous theoretical work has suggested that the 

initial gain distribution, particularly the timing between population inversion and seed injection, 

may influence the transition from noise to a coherent mode-locked state. Concepts such as 

coherence memory and coherence amnesia have been proposed to describe divergent 

evolutionary pathways under different starting conditions[216]. The idea for this study was 

initially motivated by experimental observations in Chapter 6, where direct single-pulse seeding 

of a 1 MHz MO proved nontrivial. Although detailed investigation of seed-cavity synchronization 

is beyond the scope of this chapter, the challenge highlighted the importance of startup 

conditions, including gain and seed timing, in determining the success and pathway of mode-

locking. This led us to explore, in a more controlled setting, how different gain initialization 

scenarios affect the evolution from seed signal to a stable MO regime. 

To this end, this chapter investigates how the temporal order of gain activation and seed injection 

influences the buildup dynamics of an MO. Two representative scenarios are considered: a 

steady-state start, where the amplifier gains are pre-established before allowing optical 

circulation, and a cold start, where seed injection coincides with the onset of gain. Rather than 

aiming to distinguish strict attractor types, our goal is to observe whether different initial gain 

conditions lead to observable differences in the evolution speed or coherence characteristics. To 

capture these transient dynamics, a real-time DFT-based measurement system was developed, 

enabling spectral and energy evolution to be tracked over thousands of roundtrips. A key focus is 

placed on the spectral cross-correlation coefficient (𝑠𝑠𝑠𝑠𝑠𝑠), which provides a practical measure of 

spectral stability from shot to shot. Complementary simulations were also performed to examine 

the role of gain conditions under idealized assumptions, where both 𝑠𝑠𝑠𝑠𝑠𝑠  and the first-order 

coherence function 𝑔𝑔12
(1)  can be evaluated. These two parameters are taken from the 

methodology reported in Ref. [216]. While the present study does not aim to deliver definitive 

conclusions, it serves as a preliminary investigation into how gain-seed timing may shape mode-

locking evolution. The system and methodologies developed here lay the groundwork for more 

targeted studies on coherence dynamics and start-up optimization in complex laser oscillators. 
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8.2 Experimental setup 

To capture the real-time dynamics during the initiation of mode-locking in the MO, a DFT-based 

measurement system was constructed, as illustrated in Figure 8.1. The setup comprises three 

main components: the seed generation and modulation unit, the MO cavity, and a diagnostic 

platform for both spectral and temporal monitoring. A seed pulse with a repetition rate of 

approximately 40 MHz, as introduced in Section 5.3.3.5, is externally modulated before being 

injected into the MO cavity. The configuration of the MO system is described in Section 7.3.1, with 

a repetition rate of about 20MHz. An additional chopper is placed before the main amplifier to 

enable active control over the cavity’s opening and closing. The output from the MO is split using 

a PBS. One arm is directed to an OSA for average spectral characterization. The other arm is fed 

into a fibre coupler. The tap port (1%) is connected to a 5 GHz PD, which provides a low-resolution 

pulse train used as both a mode-locking trigger and a temporal alignment reference. The main 

port of the coupler (99%) delivers the signal into a long segment of dispersive fibre, which maps 

the optical spectrum into a time-stretched waveform via chromatic dispersion. This waveform is 

then detected by a 32 GHz photodetector (83440D, Agilent) for high-speed measurement, 

enabling detailed observation of spectral fluctuations and transient features. Finally, all signals 

are recorded using a real-time oscilloscope with a 50 GHz sampling rate and a maximum 

acquisition window of 1.25 ms. This setup enables simultaneous observation of coarse triggering 

signals and fine temporal features, providing a complete picture of the build-up dynamics under 

different start-up conditions. 

 

Figure 8.1  Schematic of the experimental setup for investigating the build-up dynamics of the 

MO using DFT. The output of the MO is split into two branches: one is directed to an 

OSA, optical spectrum analyzer, for average spectral characterization, while the 

other is processed through a dispersive fibre and detected by high-speed 

photodetectors to reconstruct spectral evolution in real time. 
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8.3 Key components in the DFT characterization system 

8.3.1 Dispersive fibre for time-stretch mapping 

 

Figure 8.2  Time-domain traces of the MO output after DFT using different fibre configurations. 

The main MO pulse train at ~20 MHz is marked by green circles, while residual seed 

pulses at 40 MHz are indicated by red circles. Shorter fibres provide insufficient 

dispersion, whereas excessively long fibres degrade the temporal contrast. The 

results highlight the need for seed-pulse modulation and the trade-off between 

dispersion length and signal quality in DFT measurements. 

In DFT-based measurement schemes, the choice of dispersive fibre is crucial for determining the 

temporal resolution and fidelity of spectral mapping. To evaluate its effectiveness in time-stretch 

transformation, we tested a range of fibre types with varying dispersion characteristics and 

lengths available in our laboratory. The corresponding experimental results are presented in 



Chapter 8 Pulse dynamics in the Mamyshev oscillator 

112 

Figure 8.2, where the MO output is mapped into the time domain using five different fibre 

configurations. Each trace shows a periodic structure corresponding to the MO pulse train at a 

repetition rate of ~20 MHz, highlighted by the green circles. In addition, residual peaks originating 

from the continuously injected seed pulses at 40 MHz are clearly visible, marked by the red circles. 

These unwanted features can interfere with the DFT measurement and, in some cases, even alias 

into the main signal, thereby compromising the reliability of the temporal characterization. To 

address this issue, active modulation of the seed pulse using an AOM or EOM is required to 

suppress the background injection and improve the temporal contrast of the DFT signal. Due to 

their short lengths, the 2.4 km HI-1060 and 3.9 km SMF-28 fibres offer limited temporal stretching. 

Dispersion-shifted fibre (DSF), which provides greater dispersion per unit length at 1 μm, enables 

comparable stretching to that of 19.0 km SMF-28 using only 11.1 km. However, greater dispersion 

is not inherently advantageous: aside from transmission loss, excessive temporal stretching 

reduces the optical signal per unit time, thereby diminishing the temporal contrast and detection 

sensitivity. 

Table 8.1 summarizes the tested fibre types and their associated propagation losses. After 

balancing spectral resolution and transmission loss, we selected a standard SMF-28 fibre with a 

length of 8.6 km as the optimal dispersive element. This configuration provides sufficient 

stretching for clear spectral unfolding while maintaining acceptable optical throughput. If 

available, a HI-1060 fibre with a length of approximately 10 km would potentially offer improved 

performance by combining low loss and higher dispersion efficiency. 

Table 8.1  Insertion loss of dispersive fibres used for DFT-based spectral mapping.  

Fibre type Fibre length Insertion loss 

DSF 11.1km 20.5dB 

HI-1060 2.4km 1.4dB 

SMF-28 3.9km 2.0dB 

SMF-28 8.6km 11.0dB 

SMF-28 19.0km 22.2dB 

To evaluate the wavelength resolution of the DFT system with the selected 8.6 km SMF-28 fibre, 

a mode-locked pulse with a pulse energy of 150 pJ was injected into the dispersive fibre. The input 

pulse had a center wavelength of 1041.83 nm and a 10-dB spectral width of 27.64 nm, as 

measured by the OSA. Figure 8.3 (a) shows the time-domain waveform captured by the real-time 

oscilloscope after dispersion. At a sampling rate of 50 GHz, the stretched signal occupies 384 

sampling points. Based on the known spectral width and temporal span, the effective wavelength 
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resolution of the DFT signal is estimated to be approximately 0.72 nm per point. Figure 8.3 (b) 

shows the original spectrum recorded by the OSA, and Figure 8.3 (c) displays the DFT signal after 

remapping to the wavelength axis. The DFT-based reconstruction aligns well with the OSA 

spectrum, confirming the reliability of the calibrated dispersion-to-wavelength mapping. 

 

Figure 8.3  Wavelength calibration of the DFT signal using 8.6 km SMF-28. (a) Time-domain trace 

of a mode-locked pulse after passing through the dispersive fibre, captured by a real-

time oscilloscope. (b) Optical spectrum of the same pulse measured directly using 

an OSA. (c) The DFT signal is remapped to the wavelength axis using the calibrated 

dispersion coefficient and compared with the OSA spectrum, showing good 

agreement. 

8.3.2 Pulse injection via AOM vs. EOM 

To address the interference caused by continuously injected seed pulses, external amplitude 

modulation was applied to temporally gate the seed source. Considering that the seed pulse has 

a repetition rate of 40 MHz and the maximum acquisition window of the oscilloscope is 1.25 ms, 

a gate width of 20 ns was implemented using a high-speed optical switch with a repetition rate of 

500 Hz. This configuration ensures that, in principle, each recorded trace corresponds to the 

build-up dynamics initiated by a single seed pulse. 

To evaluate the effectiveness of different modulators, we compared the use of an electro-optic 

modulator (EOM) and an AOM under the same gating parameters. Figure 8.4 (a) shows the 

temporal output of the MO when gated with an EOM, while Figure 8.4 (b) shows the result with an 

AOM. In both cases, the detection was performed using a 5 GHz photodetector to monitor the 

overall temporal envelope of the pulse train. Due to its lower extinction ratio, the EOM allowed 

residual seed pulses to leak through outside the intended gate window. These unwanted pulses 

can re-seed the MO cavity and obscure the true single-pulse-triggered dynamics. In contrast, the 

AOM provided significantly better isolation, effectively eliminating residual injection and enabling 
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more reliable observation of clean build-up events. As a result, the AOM was selected as the 

preferred external modulator for subsequent experiments. 

 

Figure 8.4  Temporal response of the MO under single-pulse seed injection using different 

modulators. (a) EOM: Due to limited extinction ratio, residual seed pulses are 

observed outside the gate window, leading to potential multi-pulse triggering. (b) 

AOM: The seed is well confined within the gate window, enabling cleaner observation 

of the build-up process. 

8.4 Locking behavior under different start-up conditions 

The transient behavior of a mode-locked MO depends strongly on the initial conditions under 

which the cavity is seeded. Recent studies have suggested that the level of population inversion 

at the moment of seed injection can influence the system's route toward stable mode-locking. In 

particular, different initial gain levels may lead to varying coherence evolution dynamics, 

sometimes described under the framework of coherence memory versus coherence 

amnesia[216]. Although our aim is not to directly classify the observed dynamics into these 

categories, we are motivated by the same fundamental question: How does the initial upper-state 

population affect the temporal and spectral pathway through which coherence is established? 

