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Abstract 
 

The infrared region of the electromagnetic spectrum is an attractive prospect for a variety of 

pulsed laser applications, including biomedical surgery and imaging, defence, metrology and 

attosecond science, environmental detection, and range-finding. The aim of this research is to 

develop a robust, stable, benchtop fibre-based laser source in the mid-infrared region of the 

spectrum, capable of producing picosecond to femtosecond pulses. This thesis utilises a 

semiconductor-based absorber to create pulses in concert with various linear and nonlinear 

optical effects in fibre. 

To best optimise the laser source, a multi-step approach utilising both numerical MATLAB 

modelling in concert with experimental techniques. Firstly, over a half-dozen cavity designs 

were simulated, assembled, and tested, with each utilising alternate combinations and 

ordering of various fibre laser components to achieve optimal pulse-to-pulse stability, time 

duration and spectral quality. 

From these experimental results, the most optimal design was chosen and was fully 

characterised, in addition to a single pass pumped holmium fibre amplifier. This laser 

produced 2.92 ps pulses at a 20 MHz repetition rate, with a central wavelength of 2029.1 nm 

and a 3 dB bandwidth of 4 nm at an average power of 20.3 mW. 

Lastly, pulse dispersion was optimised using a length of dispersion compensating fibre 

(DCF). An estimate for the required dispersion compensation was calculated, numerically 

simulated, and then experimentally implemented via fusion splicing 13 m of DCF and cutting 

back in 1 m increments, characterising the laser at each length. This process was repeated 

using 20 cm increments. The optimal length for pulse duration was found to be 7.2 m, where 

the laser produced 494 fs pulses, and minimised pulse-to-pulse instability indicated by the 

radio frequency spectrum. 
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Chapter 1: Introduction  
 

1.1 Introduction 
Mode-locking is a technique to produce ultrashort pulses from a laser, of order picoseconds 

(10-12 s) to femtoseconds (10-15 s) long. This is based on producing a fixed phase relation 

between adjacent longitudinal modes in a laser cavity [1]. The superposition of these phase-

locked modes produces an ultrashort pulse [2]. 

Mode-locking broadly falls under two categories: active and passive [3]. Active methods 

employ an optoelectronic device synchronised to the laser cavity round-trip time to modulate 

intracavity energy or phase and force the axial modes to beat with fixed phase, the necessary 

condition for mode-locking [4]. While intracavity dynamics are electronically controllable 

via the active mode-locker, the effectiveness of the modulator drops sharply as the pulse 

duration decreases [3]. Passive mode-lockers use a variety of nonlinear phenomena that 

mode-lock the laser and produce ultrashort pulses [1, 5]. 

There are a broad range of applications of ultrashort pulses, as will be reviewed below. In 

particular, mode-locked lasers with wavelengths in the 2-5 μm band are highly desirable for 

medical imaging, surgery, materials processing, spectroscopy, ultrafast chemistry, remote 

sensing, defence and research [6-8]. Although alternative definitions of this terminology exist 

in other fields (e.g. astronomy), the 2-5 μm band is defined as the mid-infrared (MIR) for the 

purposes of this thesis. Additionally, development and application of reliable, stable mode-

locked laser seed sources is of great importance for use in laser amplifier stages. With an 

appropriate seed source, such amplifiers can be used in extreme field, high intensity 

applications such as higher-harmonic generation and soft X-ray generation [9]. 

Hence, this thesis seeks to investigate, design and construct an ultrashort MIR laser source 

appropriate for the applications outlined in the following section. 
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1.1.1 Biomedical Applications 

The biomedical applications of ultrashort shortwave and mid infrared radiation is many-fold; 

of minimising heat dissipation and burning of patient tissue via faster-than-diffusion pulses, 

and the strong absorption bands of both water and bone near 2 µm [10-15]. 

Pulsed 2 µm sources, chiefly Ho-doped sources, have been the workhorse lasers for kidney 

stone ablation and the wider field of medicine for well over 20 years, but further development 

toward these sources is required [16, 17]. 

Ultrashort sources at 2 µm are also noted for their significantly reduced carbonisation 

(damage) of surrounding tissues for laser surgery [13, 18, 19]. For example, Fried & Murray 

(2005) and Fried (2005) demonstrated a 2 µm pulsed source for ablation and incision of 

prostate, bladder, and ureter tissue, but with a large thermal damage region down to ~ 500 

µm, citing the need for shorter pulse durations at 2 µm to further shrink the damage region 

[20, 21]. 

Despite the increased absorption in tissue at 2 μm, Bouma et. al. (1998) found that imaging at 

this wavelength is desirable due to reduced scatter (prevalent at short wavelengths) [22, 23]. 

Furthermore, the high efficiency of multiphoton absorption given by ultrashort pulses has 

been utilised to successfully perform multiphoton microscopy of neural tissues of mice and 

rats in the SWIR [24-26]. 

 

1.1.2 Frequency Combs and Metrology in the IR 

The output of a mode-locked laser consists of many discrete and evenly spaced peaks in the 

spectral domain, forming a regular comb of frequencies [27]. Frequency combs can then be 

used target specific resonances for atomic clocks, or measure fundamental constants [28, 29]. 

Broadband spectral features, fundamentally inherent to ultrashort pulsed lasers, also reduce 

granular interference artefacts in imaging applications [30]. 

The advantage of an ultrafast frequency comb source in the SWIR-MIR, is the presence of a 

multitude of vibronic molecular resonances around and beyond 2 µm, known as the 

‘molecular fingerprint region’ [31, 32]. To fully understand the structure of molecules with 

such resonances, precise, accurate and reliable frequency references (i.e. combs) must be 

available at those wavelengths; hence the attractiveness of mid-infrared combs in particular 

[17, 31]. 
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1.1.3 IR Supercontinuum Generation and Spectroscopy 

Supercontinuum generation (SCG) is the process of ultrashort pulse spectral broadening in a 

nonlinear medium, spanning several octaves by simultaneously driving several nonlinear 

effects in the material host [33-36]. These nonlinear processes are easily accessed by the high 

peak powers of ultrashort pulses, with the SCG Q parameter characterising the breadth of the 

generated spectrum in Equation 1.1.1 [33]:  

𝑄 =
𝑛ଶ𝐸ଶ𝑧

𝑐𝜏
  ( 1.1. 1 )   

where E is the driving laser amplitude, n2 is the nonlinear index, z is the interaction length 

and τ is the pulse duration. Thus, pulse durations on the order of picoseconds or less are best 

suited for SCG [33]. 

Pushing the envelope of SCG out toward the edge of the MIR at 5 µm is another key 

application of SWIR mode-locked lasers [12, 17]. Recently, Grassani et. al. (2019) and 

Scurria et. al. (2020) demonstrated supercontinua out to 3.5 and 4.7 μm respectively, both 

groups utilising thulium-based laser sources near 2 μm [37, 38]. 

Broadband 2 µm sources have been noted extensively throughout the literature as suitable for 

spectroscopy of compounds such as H2O, CO2, N2O, NH3, CH4, HF and HCN, in both 

experimental and theoretical studies [12, 39-42]. 

For instance, Thorpe et. al. (2007) utilised a NIR (1.5 µm) erbium-doped mode-locked fibre 

laser for ringdown spectroscopy to access overtone absorption lines of CO2, C2H2 and NH3. 

Their success hinged on a reliable broadband (i.e. mode-locked) laser source to access the 

relevant wavelengths [41]. Similarly, Kadwani et. al. (2011) used Tm-Ho codoped and Tm 

doped fibre lasers to probe the atmosphere for CO2, owing to the absorption bands near 2-2.2 

µm [42]. 

 

1.1.4 Materials Processing 

Laser machining using controllable, short pulse durations is highly desirable for micro-scale 

cutting and is well established in the literature [43-48]. 

Singh & Samuel (2016) describe the major advantage of ultrashort pico and femtosecond 

sources over nanosecond pulsed sources for laser machining. Ultrashort pulses are shorter 

than the relaxation time of electrons in a material lattice thus resulting in minimal interaction 
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and diffusion of heat [49]. Nanosecond lasers are hindered by melting and heat damage due 

to exceeding this relaxation time, in addition to photoacoustic shocks causing material to 

fracture [43, 49-51]. 

MIR ultrafast lasers are particularly attractive for micromachining applications in industry for 

targeting materials that absorb in the MIR. For example, Mielke et. al. (2010) used an 

automated erbium fibre mode-locked source to ablate Nitinol (for medical stents) and 

polytetrafluoro-ethylene (Teflon) [52]. Plastics and glasses also possess high absorption 

bands in the SWIR and MIR, making these lasers ideal for machining [53]. This was further 

demonstrated by Voisiat et. al. (2015) and Mingareev et. al. (2012), who utilised pulsed 2 µm 

lasers to weld various polymers together with improved tensile strengths [54, 55]. 

One should note that ultrashort pulses often generate plasma due to their high peak powers 

and can impede drilling speed. Thus, there exists a trade-off between drilling rate and cut 

quality [56].  

 

1.1.5 IR Pumps for Nonlinear Processes 

Development of SWIR lasers with high peak powers (i.e. mode-locked lasers) is key to 

pushing wavelengths for nonlinear frequency generation further into the MIR [12, 17, 37]. 

SWIR-MIR laser sources are ideal for pumping nonlinear conversion for infrared wavelength 

conversion in ZnGeP2 due to the low absorption at wavelengths beyond 2 µm [17, 57]. 

Gebhardt et. al. (2014) utilised a 2 µm Q-switched Tm system to produce high energy pulses 

out to 4 µm, owing to the reduced absorption at 2 µm in ZnGeP2 [58]. However, an ultrashort 

MIR source would afford much higher peak powers due to the decrease in pulse duration. 

 

1.1.6 LIDAR and Atmospheric Detection 

Light detection and ranging (LIDAR) is well established technique, using backscattered 

signal from an illuminated target to measure ranges and velocities [59-62]. The use of 2 µm 

pulsed LIDAR wind-monitoring systems has existed even commercially since the 2000s [63]. 

LIDAR and other range-finding applications benefit greatly from the low-loss atmospheric 

transmission window at 2 – 2.5 µm [64] and pulsed 2 µm systems have been investigated 

thoroughly throughout the literature [65-68]. Furthermore, monitoring of atmospheric gasses 



5 
 

in the MIR region from 2 – 20 µm is highly desirable due to the existence of many such 

vibrational resonances of tropospheric pollutants N2O, CO2 and H2O [17]. This requires 

reliable, broadband (mode-locked) and spectrally pure sources to be developed in the MIR 

region [67]. 