To address this, we investigate two representative start-up schemes: In the steady-state start, 

both preamplifier and main amplifier pumps are turned on well before seed injection, allowing 

the gain medium to reach a relatively high level of population inversion. In contrast, the cold start 

involves injecting the seed before activating the pump sources, resulting in a much lower initial 

inversion level. To facilitate quantitative comparisons between these conditions, we introduce 

two diagnostic metrics proposed in the literature: The spectral cross-correlation coefficient 

𝑠𝑠𝑠𝑠𝑠𝑠(𝑁𝑁), which characterizes the similarity between adjacent power spectra across roundtrips. It 

is defined as: 

 𝑠𝑠𝑠𝑠𝑠𝑠(𝑁𝑁) =
max [∫ 𝐼𝐼(𝜔𝜔,𝑁𝑁)𝐼𝐼(𝜔𝜔 + 𝛿𝛿𝛿𝛿,𝑁𝑁 + 1)𝑑𝑑𝑑𝑑]

�∫ 𝐼𝐼2(𝜔𝜔,𝑁𝑁)𝑑𝑑𝑑𝑑 ∫ 𝐼𝐼2(𝜔𝜔,𝑁𝑁 + 1)𝑑𝑑𝑑𝑑
 (8-1) 
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Where 𝐼𝐼(𝜔𝜔,𝑁𝑁) denotes the power spectrum at roundtrip 𝑁𝑁, and the maximization is taken over 

frequency shift 𝛿𝛿𝛿𝛿 to account for center-wavelength drift. And the first-order spectral coherence 

𝑔𝑔12
(1)(𝜆𝜆,𝑁𝑁), which evaluates the phase correlation at a fixed wavelength between field samples. It 

is given by: 

 𝑔𝑔12
(1)(𝜆𝜆,𝑁𝑁) =

|〈𝐸𝐸1∗(𝜆𝜆,𝑁𝑁)𝐸𝐸2(𝜆𝜆,𝑁𝑁 + 𝑚𝑚)〉|

�〈|𝐸𝐸1(𝜆𝜆,𝑁𝑁)|2〉〈|𝐸𝐸2(𝜆𝜆,𝑁𝑁 + 𝑚𝑚)|2〉
 (8-2) 

where 𝐸𝐸1  and 𝐸𝐸2  represent optical field samples from different roundtrips or ensemble 

realizations. In our experiments, only 𝑠𝑠𝑠𝑠𝑠𝑠 is evaluated, as it requires only power spectra and is 

compatible with DFT-based measurements. The spectral coherence 𝑔𝑔12
(1), which demands full 

phase information, will be discussed and simulated in a later section.  

In the following subsections, we compare the evolution of the MO under the steady-state and 

cold start conditions, using these metrics to assess how different gain levels at startup affect the 

system's trajectory toward mode-locking. 

8.4.1 Mode-locking initiation from a steady-state start 

In the steady-state start configuration, the seed pulses are continuously injected, and both the 

preamplifier and main amplifier are fully pumped in advance. However, the optical path between 

the preamplifier and main amplifier is blocked by a mechanical chopper. This ensures that the 

gain in both stages has reached a high population inversion before pulse injection into the full 

cavity. The system is triggered by rotating the chopper to open the optical path, allowing the 

preamplified seed to enter the main amplifier, initiating the mode-locking process. The first Q-

switched burst is used to define roundtrip 0. 

Figure 8.5 shows the real-time evolution of the pulse train recorded by a 5 GHz photodetector. A 

large Q-switched spike is followed by a sequence of smaller pulses, gradually stabilizing in shape 

and spacing. The temporal position of the pulses shows a noticeable drift toward later times, 

which is attributed to a shift in the center wavelength. Since the output is measured through a 

dispersive fibre, any spectral shift translates directly into a temporal shift in the DFT signal. Figure 

8.6 displays the corresponding spectral evolution. The initial Q-switched spike generates a broad 

and irregular spectrum. As the cavity dynamics evolve, the spectrum becomes narrower and 

shifts toward longer wavelengths. After roughly 1000 roundtrips, the spectral shape appears 

more regular, although minor variations persist beyond 2000 roundtrips. A small but visible 

change occurs near 2800 roundtrips, indicating that the system continues to adjust even after the 

main relaxation phase. 
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Figure 8.5  Real-time temporal evolution of the MO output under steady-state start conditions, 

recorded with a 5 GHz photodetector. An initial Q-switched spike is followed by pulse 

narrowing and a visible temporal drift caused by spectral red-shift. 

 

Figure 8.6  Spectral evolution retrieved via DFT, showing strong broadening during the initial 

build-up and gradual stabilization of the spectral shape. 

 

Figure 8.7  Quantitative parameters of the steady-state start process: (a) Pulse energy (log scale) 

showing relaxation and a subtle secondary transition; (b) 𝑠𝑠𝑠𝑠𝑠𝑠 parameter indicating 

steady convergence but with residual fluctuations. 
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To quantify the stabilization process, Figure 8.7 shows the evolution of pulse energy and the 

spectral cross-correlation coefficient (𝑠𝑠𝑠𝑠𝑠𝑠). The pulse energy in Figure 8.7 (a) drops rapidly after 

the Q-switched burst and gradually approaches a steady level. A secondary adjustment is again 

visible around roundtrip 2800. Figure 8.7 (b) plots 𝑠𝑠𝑠𝑠𝑠𝑠 , which reflects the spectral similarity 

between adjacent roundtrips. It increases steadily and reaches above 0.95 after ~1000 roundtrips, 

but does not fully converge to 1. This indicates that the system achieves high spectral stability, 

though small fluctuations or jitter remain. 

8.4.2 Mode-locking initiation from a cold start 

In the cold-start configuration, the seed pulses and preamplifier pump are kept on continuously, 

and the optical path between stages remains open. However, the main amplifier pump is initially 

turned off. The mode-locking process is initiated by switching on the main amplifier pump, 

allowing the seed and preamplified signal to enter a cavity with zero initial gain in the second stage. 

This method is adopted due to hardware limitations that prevent precise synchronization of both 

pump channels. 

Figure 8.8 shows the evolution of the MO output captured by the 5 GHz photodetector. The initial 

stage is dominated by a series of noisy and irregular pulses, lacking clear periodicity. These 

pulses gradually organize into a pulse train, and the timing stabilizes after several hundred 

roundtrips. Compared to the steady-state case, the cold-start path exhibits greater pulse shape 

variability and less-defined timing in the early stages. The corresponding spectral evolution 

obtained from DFT is presented in Figure 8.9. The spectrum fluctuates dramatically in both 

bandwidth and central wavelength over the first ~1000 roundtrips. Several stages of spectral 

collapse and re-expansion are visible, with abrupt changes in spectral shape. Despite the chaotic 

onset, the spectrum eventually stabilizes after approximately 1500 roundtrips, reaching a steady 

structure with minimal variation thereafter. 

To evaluate the convergence quantitatively, Figure 8.10 shows the pulse energy and spectral 

cross-correlation coefficient 𝑠𝑠𝑠𝑠𝑠𝑠 . In Figure 8.10 (a), the pulse energy increases in bursts, 

followed by a more gradual stabilization. In Figure 8.10 (b), the 𝑠𝑠𝑠𝑠𝑠𝑠  value oscillates strongly 

throughout the first 1000-1200 roundtrips, with multiple sharp drops and recoveries. These 

features indicate significant shot-to-shot variations in spectral content. After roundtrip ~1500, 

𝑠𝑠𝑠𝑠𝑠𝑠  steadily increases and eventually exceeds 0.98, indicating convergence to a stable and 

reproducible spectral profile. 
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Figure 8.8  Temporal evolution of the MO output under cold-start conditions, recorded with a 5 

GHz photodetector. The early-stage pulses are irregular and noisy, gradually 

stabilizing into a periodic train. 

 

Figure 8.9  Spectral evolution captured via DFT during the cold-start build-up. Strong spectral 

fluctuations, collapses, and red-shifts are observed before the spectrum stabilizes 

around roundtrip 1500. 

 

Figure 8.10  Quantitative metrics of the cold-start process: (a) Pulse energy evolution showing 

bursts followed by gradual convergence; (b) Spectral cross-correlation 𝑠𝑠𝑠𝑠𝑠𝑠 showing 

strong early oscillations and eventual stabilization above 0.98 after ~1500 roundtrips. 
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Compared to the steady-state start, the cold-start configuration exhibits stronger early-stage 

spectral oscillations, but it converges to a spectrally stable state more quickly. This observation 

suggests that a lower initial population inversion may reduce nonlinear mode competition and 

facilitate a more deterministic evolution path. Surprisingly, despite its more chaotic onset, the 

cold-start case reaches full spectral stability faster than the smoother, steady-state start 

described in Section 8.4.1. 

8.4.3 Numerical simulation of start-up dynamics 

To further understand the role of gain conditions in the mode-locking evolution of the MO, 

numerical simulations were performed under two representative scenarios: steady-state start 

and cold start. These simulations were based on a GNLSE model incorporating gain dynamics. 

The detailed simulation framework is described in Section 4.3.2.  

 

Figure 8.11  Simulated spectral evolution of the MO under two start-up conditions. (a) steady-

state start: both the preamplifier and main amplifier are fully pumped (5 W), with no 

seed injection prior to startup. (b) Cold start: both amplifiers are initially unpumped 

and the seed pulse is injected simultaneously with the activation of the pumps. Each 

plot shows the evolution of output spectra over 5000 roundtrips. The cold-start case 

exhibits faster spectral regularization, while the steady-state start leads to broader 

final spectra but with more fluctuations during the buildup phase. 
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In the steady-state start, both the preamplifier and the main amplifier are fully pumped at 5 W 

from the beginning, resulting in high population inversion throughout the system. However, no 

seed pulse is injected prior to startup, and thus no circulating optical field exists in the cavity. In 

this sense, the system is optically cold despite being energetically charged. In contrast, the cold-

start simulation begins with both amplifiers unpumped, corresponding to zero population 

inversion. The seed pulse is injected simultaneously with the activation of both pump sources, 

representing a cavity that is cold in both optical and energetic senses.  

Figure 8.11 shows the simulated spectral evolution over 5000 roundtrips. Both scenarios exhibit 

progressive spectral broadening and eventual stabilization. Notably, the cold-start case reaches 

a spectrally regular state more rapidly, while the steady-state start displays slower buildup and 

more pronounced early-time fluctuations. Interestingly, the final output spectrum of the cold-

start case appears narrower than that of the steady-state start, which is somewhat 

counterintuitive. This observation suggests that the system may not have reached full stability 

within the simulated time window, and requires further evidence to substantiate this 

interpretation.  

 

Figure 8.12 Quantitative comparison of output dynamics under steady-state and cold-start 

conditions. (a) Simulated pulse energy evolution over 5000 roundtrips. Inset: zoom-

in of the last 500 roundtrips (4500-5000), showing that energy in the steady-state case 

has saturated while the cold-start case continues to grow. (b) Evolution of spectral 
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cross-correlation coefficient 𝑠𝑠𝑠𝑠𝑠𝑠 within the first 50 roundtrips. (c) Evolution of first-

order coherence function 𝑔𝑔12
(1)  over the same time window. The cold-start pathway 

rapidly reaches a coherent state, whereas the steady-state start exhibits a slower and 

more fluctuation-prone coherence buildup. 

Figure 8.12 provides a quantitative comparison of the two cases. Figure 8.12 (a) shows the 

evolution of pulse energy. The steady-state start reaches saturation earlier, whereas the cold-

start case does not reach equilibrium within the simulated time window, with the pulse 

continuing to accumulate energy. As highlighted in the zoomed-in inset, the pulse energy of the 

steady-state start stabilizes between 4500 and 5000 roundtrips, while that of the cold-start 

remains lower and increases slowly but persistently. This behavior also explains why the spectral 

width of the cold-start in Figure 8.11 is narrower than that of the steady-state start, indicating 

ongoing energy build-up and the absence of full stability. Although this convergence is not 

observed within the present simulation window, the cold-start is expected to eventually reach the 

same stable state as the steady-state start. Figure 8.12 (b) and (c) show the evolution of spectral 

coherence during the first 50 roundtrips, in terms of the spectral cross-correlation coefficient 

𝑠𝑠𝑠𝑠𝑠𝑠  and the first-order coherence function 𝑔𝑔12
(1) . The cold-start case reaches high coherence 

values significantly faster than the steady-state case, indicating that, under the current 

simulation conditions, the cold-start pathway enables a more direct and rapid transition from 

seed injection to a coherent MO signal. 