1.1.7 IR Seed Sources and Amplification 

Lasers at 2 µm also benefit greatly in terms of power scaling versus typical NIR 1-1.5 µm 

lasers (Yb3+ and Er3+) due to multiple effects making them superior for multistage seed-

amplifier systems [69]. Firstly, assuming a weakly guiding optical fibre, the mode area grows 

with λ2 [69]. This causes the intensity within the waveguide to decrease as the cross-sectional 

area the light is distributed across increases, causing a reduction in the intensity-squared 

dependence of various parasitic/scattering nonlinear scattering (Brillouin, Raman, Stokes 

generated via Raman scattered components) [70]. In turn this increases the damage threshold 

for the fibre, a major limiting factor for high power fibre lasers. 

 

1.1.8 High Harmonic Generation as a Soft X-ray Source 

High harmonic generation (HHG) is a nonlinear process that can generate integer multiples of 

a driving laser frequency in gas. Discovered in the late 80’s by McPherson et. al. (1987), it 

can be understood as a semiclassical three-step model considering electrons bound to atoms 

in a gas [71-73]. An electron is liberated by an external strong field (i.e. laser pulse) as the 

driving laser field distorts the Coulomb barrier and the electron tunnels out. The laser field 

then coherently drives the free electron until it recombines, releasing the excess kinetic 

energy as a harmonic of the driving field [72, 74]. Alternatively, instead of the described 

tunnelling mechanism, atoms may be ionised via a process known as above threshold 

ionisation (ATI), whereby the bound electron undergoes multiphoton absorption of the pump 

beam and becomes unbound [75]. 

The highest energy photon produced by the coherent process depends on the highest feasible 

ponderomotive energy of the electron [71, 76], given by a semi-classical relation in Equation 

1.1.2 below [71, 74, 76]: 

ℎ𝑣௠௔௫ ≈ 𝐼௣ +
3.17

16𝜋ଶ𝑐ଶ
𝜆ଶ𝐸ଶ ( 1.1. 2 ) 

where Ip is the ionisation potential of the atom, E is the driving laser electric field and λ is the 

wavelength of the laser light [74]. 
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However, number of HHG photons yielded by this process also drops sharply with increasing 

wavelength [77]. By considering the semiclassical picture of a continuum electron 

wavepacket being driven by the external laser field, it is noted that the propagation time of 

the free electron wavepacket increases with laser driving wavelength, causing a λ-3 to λ -6 

decrease in HHG yield [78]. Other factors contribute to this inefficiency with increasing 

wavelength, such as increased magnetic drift and the concentration of generated HHG 

photons about the cutoff harmonic [77]. 

Furthermore, while HHG has previously been realised using 800 nm laser sources [79-83], 

this approach has been limited by the low conversion efficiency at this wavelength leading to 

higher required intensities that cause complete ionisation and thus incoherence of the process 

[80, 84]. An increase from 1 µm to 2 µm would allow a four-fold decrease in intensities 

required for the same HHG output, according to Equation 1.1.2. In effect, ultrashort pulsed 

MIR lasers would pave the way for a HHG-based ’tabletop, coherent version of the Roentgen 

X-ray tube’, critical to medical dosimetry applications [12, 74]. 

1.1.9 Telecommunication Systems 

Infrared pulsed sources are also applicable to free-space communications. In particular, there 

have been a multitude of studies that confirm low loss propagation of SWIR-MIR signals, 

owing to the existence of a low-loss atmospheric spectral window around 2.0 – 2.5 µm [12, 

53, 64, 85-87]. 

Li et. al. (2013) developed a thulium-doped fibre amplifier system citing the advantage of a 

Tm fibre-based system providing the largest gain bandwidth of any rare-Earth doped fibre 

[88]. Such a system can amplify lasers in the range of 1.8-2.1 µm to allow high bit rate, low 

noise fibre communications over a larger bandwidth than standard telecom wavelengths. 

Furthermore, Sorokina et. al. (2014) demonstrated that 2-2.5 µm light outperforms both the 1-

1.5 µm, 4 and 10 µm atmospheric windows for free-space communication [8]. 

 

1.1.10 IR Pump-probe for Ultrafast Chemistry 

As early as 1975, Alfano & Shapiro (1975) realised the importance of ultrafast lasers in 

studying short lived states in biophysics, plasma, and condensed states, stating that “…the 

utilisation of the mode-locked laser that emits light pulses of picosecond (10-12 sec) duration 

is the key to the study of rapid processes.” [89]. 
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Ultrafast chemical processes occur over distances of tenths of a nanometre or less, 

necessitating time resolutions on the order of femtoseconds, hence the need for ultrafast laser 

sources of appropriate wavelength to investigate these phenomena [90]. Typically, this is 

achieved using femtosecond pulses in a pump-probe experiment, whereby a chemical sample 

is excited by a pump pulse and the evolution of the sample measured via a delayed probe 

pulse [91, 92]. 