Regarding the steady-state start, the simulation conditions differ slightly from those in the 

experiment. Experimentally, the seed is continuously injected and the preamplifier already 

produces amplified pulses, while the optical path to the main amplifier is blocked using a 

mechanical chopper. This means that although the main amplifier is optically cold, the 

preamplifier is not. In contrast, the simulation assumes that no seed pulse is present anywhere 

in the cavity prior to startup. Despite this discrepancy, the simulated results, such as gradual 

energy buildup and delayed spectral stabilization, are qualitatively consistent with the 

experimental traces (Section 8.4.1), where similar trends are observed. In the cold-start case, the 

simulated evolution appears smoother and more monotonic than the experimental results. 

Experimentally, this pathway often displays more segmented or stepwise behavior, with abrupt 

changes in coherence or spectral width. Such discrepancies likely arise from differences in initial 

conditions. In the simulation, both amplifiers start from complete inversion absence, while in the 

experiment, the preamplifier is already pumped and the seed is continuously injected. As a result, 

the initial seed may be partially amplified before reaching the main amplifier. Furthermore, it 

remains unclear whether the MO is triggered by the very first injected seed pulse or by a 

subsequent one, meaning that the effective gain distribution could have already evolved beyond 

the modeled initial condition. These practical factors may account for the richer dynamics 
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observed experimentally. Future simulations incorporating partially pre-amplified seeds and 

intermediate gain levels may help bridge this gap. Despite the differences in transient behavior, 

both simulations ultimately converge toward stable, mode-locked states. The cold-start 

configuration continues to exhibit slow energy growth at the end of the simulation window, 

suggesting that it is approaching, but has not fully reached, its spectral steady state. 

Nevertheless, the spectral coherence has already been established. These findings agree 

qualitatively with experimental results, where both start-up methods can yield stable operation, 

albeit through different transient pathways. 

In summary, the numerical results highlight the distinct dynamics induced by different gain 

initialization conditions. Under the same pump power, the cold-start scenario, despite its 

energetically unfavorable start, leads to faster coherence formation and a more monotonic 

buildup process. In contrast, the steady-state start features stronger early fluctuations and a 

slower convergence. These results reinforce the view that the initial gain landscape not only 

influences the build-up speed, but also determines the characteristic route by which mode-

locking is achieved. 

8.5 Conclusion 

In this chapter, we explored the build-up dynamics of MOs under different gain initialization 

conditions using a combination of real-time DFT diagnostics and numerical simulations. Two 

representative scenarios were studied: a steady-state start, where both amplifier stages are pre-

pumped before allowing optical circulation, and a cold start, where gain and seed injection occur 

simultaneously from an initially unexcited state. A real-time DFT-based measurement system 

was constructed to capture single-shot spectral and temporal dynamics over thousands of cavity 

roundtrips. Experimental results revealed distinct spectral and energy evolution behaviors under 

the two startup scenarios. In particular, the cold-start case often exhibited a faster rise in spectral 

coherence and pulse energy, while the steady-state start showed a more gradual transition with 

prolonged early-time fluctuations. These differences were further quantified using the spectral 

cross-correlation coefficient ( 𝑠𝑠𝑠𝑠𝑠𝑠 ), extracted from single-shot DFT traces. The cold-start 

pathway consistently reached higher 𝑠𝑠𝑠𝑠𝑠𝑠  values earlier, suggesting a more rapid transition 

toward a coherent mode-locked state. Complementary simulations incorporating gain dynamics 

were performed to interpret these observations. The results reproduced the key trends observed 

experimentally: faster coherence buildup in the cold-start case, and more gradual energy 

evolution in the steady-state case. The simulation also enabled access to the first-order spectral 

coherence function 𝑔𝑔12
(1) , which further supported the view that cold-start conditions can 

accelerate the establishment of spectral and phase stability. However, the simulations did not 
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fully replicate certain features seen in the experiments, such as segmented or abrupt spectral 

changes in cold-start evolution. This discrepancy likely stems from differences in the initial gain 

distribution: in experiments, the preamplifier is already active before main amplification begins, 

and the exact moment of successful mode-locking may vary depending on which seed pulse 

triggers the transition. In contrast, the simulations assume idealized starting conditions with zero 

inversion and a single seed pulse, which smooths out some of the real-world variability. Future 

work could incorporate more realistic gain-seed timing to bridge this gap. It is also worth 

emphasizing that this chapter serves primarily as a technical validation and exploratory 

investigation. Rather than aiming to categorize all possible startup pathways, our goal was to 

develop and test a measurement framework capable of resolving transient dynamics, and to 

examine whether gain conditions lead to measurable differences in the mode-locking evolution. 

The insights gained here lay the foundation for future studies on start-up control, attractor 

dynamics, and coherence engineering in ultrafast fibre lasers. 
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Chapter 9 Beam coupling for multi-core fibre 

9.1 Introduction 

In addition to using gain fibres with larger mode fields, CBC technology can also be implemented 

on MCF platforms to further increase the output energy of MO.  In high-power fibre laser systems, 

MCFs extend fibre laser scaling by integrating multiple amplification channels into a single 

cladding, which greatly suppresses relative phase fluctuations compared to arrays of discrete 

fibres. This property facilitates CBC with reduced stabilization requirements. Proof-of-principle 

demonstrations have already shown phase-locked operation in 7-core fibres[139]. Furthermore, 

MCF naturally meets the stringent requirements of femtosecond pulse coherent pulse combining 

for optical path difference[217], which is particularly important for broadband pulses generated 

by MO. Beyond energy scaling through CBC, MCFs also enable flexible control over amplitude, 

phase, and polarization across the individual cores, allowing the generation of reconfigurable 

structured light beams[141]. And the generation of femtosecond optical vortex beams based MO 

has also been proved in experiment. These capabilities make MCFs promising candidates not 

only for high-power ultrafast amplification in MO but also for applications requiring tailored beam 

profiles in MO. Building upon these developments, this work advances the scaling from 

previously demonstrated 7-core systems to a 32-core MCF platform. Such an increase in core 

count holds significant potential for further energy scaling and beam tailoring, but it also imposes 

stringent requirements on coupling: all cores must be excited with high efficiency and uniformity 

to fully exploit the available gain volume and to enable reliable phase control across the array. In 

this chapter, we present a systematic investigation of coupling strategies into a 32-core MCF 

using phase-only SLMs to generate tailored multi-beam arrays, establishing a foundation for high-

energy amplification and CBC with large-core-count MCFs. 

We first describe the physical structure of the MCF used in the experiment, including geometric 

parameters and inter-core characteristics. A reflective LCoS SLM optimized for 1550 nm is then 

introduced as the primary beam-shaping device, along with its Fourier optics-based operating 

principles. Based on this foundation, three representative beam modulation strategies, namely 

Overlap, Subregion, and Hybrid, are proposed and evaluated both numerically and 

experimentally. Each method involves distinct design trade-offs in terms of interference 

suppression, beam quality, and system robustness. To quantify performance, two key metrics 

are defined: efficiency (𝜂𝜂 ), representing the ratio of coupled power to incident power, and 

uniformity (𝜎𝜎), describing the energy distribution balance across all cores. These parameters are 

computed at both the pattern-generation stage (𝜂𝜂𝑝𝑝, 𝜎𝜎𝑝𝑝) and the fibre output stage (𝜂𝜂, 𝜎𝜎), enabling 

a detailed evaluation of each method’s effectiveness. All experimental results presented have 
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undergone phase management optimization when needed, ensuring consistent benchmarking 

across methods. The chapter concludes with a full-core coupling demonstration using the best-

performing strategy, validating the practical feasibility of SLM-based beam shaping for high-

density MCF excitation. 

9.2 Multi-core fibre structure and parameters 

In this section, a 1550 nm single-mode CW laser was used as the input source to investigate 

beam coupling into a 32-core multi-core fibre (MCF). The cross-sectional image and structural 

parameters of the MCF are shown in Figure 9.1 and Table 9.1, respectively [218]. Each core 

supports single-mode operation around 1550 nm with an average MFD of approximately 9.9 μm. 

The cores are arranged in a nearly square lattice with an average pitch of 28.8 μm (standard 

deviation of 0.2 μm), and the total cladding diameter is 241.2 μm. The MCF features a 

heterogeneous core design, with slightly different effective refractive indices among adjacent 

cores. To minimize inter-core coupling, each core is surrounded by an index trench. The resulting 

inter-core crosstalk is estimated to be below −60 dB over a 10 m fibre length, which is sufficiently 

low to be considered negligible in this experiment. Notably, the cores are labelled numerically in 

the microscope image (Figure 9.1) to facilitate one-to-one mapping with the sub-beams later 

generated by the SLM. This labelling supports per-core phase control in subsequent beam 

steering simulations in Section 9.4.2. 

 

Figure 9.1  Cross-sectional microscope image of the 32-core multi-core fibre (MCF). The cores 

form a near-square lattice with a pitch of ~28.8 μm and cladding diameter of 

241.2 μm. Numerical labels are added to the cores for phase management and 

mapping to sub-beams generated via SLM. 

Table 9.1  Geometric parameters of the 32-core fibre used in the experiment. 

Avg. pitch 28.8μm 
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Max./Min. pitch  29.1/28.4μm 

Standard deviation (SD)  0.2 μm 

Cladding diameter 241.2 μm 

MFD 9.9  μm 

The goal of the experiment is to simultaneously couple light into all 32 cores of the MCF using a 

phase-only SLM. A single laser beam is modulated to produce an array of individually shaped 

beams, which are then focused onto the MCF facet through a lens. Two key performance metrics 

are used to evaluate the actual coupling performance at the fibre output: 1. Efficiency (𝜂𝜂): defined 

as the ratio of the total optical power measured from all fibre cores to the total optical power 

injected into the SLM; 2. Uniformity (𝜎𝜎): defined as the standard deviation of the output power 

distribution among the 32 individual fibre cores. These metrics reflect the final coupling result 

and are denoted without subscripts. Additionally, precise control over the relative phase of each 

sub-beam is required for applications involving coherent beam combination or phase-sensitive 

coupling. The symmetric spatial layout and geometry of the fibre core array impose key design 

constraints on the construction of appropriate SLM phase masks, which will be addressed in the 

following sections. 

9.3 Spatial phase modulation using SLM 

9.3.1 SLM configuration and operating principle 

A SLM is an electronically addressable optical device capable of modulating light spatially in 

amplitude, phase, or polarization. Depending on the configuration of the liquid crystal (LC) 

material and alignment, SLMs can be designed to provide phase-only, amplitude-only, or 

complex modulation. Reflective SLMs based on liquid crystal on silicon (LCoS) technology offer 

high spatial resolution and are widely used in applications such as optical communication, 

microscopy, and wavefront shaping [219-223]. Figure 9.2 illustrates the internal structure of a 

LCoS-based SLM. The device consists of a thin LC layer sandwiched between alignment layers 

atop a complementary metal-oxide-semiconductor (CMOS) backplane. The voltage applied to 

each electrode individually controls the orientation of LC molecules, modulating the local 

refractive index for the extraordinary ray, thereby introducing a phase delay: 

 ∆𝜙𝜙(𝑉𝑉) =
2𝜋𝜋
𝜆𝜆

(𝑛𝑛𝑒𝑒 − 𝑛𝑛𝑜𝑜)𝑑𝑑 (9-1) 

Here, 𝜆𝜆 is the wavelength of incident light, 𝑑𝑑 is the thickness of the LC layer, and 𝑛𝑛𝑒𝑒, 𝑛𝑛𝑜𝑜 are the 

effective refractive indices of the extraordinary and ordinary rays, respectively. Commercial 
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phase-only SLMs typically implement 8-bit grayscale control to map gray levels (0-255) to phase 

shifts in the range of 0-2π. This enables high-resolution, pixel-wise programmable phase 

modulation. In this experiment, a reflective phase-only SLM (HOLOEYE PLUTO-TELCO) optimized 

for 1550 nm was used. Its specifications are summarized in Table 9.2. 