The advantage of a SWIR-MIR source near 2 µm is to specifically analyse attosecond 

dynamics of particles and molecules in the molecular fingerprint region. As noted above, this 

includes important atmospheric molecules and greenhouse gasses such as carbon dioxide 

(CO2), water vapour (H2O) and nitrous oxide (N2O) [93, 94].  
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1.2 Mode-locking with Saturable Absorbers 

1.2.1 Saturable Absorbers 

Passive mode-locking uses an element or material that favours mode-locking, such as a 

saturable absorber (SA), which preferentially pass high intensity, pulse-like phenomena and 

absorb low intensity, continuous wave noise [95, 96]. Passive methods often produce mode-

locked pulses on scales of femtoseconds to picoseconds [97]. 

SAs are typically implemented in a semiconductor device, known as a semiconductor 

saturable absorber mirror (SESAM), pioneered by Keller et. al. (1996) [98]. This specialised 

optic incorporates a semiconductor SA grown on top of a dielectric reflector to create a 

saturable reflectivity [99]. SESAMs are often employed both due to their high degree of 

engineerability during epitaxial growth and their reliability and stability for mode-locking 

[100]. Note that the concept for an analogous device, the saturable Bragg reflector (SBR) was 

also developed independently by Tsuda et. al. (1995) [101]. 

Techniques also may be employed to mimic the behaviour of a material with saturable 

absorption by exploiting nonlinear optical effects in the cavity, known as artificial saturable 

absorption [96]. Common examples of such techniques include nonlinear polarisation 

rotation (NLPR) and Kerr-lens mode-locking (KLM), which are discussed further in Section 

2.3. 

For a given laser, saturable absorbers may serve either as the only mode-locking device or 

run in tandem with another mode-locking element or as a self-starting device to enable 

soliton-based mode-locking [102-155]. Examples from the literature are summarised in 

Tables 1.2.1 and 1.2.2, with further examples in Appendices A and B. 

Tables 1.2.1 and 1.2.2, and the following discussion, provide contrast between the 

experimental work undertaken in this thesis against the variety of methods used in the 

literature to mode-lock similar MIR ultrashort pulsed laser systems, in addition to the relative 

benefits and downsides with each respective method. 

 

1.2.2 SESAM-only Mode-locking 

SESAMs are a common choice for mode-locking lasers at a variety of wavelengths, from the 

shortwave visible to the mid infrared [106, 119, 120, 126, 156]. A SESAM may be used as 



9 
 

the primary mode-locking element as described above, with the possibility of multiple 

SESAMs or absorbers to provide additional pulse shaping at the cost of additional loss [108]. 

1.2.3 SESAM-assisted Mode-locking 

Methods such as KLM or NLPR alone may sometimes require mechanical perturbation to 

initiate mode-locking or are unstable and sensitive to environmental disturbances [102, 157]. 

Thus, a SA or SESAM may be used to assist in self-starting the mode-locking process 

without mechanical perturbation [102]. 

SESAMs may also act as a self-starting mode-locker to enable soliton mode-locking [98]. A 

soliton is a self-stabilising, ultrashort pulse formed from the balance of nonlinear and 

dispersive effects in an optical medium and is a solution to the nonlinear propagation for 

pulses [158]. In this case, SESAMs are often used as a self-starting mechanism and as a 

stabiliser, providing preferential attenuation to any competing CW noise components that 

may propagate in the cavity, which will be explored further in Sections 2.4 and 2.5. 

 

1.2.4 Free-space SESAM Mode-locking 

Recent and contemporary papers have reported successful SESAM mode locking across a 

range of wavelengths in free-space cavities, from the visible to the mid-infrared [102, 156]. 

Implementation of absorbers, such as SESAMs, in free space simply involves one of three 

configurations: 

 SESAM replaces a cavity end-mirror providing saturable absorption once per 

round trip. This provides less SESAM saturation at the cost of less pulse shaping. 

 SESAM replaces a cavity mirror whereby the beam undergoes a double pass per 

round trip. This provides more pulse shaping at the risk of too much SESAM 

saturation. 

 A transmissible absorber is placed in the cavity as a double-pass element. 

A summary of five SESAM free-space mode-locked sources in the literature is provided in 

Table 1.2.1. 
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Hou et. al. (2014) utilised two SESAMs to produce mode-locked 9.97 ps pulses at 1 μm 

[108]. Operating with a single SESAM yielded pulses of 10.4 ps, indicating that additional 

SESAMs provide additional pulse shaping. This is, however, at the cost of additional loss 

from multiple SESAMs, leading to Q-switching instabilities (discussed further in Chapter 3). 

Lastly, Saraceno et. al. (2012) utilised a compact, multi-pass configuration with a thin disk of 

Yb:LuScO3 as the gain medium and a custom designed SESAM as the passive mode-locker 

[105]. Gires-Turnois-Interferometer mirrors were used to provide dispersion compensation to 

achieve SESAM-soliton mode-locking 

Additional examples of solid-state, free-space SESAM mode-locked systems in the IR are 

available in Appendix A. 

 

1.2.5 Fibre SESAM Mode-locking 

Fully fiberized designs are an interesting prospect due to the small mode within the fibre and 

long propagation distances (tens of metres to kilometres) allowing ready access to 

nonlinearity-based absorbers such as NLPR.  