 

Figure 9.2  Schematic diagram of a reflective LCoS SLM. The device consists of a LC layer 

modulated by individual CMOS electrodes, enabling phase-only control of incident 

light. 

Table 9.2  Specifications of the reflective phase-only SLM used in this study. 

Part No. HES 7020 6010-TELCO-013-C (HOLOEYE) 

Wavelength range 1400 - 1700 nm 

Resolution 1920 × 1080 

Active area 15.36 mm × 8.64 mm 

Pixel pitch 8.0 μm 

Fill factor 93% 

Reflectivity ~80% 

9.3.2 Fourier optics basis for phase mask design 

Figure 9.3 illustrates the working principle of a transmissive phase-only beam shaping system, 

where a SLM is used in conjunction with a focusing lens to control the beam distribution at the 
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output (focal) plane. In this setup, the SLM modulates only the phase of the incident wavefront. 

The optical field immediately after the SLM can be expressed as: 

 𝑈𝑈𝑜𝑜′(𝑥𝑥,𝑦𝑦) = 𝑈𝑈𝑜𝑜(𝑥𝑥,𝑦𝑦) ∙ 𝑒𝑒𝑒𝑒𝑒𝑒[𝑗𝑗𝑗𝑗(𝑥𝑥,𝑦𝑦)], (9-2) 

where, 𝑈𝑈𝑜𝑜(𝑥𝑥,𝑦𝑦) is the complex amplitude of yhe incedent field, and 𝜑𝜑(𝑥𝑥,𝑦𝑦) denotes the applied 

phase mask.  

 

Figure 9.3  Schematic representation of a transmissive phase-only beam shaping device based 

on a SLM. 

Assuming the modulated beam propagates a distance 𝑑𝑑 and is then incident onto a thin lens of focal 

length 𝑓𝑓, the field just before the lens is denoted by 𝑈𝑈𝑙𝑙(𝑥𝑥𝑙𝑙 ,𝑦𝑦𝑙𝑙), and the field immediately after the lens 

becomes[224]: 

 𝑈𝑈𝑙𝑙′(𝑥𝑥𝑙𝑙 ,𝑦𝑦𝑙𝑙) = 𝑈𝑈𝑙𝑙(𝑥𝑥𝑙𝑙 ,𝑦𝑦𝑙𝑙) ∙ 𝑒𝑒𝑒𝑒𝑒𝑒 �−𝑗𝑗
𝑘𝑘
2𝑓𝑓
�𝑥𝑥𝑙𝑙2 + 𝑦𝑦𝑙𝑙2��, (9-3) 

where, 𝑘𝑘 = 2𝜋𝜋
𝜆𝜆

 is the wave number. The exponential term represents the phase modulation introduced 

by the lens under the thin-lens approximation. Assuming scalar wave propagation and invoking the 

Fresnel diffraction integral under the paraxial approximation, the field distribution at the focal plane 

(𝑢𝑢, 𝑣𝑣) is given by[224]: 

 𝑈𝑈𝑓𝑓(𝑢𝑢, 𝑣𝑣) =
𝑒𝑒𝑒𝑒𝑒𝑒 �𝑗𝑗 𝑘𝑘2𝑓𝑓 �1 − 𝑑𝑑

𝑓𝑓� (𝑢𝑢2 + 𝑣𝑣2)�

𝑗𝑗𝑗𝑗𝑗𝑗
∙ �𝑈𝑈𝑜𝑜′(𝑥𝑥,𝑦𝑦)𝑒𝑒𝑒𝑒𝑒𝑒 �−𝑗𝑗

𝑘𝑘
𝑓𝑓

(𝑥𝑥𝑥𝑥 + 𝑦𝑦𝑦𝑦)�
∞

−∞

𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑.  (9-4) 

This expression shows that the focal-plane field 𝑈𝑈𝑓𝑓(𝑢𝑢, 𝑣𝑣) is proportional to the Fourier transform of the 

modulated field 𝑈𝑈𝑜𝑜′(𝑥𝑥,𝑦𝑦), up to a quadratic phase factor. When the propagation distance 𝑑𝑑 between 

the input plane (SLM plane) and the lens satisfies 𝑑𝑑 = 𝑓𝑓, meaning that the input plane is conjugate to 

the front focal plane of the lens, the quadratic phase term vanishes and the lens performs a pure 

Fourier transform: 
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 𝑈𝑈𝑓𝑓(𝑢𝑢, 𝑣𝑣) =
1
𝑗𝑗𝑗𝑗𝑗𝑗

∙ ℱ{𝑈𝑈𝑜𝑜′(𝑥𝑥,𝑦𝑦)}. (9-5) 

This relationship forms the theoretical foundation for phase mask design: to achieve a desired field 

profile 𝑈𝑈𝑓𝑓(𝑢𝑢, 𝑣𝑣) at the focal plane, one can calculate its inverse Fourier transform and encode the 

resulting phase profile 𝜑𝜑(𝑥𝑥,𝑦𝑦) onto the SLM. 

9.4 Beam control via phase mask design 

In addition to conventional passive optical elements such as lenses and gratings, a phase-only 

SLM allows pixel-level control over the wavefront, enabling dynamic beam shaping in 

programmable systems. This capability is crucial for simultaneously coupling a single laser 

source into multiple targets, such as the individual cores of a MCF, with precise control over the 

beam direction and relative phase. In this section, two beam control functionalities are 

demonstrated: 1.  generating a single beam at an arbitrary off-axis position; 2. producing multiple 

coherent beams directed toward predefined locations. These functions are both realized using 

computer-generated phase masks that encode a prescribed spatial frequency onto the wavefront. 

Importantly, these phase masks are derived from an inverse Fourier mapping between the target 

distribution in the focal plane and the modulated field at the SLM plane. Since the SLM operates 

on a discrete pixel grid, a numerical implementation based on the discrete Fourier transform is 

employed throughout this section. The key goal is to map a target pattern in the focal plane to a 

phase-only mask defined on the SLM pixel grid, with a focus on spatial precision, uniformity, and 

implementation efficiency. 

9.4.1 Single-beam offset demonstration 

To verify the basic beam steering capability, we start with the generation of a single beam shifted away 

from the optical axis by applying a linear phase ramp across the SLM surface. The SLM plane is defined 

by a 2D grid of size 𝑀𝑀 × 𝑁𝑁, with physical side lengths 𝐿𝐿X and 𝐿𝐿Y given by: 

 𝐿𝐿X = 𝑀𝑀Δ𝑥𝑥,     𝐿𝐿Y = 𝑁𝑁Δ𝑦𝑦.      (9-6) 

Here, Δ𝑥𝑥  and Δ𝑦𝑦  are the pixel pitches in the horizontal and vertical directions, respectively. The 

sampling grid defines the total extent and resolution of the modulated field. According to the discrete 

Fourier transform framework, the spatial frequency domain is sampled as[225]: 

 𝐹𝐹X = 1/Δ𝑥𝑥,     𝐹𝐹Y = 1/Δ𝑦𝑦,     Δ𝑓𝑓X = 1/𝐿𝐿X,     Δ𝑓𝑓Y = 1/𝐿𝐿Y.     (9-7) 
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Here, 𝐹𝐹X  and 𝐹𝐹Y  are referred to as the side length of the frequency domain, Δ𝑓𝑓X  and Δ𝑓𝑓Y  are the 

sampling intervals. This implies that the focal plane resolution is directly tied to the physical 

dimensions of the SLM and the pixel sampling rate. Each spatial frequency component is mapped to a 

physical location in the output (Fourier) plane, as described in Ref. [224]. The transformation between 

spatial coordinates in the focal plane and the coordinates in the frequency domain follow the following 

relationship: 

 𝑓𝑓X = 𝑢𝑢/𝜆𝜆𝜆𝜆,     𝑓𝑓Y = 𝑣𝑣/𝜆𝜆𝜆𝜆.     (9-8) 

Where  𝑓𝑓X and 𝑓𝑓Y are the spatial frequencies of the blazed grating , (𝑢𝑢, 𝑣𝑣) are the spatial coordinates in 

the focal plane, 𝜆𝜆 is the wavelength, and𝑓𝑓 is the focal length of the Fourier-transforming lens. To shift 

the beam center from the origin to a point (𝑢𝑢1,𝑣𝑣1) , the following phase mask is encoded onto the SLM: 

 𝜑𝜑1(𝜉𝜉, 𝜂𝜂) = 𝑚𝑚𝑚𝑚𝑚𝑚[2𝜋𝜋(𝑓𝑓X1 ∙ 𝜉𝜉 + 𝑓𝑓Y1 ∙ 𝜂𝜂), 2𝜋𝜋],    (9-9) 

here 𝑓𝑓X1 = 𝑢𝑢1/𝜆𝜆𝜆𝜆,     𝑓𝑓Y1 = 𝑣𝑣1/𝜆𝜆𝜆𝜆. 

To validate the beam steering capability enabled by SLM phase encoding, a series of single-beam offset 

simulations were conducted. Figure 9.4 presents the simulation results for four distinct beam 

directions, corresponding to the core positions #6, #9, #24, and #27 of the 32-core MCF. The top row 

(a-d) shows the linear phase ramps applied on the SLM, while the bottom row (e-h) displays the 

resulting far-field intensity distributions calculated via 2D discrete Fourier transform. The emergence 

of distinct intensity peaks at the expected offset positions confirms the accuracy of the phase design 

and the feasibility of precise beam placement in the MCF plane. Note: In simulation, the SLM is 

assumed to have an ideal fill factor and reflectivity of 100%. The number of pixels used was 960*960. 
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Figure 9.4  Simulated single-beam offset using linear phase ramps encoded on the SLM. (a-d) 

Linear phase profiles designed to steer the beam toward four different directions. (e-

h) Corresponding far-field intensity distributions obtained from 2D discrete Fourier 

transform simulations, demonstrating localized beam formation at positions 

corresponding to MCF core #6, #9, #24, and #27. 

9.4.2 Multi-beam generation approaches 

For MCF applications, it is often necessary to generate not only multiple beams, but also to 

arrange them in symmetric and periodic patterns. In such cases, suppressing the undesired 

interference among target beams becomes a critical concern. In this section, we introduce and 

compare three distinct beam generation methods, aiming to identify an optimized strategy. 

9.4.2.1 Overlap method 

A straightforward approach to generating multiple beams is to superimpose several linear phase 

ramps on the SLM, each steering light to a specific focal plane location. We refer to this approach 

as the Overlap Method, in which all beams are encoded across the entire aperture of the SLM 

without spatial separation. While this method is simple and convenient to implement, it inevitably 

leads to coherent interference between different phase ramps, especially when the beam array 

is highly symmetric. 