These fibre cavities may also incorporate short segments of free space propagation. This is 

commonly used to incorporate the SESAM as a free-space external element to the cavity 

along with optics to adjust the incident pulse fluence [147, 148, 150, 154]. Alternatively, a 

free-space segment may be used for diffraction-based spectral filtering [159]. 

As for the free-space counterparts, fibre-based lasers may be mode-locked via installation of 

a SESAM within the cavity. This is often accomplished by: 

 Replacing a fibre (loop) mirror with a SESAM (for a linear fibre cavity). 

 Using a circulator with a SESAM at the back reflection port (for a ring cavity). 

 Utilising a non-reflective saturable absorber that is built into the fibre or mounted 

between two fibre physical contacts. 

Table 1.2.2 summarises some examples of fibre SA mode-locked lasers from the literature. 
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Lastly, Li et. al. (2015) and Afifi et. al. (2016) achieved non-soliton-like sub-picosecond 

pulses using a hybrid NLPR-SESAM mode-locking scheme, with 1030 nm and 1560 nm 

lasing wavelengths respectively [148, 153].  

In both cases, utilisation of a fast artificial SA in addition to the stable pulse-shaping of the 

SESAM led to sub-picosecond pulse durations. Afifi et. al. (2016) measured the pulse-to-

pulse timing noise and found that the addition of a SESAM vs. NLPR alone led to a two to 

four-fold decrease in timing noise [148]. The origin of timing noise is discussed further in 

Chapter 3. 

There are many other examples of fiberized SESAM-mode-locked shortwave and mid IR 

fibre sources in the literature, with an extended summary in Table B-1 available in Appendix 

B.  
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1.3 Project Objectives 
The aim of the project is to comprehensively review and investigate the effects of various 

cavity parameters for a Ho:doped fibre SESAM mode-locked laser, both experimentally and 

theoretically, on: 

 Pulse train stability 

 Pulse duration 

 Pulse energy 

 Spectral purity 

To the best of our knowledge, this is the first time this type of source has been characterised 

and optimised thoroughly in this fashion. While a multitude of literature is readily available 

on the topic of sources in the shorter near infrared region of the spectrum, largely around the 

telecom wavelength (1.55 µm), development of sources in the shortwave infrared and 

beyond, particularly mode-locked systems, is still lacking. There exists a notable gap in the 

field for a comprehensive review of pulsed laser characteristics at 2 µm, a region which is 

highly desirable in both pulse duration and spectrum for the wide variety of applications 

explored in Section 1.1. 

Further discussion regarding both experimental and theoretical approaches to optimisation of 

pulse train stability is also required. Virtually all the discussed applications require that pulses 

from the laser oscillator are stable in time, free of severe operational instabilities that may 

distort the output both temporally and spectrally from pulse-to-pulse. This is of great import 

to applications such as metrology and use as a seed-source for amplifier stages  

While stability plays a central role in the investigations of this project, other parameters must 

be thoroughly investigated, such as pulse duration. It is readily apparent from the literature 

reviewed in Sections 1.1 and 1.2 that the instantaneous peak power of a pulse, and thus its 

duration, is eminently crucial to a variety of applications in micromachining, biomedicine, 

nonlinear frequency shifting and more. 

However, while it has been noted that parameters such as group velocity dispersion and 

nonlinear parameters, comprehensive optimisation of pulse duration both experimentally and 

theoretically is rare in the literature, especially in the MIR. Along with stability, this project 

aims to obtain a theoretically and experimentally explore the phenomena that drive pulse 

duration. 
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Where applicable, practical experimental changes such as splice quality, fibre length and 

mechanical isolation are implemented via experimentation with a Ho:doped fibre SESAM-

based mode-locked laser. 

To summarise, development of such a source through a thorough optimisation-focussed 

approach is crucial for realising the applications discussed in Section 1.1. We aim to develop 

a fully comprehensive investigation of a mode-locked 2 µm source for the first time in the 

literature, with the end product being a stable, reliable, spectrally pure mode-locked 

shortwave infrared oscillator built largely from commercially available optical components. 
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1.4 Thesis Outline 
Chapter 1 contained a brief discussion of mode-locked lasers and SESAMs, in addition to an 

extensive review of mode-locked sources from the near infrared to the mid infrared in the 

literature, of both free-space and fibre-based configurations. A comprehensive review of the 

applications of ultrashort lasers and the importance of 2 µm to a variety of these applications 

followed. This included applications for laser ablation surgery for a variety of human tissues, 

biomedical imaging, micromachining, higher harmonic soft-X generation, MIR metrology, 

seed-sources in the MIR and MIR spectroscopy for gas sensing and environmental 

monitoring.  

 

1.4.1 Chapter 2: Theoretical Background 

Chapter 2 contains a broad review of the theory behind concepts regarding the project. This 

includes dispersion and higher-order dispersion, nonlinearity in optical media, optical devices 

used by the project, semiconductor saturable absorber mirrors (SESAMs) and other saturable 

absorbers, mode-locking theory and the generalised nonlinear Schrödinger equation 

(GNLSE) and lastly on simulation of the GNLSE and various approaches from the literature. 