Suppose the desired focal-plane positions are (𝑢𝑢1,𝑣𝑣1), (𝑢𝑢2,𝑣𝑣2),⋯ , (𝑢𝑢𝑛𝑛,𝑣𝑣𝑛𝑛), corresponding to 

spatial frequencies (𝑓𝑓X1,𝑓𝑓Y1), (𝑓𝑓X2,𝑓𝑓Y2), …, (𝑓𝑓Xn,𝑓𝑓Yn). The total complex field on the SLM plane can be 

expressed as the sum of 𝑛𝑛 individually tilted plane waves: 

 𝑈𝑈𝑆𝑆𝑆𝑆𝑆𝑆(𝑥𝑥,𝑦𝑦) = �𝑒𝑒𝑒𝑒𝑒𝑒[𝑗𝑗2𝜋𝜋(𝑓𝑓X1 ∙ 𝑥𝑥 + 𝑓𝑓Y1 ∙ 𝑦𝑦)]
𝑛𝑛

𝑖𝑖=1

 (9-10) 

The corresponding phase mask to be encoded on the SLM is then given by the argument of this complex 

sum: 

 𝜑𝜑𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂(𝑥𝑥, 𝑦𝑦) = 𝑚𝑚𝑚𝑚𝑚𝑚 ��𝑒𝑒𝑒𝑒𝑒𝑒[𝑗𝑗2𝜋𝜋(𝑓𝑓X1 ∙ 𝑥𝑥 + 𝑓𝑓Y1 ∙ 𝑦𝑦)]
𝑛𝑛

𝑖𝑖=1

, 2𝜋𝜋� (9-11) 

Figure 9.5 shows the simulation results obtained using the Overlap Method without any phase 

optimization. In this configuration, the incident beam is simultaneously tilted toward the positions 

corresponding to cores #6, #9, #24, and #27 of the MCF, as indicated in Figure 9.5 (a). The phase values 

assigned to each target beam are all set to 0, i.e., no relative phase difference is introduced between 

beams. Compared with the single-beam tilts shown in Figure 9.4, the key difference here lies in the 

simultaneous generation of multiple beams. Figure 9.5 (b) reveals the presence of additional intensity 
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peaks that were not part of the design. These arise due to coherent interference among the beams, 

which is particularly pronounced under symmetric target patterns when no phase control is applied. 

Figure 9.5 (c) analyzes the energy performance of the generated beam array. While the energy 

distribution across the four target spots is perfectly uniform (standard deviation 𝜎𝜎p  = 0), the overall  

generation efficiency 𝜂𝜂p  reaches only 63.48%. Here, 𝜂𝜂p   refers to the ratio of energy within all valid 

target spots to the total output energy in the simulated far field, and 𝜎𝜎p  quantifies the standard 

deviation of the energy ratio among those target spots. To evaluate the effectiveness of SLM-based 

phase modulation independently of experimental imperfections, we apply the same set of 

performance metrics, efficiency and uniformity, to the generated far-field pattern. These simulation-

level values are consistently denoted with the subscript “p” (standing for pattern), to distinguish them 

from the experimentally measured coupling metrics at the fibre output, which are denoted without 

subscripts. These results serve as a baseline for comparison with subsequent methods involving 

phase management, which aim to mitigate interference and improve efficiency. 

 

Figure 9.5  Simulation results using the Overlap Method without phase management. (a) 

Assigned phase values for selected cores (#6, #9, #24, and #27), all set to 0.00π, 

indicating no phase adjustment between beams. (b) Simulated far-field intensity 

distribution reveals additional unwanted interference spots due to coherent overlap. 

(c) Spot energy distribution; the four bars correspond left-to-right to cores #6, #9, #24, 

and #27. The total efficiency improves perfect uniformity (𝜎𝜎p  = 0.00%) but limited 

efficiency (𝜂𝜂p = 63.48%) without phase control. 

Proper phase management can effectively suppress the detrimental interference effects among 

sub-beams. Figure 9.6 (a) illustrates a phase arrangement strategy in which distinct relative 

phases are assigned to the four target beams. As shown in Figure 9.6 (b), the resulting far-field 

pattern demonstrates a significant reduction in interference artifacts compared to the 

unmanaged case. The corresponding energy analysis in Figure 9.6 (c) indicates a marked 

improvement in total efficiency, with 𝜂𝜂p  increasing to 83.17%, while perfect uniformity is 

maintained (𝜎𝜎p  = 0). However, not all phase management configurations lead to favorable 
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outcomes. As shown in in Figure 9.6 (d) and (e), an alternative phase arrangement produces a far-

field pattern that closely resembles the case without any phase management. In this case, the 

performance metrics shown in Figure 9.6 (f) reveal a slight degradation in both energy uniformity 

( 𝜎𝜎p  = 0.01%) and efficiency ( 𝜂𝜂p  = 62.96%). This comparison highlights the critical role of 

appropriate phase design in optimizing multi-beam generation performance. 

 

Figure 9.6  Comparison of different phase management schemes for generating a 2×2 sub-beam 

array. (a,d) Spatial phase arrangements corresponding to the four selected target 

cores (#6, #9, #24, #27), with individual blocks annotated by core number and relative 

phase (in units of π). (b,e) Simulated far-field intensity patterns under the two phase 

configurations. (c,f) Corresponding evaluations of power uniformity and total pattern 

efficiency, denoted as 𝜎𝜎p and 𝜂𝜂p, respectively. The four bars correspond left-to-right 

to cores #6, #9, #24, and #27. 

To further evaluate the interference effect in more complex symmetric multi-beam generation, 

we simulated two beam arrays, in which one comprising 16 beams and the other spanning all 32 

MCF cores, using the overlap method, with and without relative phase control. In the first case, a 

4×4 square array of sub-beams was generated. Figure 9.7 (a) shows a configuration where all 

beams were assigned the same phase (0π). The resulting far-field intensity distribution in Figure 

9.7 (b) exhibits prominent side lobes and strong interference fringes. The quantitative analysis in 

Figure 9.7 (c) reveals poor energy concentration, with a low pattern efficiency of 𝜂𝜂p = 41.51% and 

a standard deviation of 𝜎𝜎p = 2.40%. When appropriate relative phases are applied, as illustrated 

in Figure 9.7 (d), the beam pattern becomes significantly cleaner, as shown in Figure 9.7 (e), and 
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the energy distribution among the target beams improves accordingly. The corresponding metrics 

shown in Figure 9.7 (f) indicate 𝜂𝜂p = 80.56% and 𝜎𝜎p = 1.41%, confirming that phase optimization 

enhances both energy efficiency and uniformity. 

 

Figure 9.7  Simulation results for a 4×4 beam array using the Overlap Method. (a,d) Assigned 

relative phase maps, aligned with the MCF core indices. (b,e) Simulated far-field 

intensity distributions. (c,f) Statistical evaluation of energy performance using 

pattern efficiency 𝜂𝜂p and uniformity 𝜎𝜎p. Results show that phase control significantly 

improves both efficiency and uniformity. The 16 bars correspond left-to-right to cores 

#6, #7, #8, #9, #12, #13, #14, #15, #18, #19, #20, #21, #24, #25, #26 and #27. 

The same trend is observed in the 32-beam case. Without any phase management, as illustrated 

in Figure 9.8 (a), the far-field distribution in Figure 9.8 (b) is cluttered with strong interference. The 

analysis in Figure 9.8 (c) confirms this degradation, with 𝜂𝜂p = 44.52% and 𝜎𝜎p = 1.05%. In contrast, 

when a designed phase distribution is applied, as shown in Figure 9.8 (d), the far-field pattern in 

Figure 9.8 (e) exhibits substantial improvement, with the final evaluation in Figure 9.8 (f) yielding  

𝜂𝜂p = 73.01% and 𝜎𝜎p = 0.99%. These results clearly demonstrate that the Overlap Method, though 

simple, is highly sensitive to interference, particularly in symmetric configurations. Effective 

phase management is therefore essential to achieving high-quality beam arrays. 
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Figure 9.8  Simulation results for a full 32-core beam array using the Overlap Method. (a,d) Phase 

patterns with and without relative phase management. (b,e) Corresponding far-field  

intensity distributions. (c,f) Energy analysis confirms that optimized phase 

assignment suppresses interference and enhances performance. The 32 bars 

correspond left-to-right to cores from #1 to #32. 

9.4.2.2 Subregion method 

To further mitigate the interference caused by coherent superposition in the Overlap Method, we 

adopt an alternative strategy referred to as the Subregion Method. This approach spatially 

separates the encoding regions for different sub-beams on the SLM, thereby eliminating mutual 

interference among them. 

Figure 9.9 (a) and (b) illustrate the fundamental difference between these two strategies. In the 

Overlap Method, multiple linear phase ramps are superimposed over the full SLM aperture, as 

shown in Figure 9.9 (a). In the Subregion Method, illustrated in Figure 9.9 (b), the SLM area is 

partitioned into multiple subregions, each independently encoding a single beam. This spatial 

isolation breaks the coherent interference mechanism and allows for independent beam shaping. 

Figure 9.9 (c) shows the relative phase assignment corresponding to the 32-core MCF 

configuration, all set to 0 for demonstration. The simulated far-field intensity pattern in Figure 9.9 

(d) assumes equal focal lengths for the collimating and focusing lenses, the same configuration 

as used in the Overlap Method. However, due to the spatially localized modulation of the 

Subregion Method, the Fourier plane distribution exhibits strong aperture effects, so that only a 
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limited number of sub-beams are formed and the energy is not efficiently directed toward the 

desired 32-core positions. This result highlights that the optical configuration for the Subregion 

Method must be adapted to account for its spatial encoding structure. Additionally, due to the 

presence of a strong intensity peak in the vicinity of the origin in the focal plane, the colorbar range 

was adjusted to enhance the visibility of surrounding regions. Maintaining the default 0-1 scale 

would suppress much of the detail in lower-intensity areas. 

 

Figure 9.9  Comparison between the Overlap Method and the Subregion Method for 32-beam 

generation. (a) Phase profile of the Overlap Method: full-aperture encoding. (b) Phase 

profile of the Subregion Method: localized encoding with isolated regions. (c) 

Assigned relative phase map for 32 sub-beams (all set to 0). (d) Simulated far-field 

intensity under identical optical conditions as the Overlap case, showing significant 

aperture truncation and incomplete beam formation. The colorbar range was 

adjusted to enhance the visibility of weaker features near the origin of the focal plane, 

where strong intensity components are present. 

To mitigate coherent interference in the subregion method, the focal length of the focusing lens 

is adjusted to match the reduced sub-aperture size. For the 32-core configuration, this 

corresponds to a six-fold reduction in focal length relative to the collimation lens. Figure 9.10 

presents the simulation results under this modified configuration using a standard Gaussian 

input beam. The top row shows the case without phase management, and the bottom row 

incorporates a specific phase arrangement. In both cases, clear sub-beam arrays are 

successfully generated, confirming that spatial decoupling via subregion encoding effectively 
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suppresses interference, even for complex patterns. Due to the high peak intensity near the 

optical axis (central spot), the color range of the second column is selectively adjusted for better 

visibility. In contrast, all other intensity plots use default scaling unless otherwise noted. 

Moreover, zoom-in views of the far-field intensity profiles (third column) reveal pronounced 

spatial features. The sub-beams exhibit non-circular, petal-shaped contours with prominent Airy-

type sidelobes. These features arise from the diffraction effect caused by abrupt truncation of the 

Gaussian beam by the square subregion apertures. Such structural artifacts introduce moderate 

energy leakage and can affect coupling quality if beam shapes do not match the acceptance 

profile of the MCF cores. 

 

Figure 9.10  Simulation results of the subregion method using a Gaussian incident beam. (a, d) 

Phase maps of the 32-beam array without and with phase management, respectively. 

(b, e) Far-field intensity distributions with the color range adjusted for visualization 

due to strong central peak. (c, f) Zoomed-in views (0.1 mm × 0.1 mm) showing 

individual sub-beam contours. (g, h) Statistical analysis of energy uniformity and 

efficiency. The 32 bars correspond left-to-right to cores from #1 to #32. Notably, each 

sub-beam exhibits hexagonal or petal-like envelopes with evident Airy sidelobes 

caused by subregion aperture diffraction.  

To further optimize spatial uniformity, a flat-top illumination scheme is introduced using an 8th-

order super-Gaussian beam, as illustrated in Figure 9.11. Compared with the Gaussian beam 

shown in Figure 9.11 (a), the super-Gaussian beam illustrated in Figure 9.11 (b) provides a more 

uniform intensity distribution across the SLM aperture while maintaining sharp edge roll-off.  
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Figure 9.11  Incident beam profiles at the SLM plane. (a) Conventional Gaussian beam used in 

previous simulations. (b) Eighth-order super-Gaussian (flat-top) beam with sharp 

edge roll-off and uniform center intensity, designed to improve sub-beam uniformity 

in the subregion method. 

Figure 9.12 shows the resulting beam arrays under super-Gaussian (flat-top) illumination, 

comparing phase-unmanaged (top row) and phase-managed (bottom row) conditions. 

Compared with the Gaussian-illuminated results in Figure 9.10, the most notable improvement 

lies in the enhanced uniformity of individual sub-beams. The sidelobes are significantly reduced, 

and the beam profiles become smoother and more symmetric. These results confirm that flat-

top beams improve energy confinement within each sub-beam and suppress inter-spot leakage 

more effectively. Meanwhile, under flat-top illumination, the performance gap between the 

unmanaged and managed cases becomes negligible, as evidenced by the similar values of energy 

efficiency (𝜂𝜂p) and uniformity (𝜎𝜎p). This highlights the robustness of the subregion method when 

the input beam profile is properly shaped. 
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Figure 9.12  Simulation results of the subregion method using a flat-top incident beam. Top row: 

without phase management; Bottom row: with phase management. (a, d) Phase 

profiles for the 32-beam array. (b, e) Far-field intensity distributions under uniform 

color scaling. (c, f) Energy ratio and distribution across all target beams. The 32 bars 

correspond left-to-right to cores from #1 to #32. The sub-beams display smooth 

circular contours with suppressed sidelobes. Phase management offers minimal 

additional benefit in this condition, indicating the intrinsic stability of the flat-top 

subregion scheme.  

Figure 9.13 explores the impact of increasing the beam size on the SLM by simultaneously 

enlarging both the collimating and focusing lens focal lengths by 1.2× (top row) and 1.4× (bottom 

row), compared to the baseline configuration. This modification results in a broader illumination 

area on the SLM and, consequently, larger sub-beams in the output plane. Given the proven 

decoupling capability of the subregion method, no phase management is applied here. The 

resulting beam arrays demonstrate improved uniformity, as shown in the rightmost column, 

where the standard deviation (𝜎𝜎p ) of the energy distribution decreases. However, the total 

efficiency (𝜂𝜂p ) also drops, indicating increased optical loss. The far-field intensity patterns 

(second column) reveal pronounced aperture effects, with visible clipping and sidelobe distortion. 

A closer look at the sub-beams (second column) highlights additional spatial features: in Figure 

9.13 (b), each sub-beam exhibits a structured intensity distribution featuring a local minimum at 

the center and four surrounding high-intensity regions aligned along the horizontal and vertical 
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axes. In contrast, the sub-beams in Figure 9.13 (e) transition into polygonal shapes with peak 

intensity shifting toward their edges. These behaviors stem from diffraction and edge truncation 

caused by limited aperture size and increased sub-beam diameter. 

 

Figure 9.13  Simulation results of subregion-based beam array generation under expanded beam 

sizes. (a-c) Results for a beam size increased by 1.2×; (d-f) results for a 1.4× increase. 

First column: encoded phase masks on the SLM. The 32 bars correspond left-to-right 

to cores from #1 to #32. Second column: simulated far-field intensity distributions. 

Third column: magnified views of individual sub-beam profiles. Rightmost column: 

quantitative evaluation of uniformity (𝜎𝜎p) and efficiency (𝜂𝜂p). No phase management 

is applied. Note: Color scale in the second column is adjusted for visualization due 

to high-intensity central lobe.  

9.4.2.3 Hybrid method 

To mitigate the limitations of the subregion method, particularly its sensitivity to the input beam 

profile, a hybrid strategy is proposed. As illustrated in Figure 9.14, the SLM aperture is divided into 

four quadrants, each assigned an independent periodic phase modulation pattern. This design 

leverages the central symmetry of a Gaussian input beam to retain global coherence, while 

partially suppressing interference among sub-beams. It aims to combine the robustness of 

subregion encoding with the improved uniformity seen in the overlap method. 
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Figure 9.14  Schematic of the hybrid phase mask design: the SLM plane is divided into four 

quadrants, each with distinct periodic modulations. 

Simulation results are presented in Figure 9.15 (a-f). The upper and bottom rows compare 

performance with and without phase management, respectively. Compared with the overlap 

method, the hybrid approach improves energy uniformity, particularly in the phase-managed 

case where 𝜎𝜎p reduces to 0.80%. However, this comes at a cost. First, the structured symmetry 

of the individual sub-beam profiles is disrupted. Rather than a smooth and symmetric core, each 

sub-beam exhibits irregular or elongated intensity shapes, and the peak no longer resides at the 

center. This indicates that spatial coherence is not fully preserved within each quadrant. Second, 

as shown in the far-field intensity distribution, multiple side lobes emerge around both the center 

and edges of the array. These residual sidelobes imply incomplete spatial decoupling and more 

complex inter-spot interference patterns. In effect, although the hybrid scheme improves energy 

balance across the array, it sacrifices sub-beam integrity and leads to lower energy confinement. 

The overall efficiency 𝜂𝜂p, while improved compared to subregion without phase control, still lags 

behind that of the overlap method. 

Thus, while the hybrid method inherits some benefits of both strategies, it also compounds their 

limitations, namely the need for sophisticated phase management and the difficulty of 

maintaining well-defined beam profiles. 
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Figure 9.15  Far-field performance of the hybrid method under Gaussian illumination. (a-c) 

Results without phase management: (a) assigned phase shifts for 32 target beams, 

(b) far-field intensity distribution, (c) energy ratio per spot with uniformity 𝜎𝜎p = 1.32% 

and efficiency 𝜂𝜂p  = 55.89%. (d-f) Results with phase management: (d) optimized 

phase shifts, (e) far-field pattern showing improved energy distribution, (f) 

corresponding histogram with 𝜎𝜎p  = 0.80%, 𝜂𝜂p  = 69.42%. The 32 bars in (c) and (f) 

correspond left-to-right to cores from #1 to #32. Although phase optimization 

improves uniformity, sub-beam integrity is degraded and residual sidelobes persist, 

indicating incomplete spatial decoupling. 

9.4.2.4 Method comparison summary 

To summarize, three representative methods: Overlap, Subregion, and Hybrid were evaluated for 

generating multi-beam arrays suitable for coupling into MCFs. Each approach presents a distinct 

trade-off between beam quality, energy uniformity, interference suppression, and 

implementation complexity. 1. The Overlap method, while sensitive to coherent interference, 

exhibits excellent beam quality and is inherently spatial coherent and minimal beam shaping 

distortion. However, its performance relies on precise phase management, which may require 

additional algorithmic support in more complex configurations. 2. The Subregion method offers 

robust interference suppression by spatially decoupling the phase regions but suffers from 

significant beam distortion, aperture clipping effects, and strong sensitivity to input beam profile 

and alignment. Its coherence is compromised. 3. The Hybrid method, although conceptually 

aiming to combine the advantages of the previous two, results in poor beam fidelity and degraded 



Chapter 9 Beam coupling for multi-core fibre 

143 

energy concentration. It retains the complexity of phase control while failing to achieve a 

substantial improvement in either uniformity or robustness. In practice, it inherits the drawbacks 

of both methods, with limited practical benefit. Overall, the Overlap method remains the most 

promising scheme when phase control is properly managed, offering the best balance between 

optical quality and system compatibility. Having established the design principles and simulated 

performance of various multi-beam generation strategies, we next turn to their experimental 

validation using a custom-built coupling setup. 

9.5 Experimental setup and results 

9.5.1 Optical layout 

In this setup shown in Figure 9.16, a Gaussian beam from an input single-mode fibre (SMF) is first 

collimated into a parallel beam using a collimation lens. A 𝜆𝜆 2⁄  plate is placed before the SLM to 

optimize its reflective efficiency. A portion of the modulated beam is then diverted by a beam 

splitter (BS) and monitored, while the remaining beam is coupled into the receiving fibre, either a 

single-mode fibre or a 32-core fibre, via a coupling lens. The MFDs of the SMF and each core of 

the 32-core fibre are 10.4 μm and 9.9 μm, respectively, both with a NA of 0.14. The focal lengths 

of the collimation and coupling lenses are 𝑓𝑓1 = 40 mm, and 𝑓𝑓2 = 40 mm  or 9.6 mm, depending on 

the array configuration. Specifically, 𝑓𝑓2 = 40 mm is used for the overlap method, while 𝑓𝑓2 = 9.6 mm 

is applied to the subregion and hybrid methods with 4×4 beam arrays. The powers 𝑃𝑃1, 𝑃𝑃2, and 𝑃𝑃3 

represent the input power to the system, the power before coupling, and the power after coupling 

into the output fibre, respectively. For this experiment, 𝑃𝑃1  = 20 dBm and 𝑃𝑃2  = 13.62 dBm, 

indicating an insertion loss of 6.38 dB. The ratio 𝜂𝜂 = 𝑃𝑃3/𝑃𝑃2 is used to evaluate the overall system 

efficiency, which includes both beam-shaping and coupling performance. Since the output fibres 

are only a few meters long, transmission losses are neglected. Two cameras are used for real-

time monitoring: Camera 1 captures the far-field beam pattern before coupling, and Camera 2 

observes the coupled output from the 32-core fibre. It is important to note two clarifications 

regarding Figure 9.16. First, the SLM used in our experiment is a reflective type; however, a 

transmissive SLM is illustrated in the schematic for drawing clarity. Second, practical optical 

systems inevitably suffer from aberrations, which degrade the image quality and coupling 

efficiency. Such aberrations may arise from imperfect optical alignment, defocus, surface 

irregularities of optical elements, or intrinsic limitations of lenses and other imaging components. 