 

1.4.2 Chapter 3: Laser Characterisation 

Chapter 3 discusses the relevant methods of measuring a mode-locked laser’s output. 

Discussion of temporal characterisation focusses on radio frequency (RF) photodetectors and 

oscilloscopes, autocorrelation and thermal power meters, whereas the relevant spectrally 

resolved instruments discussed are RF spectrum analysers, optical spectrum analysers and 

frequency-resolved optical gating. Furthermore, a discussion on mode-locking instabilities 

due to higher order dispersion and nonlinear effects is provided. 

 

1.4.3 Chapter 4: Experimental and Numerical Results 

Chapter 4 will cover the experimental and simulation-based theoretical findings of the 

project. This includes an investigation of a variety of relevant parameters such as fibre 

lengths, laser cavity design and more. The merits of each parameter varied and observed 
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improvements or declines in pulse train stability, duration and mode-locked operation are 

discussed. 

 

1.4.4 Chapter 5: Conclusion 

Chapter 5 concludes the thesis with a review of the chapters contain therein, summarising 

results and discussing relevant plans for future work and improvements to be made upon the 

experimental and theoretical investigation that took place in Chapter 4. 
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Chapter 2: Theoretical Background 
 

2.1 Chapter Layout 
This chapter contains a broad review of the theory behind concepts regarding the project: 

In Section 2.2, a review of concepts underpinning various fibre optical devices used in the 

project, alongside a discussion of dispersion in optical fibre. 

In Section 2.3, the nonlinear response of materials subject to extreme electromagnetic fields 

is discussed in the context of ultrashort pulses. Key concepts include self-phase modulation, 

NLPR and stimulated Raman scattering. 

Section 2.4 introduces the theory of mode-locking via the principle of mode superposition, as 

well as introducing the propagation equation of an optical pulse: the generalised nonlinear 

Schrödinger equation (GNLSE). Soliton theory is also introduced. 

Next, in Section 2.5, the theory of saturable absorbers and SESAMs is explored, alongside 

the various regimes enabled by these mode-locking devices. 

Lastly, Section 2.6 discusses the application of a generalised GNLSE in numerically 

simulating a mode-locked cavity. A brief, comparative review of the two most common 

numerical schemes is provided. The model described serves as a basis for informing 

experimental design and is explored in Chapter 4. 
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𝑉 = 2𝜋𝑟
𝑁𝐴

𝜆଴
( 2.2. 1 ) 

where λ0 is the vacuum wavelength of the propagating radiation, r is the fibre core radius and 

NA is the numerical aperture, which represents how easily light is coupled into the core given 

by [1]: 

𝑁𝐴 = ට𝑛ଵ
ଶ − 𝑛ଶ

ଶ ( 2.2.2 )  

Single-mode propagation is supported by fibres with a normalised frequency less than V ≈ 

2.405. 

A given optical mode has an effective (1/e) mode area, Aeff, calculated from the time averaged 

Poynting vector, S, of the field in the core [4]: 

𝐴௘௙௙ =
൫∬ 𝑆௭𝑑𝑥𝑑𝑦

ஶ

ିஶ
൯

ଶ

∬ 𝑆௭
ଶ𝑑𝑥𝑑𝑦

ஶ

ିஶ

 ( 2.2. 3) 

where the z direction is aligned with the propagation axis of the waveguide, and the 

transverse component of the mode is confined to the transverse x-y plane. 

It is simpler to characterise the spatial extent of the field within the fibre as the mode-field 

diameter (MFD). For most practical single-mode fibres, the MFD can be approximated in 

terms of the normalised frequency V, to within 1% accuracy, using Marcuse’s equation, 

given in Equation 2.2.4 below [5]: 

𝑀 ≈ 𝑑. ൝0.65 +
1.619

𝑉
ଷ
ଶ

+
2.879

𝑉଺
ൡ ( 2.2. 4 ) 

where d is the core diameter and M is the MFD of the fibre. 

The end-faces of separate fibres can be arc-welded together via a process known as splicing, 

fusing the cleaved fibres together end-to-end. The net coupling efficiency (η) at the splice-

point accounts for various splice losses. This may include MFD mismatch between the fibre 

ends, or from lateral and angular misalignments during splicing. The coupling efficiency 

factor due to MFD mismatch between the spliced fibres can be estimated using [5]: 

𝜂ெி஽ = ቆ2
𝑀ଵ𝑀ଶ

𝑀ଵ
ଶ + 𝑀ଶ

ଶቇ

ଶ

( 2.2. 5 ) 

where M1,2 are the MFDs of fibres either side of the splice. 
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To minimise losses, it is imperative that the MFDs of the fibres, and thus their V numbers, 

are similar.  

Losses due to angular and lateral misalignment of two fibre ends can also be estimated [6,7]. 

The coupling efficiency due to lateral mismatch in either the x or y directions at a splice joint 

is given by Equation 2.2.6 [6]: 

𝜂௟௔௧ ௫,௬ =
4𝑀ଵ

ଶ𝑀ଶ
ଶ

(𝑀ଵ
ଶ + 𝑀ଶ

ଶ)ଶ
exp ൭−

8൫𝛥௫,௬൯
ଶ

𝑀ଵ
ଶ + 𝑀ଶ

ଶ൱ ( 2.2.6 ) 

where Δx,y is the relative offset between the two fibre ends in either the x or y directions. 