To address this, a home-built software developed by a former group member enables phase 

compensation by applying an additional wavefront correction on the SLM. Each time the beam is 

re-collimated or any optical component is replaced, the aberration correction must be re-

optimized. With 𝑓𝑓2 = 40 mm, the measured coupling power 𝑃𝑃3 was 9.76 dBm for SMF and 8.23 
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dBm for the 32-core fibre. For 𝑓𝑓2  =9.6 mm, 𝑃𝑃3 was 8.34 dBm for SMF and 7.17 dBm for the 32-core 

fibre. For the MCF case, the reported value corresponds to coupling into a single core as a 

reference measurement, rather than simultaneous excitation of all 32 cores with a generated 

beam pattern. The difference in coupling efficiency across focal lengths arises from MFD and NA 

mismatches. The optimized SMF result provides an upper-bound benchmark for the coupling 

performance achievable with the 32-core fibre. 

 

Figure 9.16  Schematic of the experimental setup. A Gaussian beam is collimated, modulated by 

a reflective SLM, and then coupled into a receiving fibre. A beam splitter is used to 

monitor the modulated pattern. The SLM is illustrated as a transmissive device for 

clarity. Camera 1 monitors the modulated far-field pattern, and Camera 2 captures 

the output from the fibre. 

Due to the fixed geometry of the 32-core fibre, spatial alignment between the generated pattern 

and fibre core positions is crucial. Since mechanical rotation of the fibre was not feasible, we 

programmed a rotational adjustment to the holographic pattern itself. Figure 9.17 illustrates the 

setup used to determine the rotation angle of the fibre endface. White light is injected backward 

from the output end of the fibre to visualize the core structure, as shown in Figure 9.18 (a). Figure 

9.18 (b) presents a simulated beam array rotated by 30° to match the fibre orientation, with the 

original unrotated array shown in the inset. Experimental optimization of the rotation angle is 

shown in Figure 9.18 (c), where the x-axis indicates rotation angle and the y-axis shows the 

coupled power 𝑃𝑃3. The optimal alignment was achieved at approximately 3° for this setup. In 

addition, mismatch between the designed beam pitch 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑  and the actual inter-core spacing 

𝑑𝑑𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐  may occur due to imperfect optical alignment or deviations from the ideal focal planes. To 

address this, 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 must be adjusted such that the actual beam spacing 𝑑𝑑𝑎𝑎𝑎𝑎𝑎𝑎≈𝑑𝑑𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐. A scaling 

factor, defined as 𝑑𝑑′𝑑𝑑𝑑𝑑𝑑𝑑/𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 , is introduced to quantify the adjustment. Figure 9.18 (d) 

summarizes the optimization results. For 𝑓𝑓2 = 9.6mm, the optimal ratio is approximately 0.91, 
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while for 𝑓𝑓2 = 40mm, it is approximately 0.94. This scaling compensates for slight beam 

divergence and alignment errors in the optical path. 

 

Figure 9.17 Schematic for visualizing the 32-core fibre’s output facet. White light is injected from 

the output side of the fibre to identify core positions for alignment. The rotation angle 

of the generated pattern is adjusted accordingly. 

 

Figure 9.18 Optimization of rotation angle and pitch distance for coupling to a 32-core fibre. (a) 

Captured fibre core image using white-light back-illumination. (b) Simulated beam 

pattern rotated by 30°; the original unrotated array is shown in the inset. (c) Coupling 

efficiency 𝑃𝑃3  versus rotation angle. (d) Coupling efficiency 𝑃𝑃3 versus pitch scaling 

ratio. Optimal values are 3° and 0.91 (for 𝑓𝑓2  = 9.6 mm) and 0.94 (for 𝑓𝑓2 = 40 mm), 

respectively. 

9.5.2 Experimental demonstration of coupling 

All experimental results presented in this section were obtained after phase management 

optimization was applied, when necessary, to enhance beam generation and coupling 

performance. Figure 9.19 presents the experimental results using the overlap method. In this 

configuration, a specially designed sub-beam array was generated on the SLM, as shown in Figure 

9.19 (a). The inset illustrates the corresponding target cores on the 32-core fibre. This pattern 

features a 4×4 square array in which the four corner beams are omitted, resulting in 12 active sub-

beams. Additionally, the array is deliberately offset from the center, testing the method’s 

robustness against large spatial deflections. The bright central spot corresponds to the zeroth-

order diffraction, which is not involved in coupling. Figure 9.19 (b) shows the statistical 

distribution of the 12 intended sub-beams at the generation plane. The uniformity is high, with a 

standard deviation of 𝜎𝜎p = 2.66%, and the overall pattern efficiency 𝜂𝜂𝑝𝑝 = 84.64%. Figure 9.19 (c) 
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presents the output pattern captured at the 32-core fibre’s end facet. Despite the spatial shift and 

irregular geometry of the pattern, successful coupling into the designated cores is achieved. The 

energy distribution across the coupled beams is shown in Figure 9.19 (d), yielding a standard 

deviation of 𝜎𝜎 = 2.99% and a measured coupling efficiency 𝜂𝜂 = 17.86% based on the output power 

𝑃𝑃3 = 6.14 dBm. 

 

Figure 9.19 Experimental results using the overlap method. (a) Sub-beam array generated on the 

SLM; the inset shows the target cores to be coupled. The array comprises 12 beams 

in a 4×4 configuration with omitted corners and large spatial deflection. The central 

bright spot is the zeroth-order diffraction. (b) Energy distribution of the 12 sub-beams 

at the generation plane, with calculated standard deviation 𝜎𝜎p = 2.66% and pattern 

efficiency 𝜂𝜂𝑝𝑝 = 84.64%. (c) Coupled output pattern from the 32-core fibre. (d) Energy 

distribution of the coupled beams, with 𝜎𝜎 = 2.99% and measured coupling efficiency 

𝜂𝜂 = 17.86% (based on 𝑃𝑃3 = 6.14 dBm). The 12 bars correspond left-to-right to cores #1, 

#4, #5, #6, #9, #10, #23, #24, #27, #28, #29 and #32. 

Figure 9.20 presents the experimental results for the subregion method under the same target 

beam configuration as in Figure 9.19. Figure 9.20 (a) shows the generated sub-beam array, where 

the eight peripheral beams visibly deviate from their intended positions. Despite applying a 

modified color range, these beams remain faint or undetectable in the coupled output image. 

Figure 9.20 (b) provides the corresponding statistical analysis, indicating a uniformity of 𝜎𝜎p = 9.14% 

and energy efficiency 𝜂𝜂𝑝𝑝= 83.89%. Figure 9.20 (c) captures the actual output from the 32-core 

fibre. The intensity scale has been adjusted to highlight weaker outputs; nevertheless, the eight 

outermost cores exhibit no detectable signal. This suggests that the corresponding beams were 

not coupled into the intended fibre cores, likely due to spatial misalignment caused by inaccurate 

beam positioning, as seen in (a). The output energy distribution is summarized in Figure 9.20 (d), 

where only four spots show significant intensity, yielding a coupling efficiency of 𝜂𝜂 = 5.22%. The 

measured output power in this case is 𝑃𝑃3 = 0.8 dBm, indicating a notable degradation in coupling 

performance compared to the overlap method. 
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Figure 9.20  Experimental results using the subregion method for coupling into a selected 12-core 

configuration. (a) SLM-generated sub-beam array, with the target pattern indicated 

in the inset (four corner beams omitted by design). The eight outer beams exhibit 

noticeable spatial deviation from intended positions. (b) Energy distribution 

analysis of the 12 generated sub-beams, with 𝜎𝜎p = 9.14%, 𝜂𝜂𝑝𝑝= 83.89%. (c) Output 

intensity image from the 32-core fibre. Despite contrast adjustment, the outer eight 

cores show no detectable output, confirming failed coupling. (d) Statistical 

analysis of coupled output beams, revealing significant energy imbalance with 𝜎𝜎 = 

12.48%, 𝜂𝜂 = 5.22%. The measured coupled power is 𝑃𝑃3 = 0.8 dBm. The 12 bars in (b) 

and (d) correspond left-to-right to cores #1, #4, #5, #6, #9, #10, #23, #24, #27, #28, 

#29 and #32. 

To experimentally evaluate the hybrid modulation strategy, a 4×4 sub-beam array (excluding the 

four corner beams) was generated on the SLM using the same target configuration as in previous 

experiments. The resulting pattern is shown in Figure 9.21, where the inset illustrates the 

corresponding target cores in the 32-core fibre. As observed, the central zeroth-order diffraction 

spot dominates the intensity distribution, overwhelming the surrounding sub-beams. This strong 

residual beam indicates that the hybrid method suffers from ineffective phase modulation, 

resulting in poor energy allocation to the target beams. Unlike the overlap and subregion methods, 

where the pattern efficiency 𝜂𝜂p exceeded 80%, the hybrid method fails to concentrate energy into 

the desired locations. Consequently, the power ratio between the zeroth-order and the target 

beams could not be accurately extracted, and no further coupling experiments were performed 

for this method due to its subpar performance. 
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Figure 9.21  Sub-beam array generated by the hybrid method. A 4×4 beam array (excluding 

corners) was produced using the hybrid modulation strategy. The inset indicates the 

corresponding core positions in the 32-core fibre. The zeroth-order diffraction is 

significantly stronger than the target beams, preventing a meaningful evaluation of 

pattern efficiency. This strong central spot reflects the poor modulation performance 

of the hybrid method. As a result, no coupling tests were conducted for this 

configuration. 

The experimental results clearly validate the distinct performance characteristics of the three 

beam modulation strategies. Among them, the overlap method exhibits the most balanced 

performance, achieving both high pattern uniformity and coupling efficiency. Even for beam 

arrays with large spatial offsets, this method maintains robust energy allocation and coherence, 

making it ideal for precise MCF excitation. The subregion method, while offering relatively high 

efficiency in generating multiple beams, is highly sensitive to spatial alignment errors and beam 

shape variations. This sensitivity results in positional deviations of the outer beams, leading to 

coupling failures in several outer cores, as confirmed by the absence of signal in the 

corresponding output positions. The hybrid method, though conceptually designed to combine 

the strengths of overlap and subregion encoding, performed the worst in practice. Its inability to 

effectively suppress the zeroth-order diffraction beam significantly reduced usable energy for the 

target sub-beams. Consequently, no meaningful coupling results were obtained. Based on these 

findings, the overlap strategy is selected as the sole method for subsequent experiments 

involving full-core coupling into the 32-core fibre. 

To further evaluate the practical performance of the overlap method, a full 32-core excitation 

pattern was generated and coupled into the 32-core fibre. Figure 9.22 (a) shows the SLM-

generated sub-beam array at the focal plane. The central zeroth-order diffraction spot partially 

overlaps with one of the sub-beams, making it difficult to distinguish and quantify the energy 

assigned to that beam. As a result, both 𝜂𝜂𝑝𝑝 and 𝜎𝜎p are not provided in Figure 9.22 (b). Nonetheless, 

the qualitative uniformity of the pattern indicates a generally well-distributed energy allocation. 

This overlap issue also highlights the need for introducing a global offset to the entire sub-beam 

array in future implementations, so as to spatially separate the signal beams from the zeroth-

order diffraction. Figure 9.22 (c) displays the output of the 32-core fibre, with all cores clearly 
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activated. The corresponding energy distribution in Figure 9.22 (d) shows 𝜎𝜎  = 1.80% and 𝜂𝜂  = 

18.37%, reflecting satisfactory overall uniformity and coupling efficiency despite the central 

interference. 

 

Figure 9.22 Experimental demonstration of full 32-core excitation using the overlap method. (a) 

SLM-generated sub-beam array at the focal plane. The zeroth-order diffraction 

overlaps with a signal beam, obscuring accurate energy estimation. (b) Statistical 

energy distribution of the generated pattern. Both 𝜂𝜂𝑝𝑝 and 𝜎𝜎p are omitted due to the 

overlap. (c) Output from the 32-core fibre showing successful coupling across all 

cores. (d) Statistical energy distribution of output spots; 𝜎𝜎 = 1.80%, 𝜂𝜂 = 18.37%. The 

32 bars correspond left-to-right to cores from #1 to #32. This result also indicates that 

future designs should incorporate a global shift to the sub-beam array to avoid 

interference from the zeroth-order component. 

9.6 Conclusion 

This chapter presented a systematic investigation into multi-beam generation and fibre coupling 

strategies for a 32-core MCF using a phase-only SLM. By leveraging the Fourier transform 

relationship between the SLM plane and the focal plane, programmable phase masks were 

employed to steer and distribute optical beams with high spatial precision. 

Three beam modulation strategies were explored and compared: 1. Overlap Method: Offers high 

beam quality and spatial coherence but is highly sensitive to coherent interference. With 

appropriate phase management, it provides the best balance between energy efficiency and 

power uniformity. 2. Subregion Method: Achieves robust suppression of interference by spatially 

decoupling encoding regions, but suffers from beam distortion, aperture clipping, and strong 

sensitivity to input beam profile and alignment. 3. Hybrid Method: Aims to combine the 

advantages of the previous two methods but yields poor practical performance, exhibiting 

residual interference, degraded beam quality, and low efficiency. Through simulation and 

experimental validation, the overlap method with optimized phase management was found to 
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deliver the most reliable performance in generating dense, high-fidelity beam arrays. 

Experimental implementation demonstrated successful coupling into all 32 fibre cores with a 

total coupling efficiency of 𝜂𝜂 = 18.37% and a standard deviation of power uniformity 𝜎𝜎 = 1.80%, 

confirming the effectiveness of the proposed system under realistic conditions.  

These findings establish a solid foundation for advanced spatial beam control in MCF-based 

systems and pave the way for future research into dynamic beam steering, real-time feedback 

control, and adaptive modulation techniques for complex beam shaping tasks. However, none of 

the three methods examined in this chapter is readily compatible with CBC under the current 

optical configuration based on a single Gaussian input beam. This limitation arises from the need 

for precise and stable phase control across multiple sub-beams, which is hindered by 

interference management strategies that compromise phase consistency and beam fidelity. The 

realization of CBC in MCF architectures will thus require the development of new optical designs 

that can support phase-stable, high-quality beam arrays, potentially through the integration of 

adaptive feedback, stochastic parallel gradient descent optimization algorithm, or machine 

learning algorithms. 

  



Chapter 10 Conclusion and future work 

151 

Chapter 10 Conclusion and future work 

10.1 Summary of the thesis 

This thesis has explored the design, optimization, and extension of MOs as a pathway toward 

high-energy femtosecond fibre lasers. A unifying numerical framework was first developed based 

on the GNLSE, incorporating both steady-state and dynamic gain models together with split-step 

Fourier and Runge–Kutta solvers. This framework clarified the limitations of the steady-state 

approximation and demonstrated the necessity of dynamic gain modelling at high repetition rates, 

where incomplete inversion recovery plays a decisive role. On this basis, a 20-MHz MO was 

realized, delivering pulse energies up to 381 nJ and supporting compression to sub-40 fs 

durations. Numerical simulations reproduced both spectral and temporal characteristics with 

high fidelity, validating the predictive capability of the model and enabling systematic cavity 

optimization. To extend energy scaling toward lower repetition rates, a 1-MHz MO incorporating 

an NANF was implemented. The intrinsically low dispersion, weak nonlinearity, and broad 

transmission bandwidth of the NANF enabled effective intracavity chirp management, higher 

pulse energies, and efficient external compression, resulting in sub-60 fs pulses with >400nJ. 

Beyond steady-state performance metrics, the thesis investigated the formation dynamics of 

MOs using single-shot DFT diagnostics. By contrasting steady-state and cold-start conditions, 

distinct routes toward spectral coherence and pulse-energy buildup were identified, providing 

new insight into the controllability, reproducibility, and robustness of mode-locking in highly 

nonlinear fibre systems. In parallel, spatial scaling was addressed through programmable beam 

shaping with a phase-only spatial light modulator, enabling efficient and uniform excitation of all 

32 cores in a multi-core fibre and demonstrating a viable route toward spatially multiplexed 

ultrafast fibre sources. The demonstrated performance metrics, including hundreds of 

nanojoules pulse energy, sub-50 fs pulse durations, and operation from the MHz to tens-of-MHz 

repetition-rate regime, are well aligned with the requirements of a range of application domains, 

including multiphoton microscopy and biological imaging, ultrafast spectroscopy, and precision 

materials processing. In particular, the combination of high peak power, flexible repetition-rate 

scaling, and fibre-based delivery enabled by NANFs is attractive for applications requiring 

compact, alignment-tolerant, and robust ultrafast sources. Furthermore, the insights gained into 

startup dynamics and coherence control are directly relevant to applications where operational 

stability and reproducibility are critical, such as medical imaging and industrial deployment. 

In conclusion, this work establishes practical design strategies for Mamyshev oscillators 

spanning gain modelling, dispersion engineering, repetition-rate scaling, and diagnostic-guided 

optimization. Together with the demonstrated advances in temporal and spatial scaling, these 
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results provide a solid foundation for the future development of ultrafast fibre lasers and their 

translation toward multi-core architectures and application-driven systems in science, medicine, 

and advanced manufacturing. 

10.2 Future work 

10.2.1 Dispersive Fourier transform for MO startup dynamics 

A natural extension of the present work is to apply DFT to investigate the startup dynamics of MOs 

operating at a lower repetition rate, such as 1 MHz. By modulating the repetition rate of the 

injected seed pulses, one can realize synchronous injection, second-harmonic injection, and 

higher-order harmonic injection. This would enable systematic studies of seed competition under 

the gain landscape of the MO, particularly when the pump-induced inversion dynamics are taken 

into account. In the short term, this work could contribute to optimized single-pulse startup 

strategies for low-repetition-rate MOs. In the longer term, it could serve as a platform for exploring 

the role of periodic external perturbations in nonlinear dynamical systems. 

10.2.2 Toward high-energy all-fibre low-repetition-rate Mamyshev oscillators 

Current all-fibre Mamyshev oscillator (MO) architectures typically rely on amplifier stages with 

core diameters of approximately 10 µm, which limits the achievable pulse energy to around 150 

nJ. Building on the present work, the adoption of large-mode-area (LMA) fibres, such as PLMA 

25/250 or PLMA-YDF 25/250, represents a promising route toward further energy scaling while 

maintaining an all-fibre architecture. Larger mode areas reduce nonlinear phase accumulation 

and enable higher pulse energies, while also improving mode-field compatibility with hollow-core 

fibres. A key step toward a fully fibreized high-energy MO is the seamless integration of anti-

resonant NANFs with LMA gain and passive fibres. Achieving reliable, low-loss, and low-back-

reflection splicing between NANFs and fibres such as PM25/250 or PLMA-YDF 25/250 remains a 

central technical challenge. Such splices must preserve beam quality, minimize Fresnel 

reflections that can destabilize mode-locking, and ensure long-term mechanical and 

environmental stability. Further improvements in system robustness could be realized through 

the development of PM-NANFs, which would enable better control of the intracavity polarization 

state and reduce sensitivity to environmental perturbations. In addition, the practicality of a fully 

fibreized MO platform would be greatly improved by developing dispersion-tuning techniques for 

NANFs, enabling a tunable, NANF-based pulse compressor. This requires controllable dispersion 

engineering and reliable tuning mechanisms that preserve the low nonlinearity, broad 

transmission bandwidth, and high-power handling capability of the NANF while allowing precise 

adjustment of the delivered pulse chirp. Addressing these challenges would enable a fully 
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fibreized Mamyshev oscillator platform combining high pulse energy, efficient compression, and 

robust operation without free-space optics. Such a system would be highly attractive for 

applications requiring compact, alignment-free, and high-performance ultrafast fibre laser 

sources. 

10.2.3 MCF integration for energy scaling and coherent combining 

A further avenue for energy scaling is to incorporate MCFs into the amplification stage of MOs. 

Two complementary strategies can be envisioned. First, MCFs may be directly embedded in the 

MO cavity, where the presence of multiple cores can substantially increase the effective mode 

area, thereby enabling higher pulse energies without sacrificing beam quality. Second, extrinsic 

amplification schemes: MCF-based gain-managed amplification (GMA) can be employed. GMA, 

a technique that harnesses the spectral evolution of chirped pulses under strong normal 

dispersion and nonlinearity, has recently been recognized as a powerful route toward high-energy 

ultrashort pulse generation. Its conceptual similarity to the nonlinear spectral filtering in MOs. 

Furthermore, MCFs offer a natural platform for CBC, where multiple amplified channels can be 

phase-locked to generate ultrashort pulses with energies well beyond the single-core limit. 

Furthermore, it can achieve customized output of vector beams. Collectively, these strategies 

may open a path toward a new class of fibre-based ultrafast lasers that are simultaneously 

compact, scalable, and capable of delivering extreme pulse parameters. 

10.2.4 Machine learning-assisted optimization and control 

Given the strongly nonlinear and history-dependent nature of the Mamyshev oscillator (MO), 

conventional optimization strategies based on parameter scanning or local feedback control 

often become inefficient or unreliable. The system response is frequently non-smooth and path-

dependent, with multiple coexisting operating states that cannot be uniquely identified by 

instantaneous output metrics alone. Similar challenges arise in coherent beam combining (CBC) 

systems, where a large number of coupled degrees of freedom and the presence of multiple local 

optima complicate stable and rapid convergence using model-based control. In this context, 

machine learning techniques offer a fundamentally different approach by enabling data-driven 

mappings between observable system outputs and control actions without requiring an explicit, 

tractable physical model. For example, neural networks could be trained to correlate spectral or 

time–frequency diagnostics with optimal adjustments of cavity parameters such as pump power, 

spectral filtering, or phase bias, thereby accelerating the identification of favorable operating 

regimes. In CBC architectures, learning-based controllers could assist in stabilizing relative 

phases or mitigating slow environmental drifts by exploiting correlations that are difficult to 

capture with conventional control algorithms. Nevertheless, the applicability of such approaches 
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is subject to important limitations. The presence of abrupt transitions between distinct dynamical 

states implies that large and diverse training datasets are required to adequately sample the 

relevant regions of parameter space. Generalization beyond the trained operating conditions 

remains challenging, particularly when the system crosses bifurcation boundaries or enters new 

attractor regimes. Moreover, the limited interpretability of many neural-network-based models 

may obscure the underlying physical mechanisms governing pulse formation and stability. Finally, 

practical deployment in experimental systems must contend with constraints imposed by 

measurement noise, actuator bandwidth, and control-loop latency, which may limit the 

achievable performance gains in real-time operation. 

10.3 Conclusion 

In summary, the proposed future work spans a broad spectrum, ranging from fundamental 

investigations of MO startup dynamics using DFT to practical strategies for energy scaling through 

all-fibre architectures, MCF integration, and coherent combining. In parallel, the incorporation of 

machine learning approaches offers a forward-looking route to address the challenges of 

nonlinear optimization and feedback control. Collectively, these directions not only promise to 

deepen the physical understanding of MOs but also pave the way toward compact, robust, and 

high-energy ultrafast fibre laser systems. 
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