For two fibres of MFD, M, the angular mismatch coupling efficiency is given by [5]: 

𝜂௔௡௚ = exp ൮− ቌ
𝜋𝛥ఏ𝑀

𝜆଴
𝑛ൗ

ଵ

ቍ

ଶ

൲ ( 2.2.7 ) 

where Δθ is the angular separation between the fibre ends. 

For this project, those losses were estimated by the commercial FITEL S153 fusion splicer 

used. This is performed via imaging mutually perpendicular planes to the fibre axis to 

measure core sizes, lateral and angular mismatch either side of the splice and thus calculate 

the resultant coupling loss via Equations 2.2.5, 2.2.6 and 2.2.7 above. 

 

2.2.2 Chromatic and Waveguide Dispersion 

Chromatic dispersion of light causes different frequencies (ω) to propagate with different 

phase and group velocities [8, 9]. In fibres, this dispersion primarily arises from the sum of 

material dispersion and waveguide dispersion [9]. 

Material dispersion is caused by the interaction of light and electrons in the dielectric material 

in which the light propagates resulting in a modified, frequency-dependent refractive index 

[10]. This is characterised by the material dispersion parameter defined by Equation 2.2.8 

below [10, 11]: 

𝐷௠ = −
𝜆଴

𝑐

𝑑ଶ𝑛

𝑑𝜆଴
 ( 2.2. 8 ) 

where λ0 is the central wavelength. 
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Waveguide dispersion is due to the confinement of the optical modes within the fibre, 

introducing a frequency-dependent refractive index as the modal area, thus V-number, affects 

waveguide dispersion [9]. This wavelength-dependent dispersive behaviour is given by [11]: 

𝐷௪ =  − ൬
1

2𝜋𝑐
൰ 𝑉ଶ

𝑑ଶ𝛽

𝑑𝑉ଶ
 ( 2.2. 9 ) 

This enables the manufacture of dispersion tailored fibre via engineering of the V-number, 

allowing tailoring of both the magnitude and sign of dispersion [12, 13]. 

The net (chromatic) dispersion is represented by the propagation constant β, which describes 

the phase shift per length in the material [9, 14]. Often, an analytical equation for β does not 

exist, and the parameter is generalised as a series via the Taylor expansion about the central 

angular frequency of the pulse, ω0 [9, 14-16]: 

𝛽(𝜔) = 𝛽଴ + (𝜔 − 𝜔଴)𝛽ଵ +
ଵ

ଶ
(𝜔 − 𝜔଴)ଶ𝛽ଶ +

ଵ

଺
(𝜔 − 𝜔଴)ଷ𝛽ଷ + ⋯ ( 2.2. 10 )  

where each term, βn, is the nth derivative of the dispersion coefficient [12]: 

𝛽௡ =
𝑑௡𝛽

𝑑𝜔௡
ฬ

ఠୀఠబ

, 𝑛 ∈ ℤା ( 2.2. 11 ) 

The zeroth order, β0, produces an arbitrary shift to the absolute phase of the pulse. This is 

often trivially removed by considering Equation 2.2.10 in the reference frame of the light 

pulse, as discussed further in Section 2.6.  

The first order β1 term shown is simply the inverse of the group velocity, vg, and is thus 

known as the group velocity term:  

𝛽ଵ =
1

𝑣௚
=

1

𝑐
൬𝑛 + 𝜔

𝑑𝑛

𝑑𝜔
൰ ( 2.2. 12 ) 

The second order β2 term quantifies the change in group velocity with angular frequency, as 

shown in Equation 2.2.13, and is referred to as the group velocity dispersion (GVD). It causes 

optical pulses to broaden in the time domain. 

𝛽ଶ =
1

𝑐
ቆ2

𝑑𝑛

𝑑𝜔
+ 𝜔

𝑑ଶ𝑛

𝑑𝜔ଶ
ቇ =

𝑑

𝑑𝜔
ቆ

1

𝑣௚
ቇ ( 2.2. 13 ) 

It is commonplace to instead express the 2nd order dispersion in terms of the total dispersion 

parameter Dλ , in units of ps nm-1 km-1, [9]: 
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𝐷ఒ = −
2𝜋𝑐

𝜆ଶ
𝛽ଶ ( 2.2. 1 ) 

The third order β3 term represents third order dispersion (TOD) and produces asymmetrical 

distortions of the pulse wings. While typically small, TOD dominates in the case of negligible 

GVD or extremely high intensity, few-optical-cycle pulses (durations ≤ 10 fs). 

 

2.2.3 Anomalous and Normal Dispersion 

Waveguide and material dispersion in typical silica glass fibre differ in sign above ~ 1.3 μm 

[12]. Material dispersion naturally has a zero-crossing point, but waveguide dispersion acts to 

shift the net chromatic zero-dispersion point as it is the sum of both contributions as shown in 

Figure 2.2.2 [17]: 

 

 

 

 

 

 

 

 

 

 

 

 

 

The region of net positive dispersion β below the zero-dispersion point is known as the 

normal regime, and the region of net negative dispersion is known as the anomalous regime. 

Figure 2.2.2: A plot of material, net (chromatic) and waveguide dispersion versus 
wavelength. 
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Thus, by tailoring Δn, the waveguide dispersion of DCF can be engineered to be normal in 

regions of anomalous material dispersion and vice versa. This allows for net-zero dispersion 

fibre cavity designs in the near and mid infrared, away from the zero-dispersion point shown 

in Figure 2.2.2. Dispersion from a length of single mode fibre (SMF) can be offset by the 

DCFs dispersion parameter [19, 20]: 

𝐷௡௘௧ = 𝐷ௌெி𝑙ௌெி + 𝐷஽஼ி𝑙஽஼ி ( 2.2. 4 ) 

where DSMF, DCF and lSMF, DCF are the dispersion parameters and lengths of the SMF and DCF 

respectively. If the dispersion parameter of a length of SMF is known, it is trivial to 

approximately balance it against a specifically tailored (positive or negative) DCF dispersion 

parameter and length to obtain near net zero dispersion via Equation 2.2.4. 

In practice, exactly net-zero dispersion is not desirable for several reasons. Firstly, processes 

such as spontaneous four wave mixing are more readily stimulated when dispersion is close 

to zero, counteracting stable propagation of ultrashort pulses (see Section 2.6). Intracavity 

noise may seed four-wave mixing that interferes with the coherent nonlinear processes of the 

laser pulse interacting with the material, leading to pulse breakup [14, 21, 22].  

As early as 1990, Desaix et. al. (1990) noted that operation too close to the (second order) 

zero-dispersion point may lead to dynamics where third order dispersion leads to pulse 

splitting, also citing cite that additional stability is afforded by operating at the edge of the 

anomalous dispersion regime [23, 24]. In addition, oscillatory distortions form in the tail end 

of the pulse of the pulse intensity [25-27]. 

Fundamentally, in the anomalous dispersion regime, a small amount of anomalous GVD is 

also desired to counteract the chirp due to nonlinear processes, leading to stable pulse 

propagation in the form of a soliton (see Sections 2.3 and 2.4) [28-30]. 

 

2.2.5 Intermodal Dispersion 

For a waveguide with V > 2.405, more than one transverse mode can propagate through the 

fibre. Each mode will travel with different group velocities due to intermodal dispersion [31]. 

An optical pulse comprised of many such modes will experience temporal broadening 

according to Equation 2.2.18 [31]: 

𝛥𝜏 =
𝐿𝑛ଵ

𝑐
൬

𝑛ଵ − 𝑛ଶ

2𝑛ଵ
൰

ଶ

 ( 2.2. 5 ) 
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where L is the propagation distance and c is the speed of light in a vacuum. 

For robustly single-mode fibre (i.e. commercially available SMF-28e+, SM/PM2000 used in 

this thesis), this effect may be ignored [32]. Single-mode fibre is not truly single-mode 

however, as it is comprised of an orthogonal (x and y) pair of polarisation modes [11]. 

 

2.2.6 Fibre Birefringence and Polarisation Mode Dispersion 

Even the fundamental Gaussian transverse mode (TEM00), or fundamental linearly polarised 

mode in fibres (LP01) is not single mode. This ‘single’ mode is contains a mode for each 

polarisation component in the transverse plane of the fibre [15]. 

While this would not usually pose an issue in an ideal case (nx = ny), real single-mode fibre is 

prone to core shape deformation. This is a result of environmental pressures and 

manufacturing defects introducing ellipticity, thus causing birefringence ( nx ≠ ny ) [33]. For 

example, if nx > ny, y and x are the fast and slow axis for the fibre respectively, along which 

polarisation is maintained. Due to this we see that a pulse with initially linear polarisation 

will rotate from linear to elliptical to linear, the distance over which this cycle occurs being 

the beat length LB given by Equation 2.2.19: 

𝐿஻ =
𝜆

ห𝑛௫ − 𝑛௬ห
 ( 2.2. 6 )   

This also causes a propagation delay of one of the polarisation modes relative to the other, 

causing temporal pulse broadening [33]. This effect is known as first order polarisation mode 

dispersion (PMD) and serves as one of many complications of ultrashort pulsed fibre cavity 

design, particularly systems that utilise NLPR to achieve mode-locking [34]. 

PMD may be avoided by using polarisation maintaining fibre (PMF). PMF utilises a large, 

engineered birefringence such that environmentally induced birefringence is negligible [35]. 

PMF only preserves linearly polarised light launched into the fibre such that the polarisation 

is aligned or perpendicular to the strongly birefringent axis [36]. 

The simplest PMF scheme is the elliptical core fibre, where the core is purposefully deformed 

spatially along the x or y cross-sectional axis, introducing a strongly birefringent set of 

indices due to both stress and geometry of the core [37]. However, this design cannot be 

extended to arbitrary values of refractive index between core and cladding [38]. 
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The 1950 nm pumping scheme has a higher slope efficiency as the 1150 nm scheme has a 

large quantum defect [41, 44]. Quantum defect is an inefficiency arising from a difference in 

pump wavelength versus the energy of the target state. In future, the 1950 nm pumping 

scheme would be desirable should laser diodes become more commonly available at 2 μm. 

CW energies on the order of kW have been predicted using the 1950 nm pumping scheme for 

a Ho:silica fibre device [41]. Furthermore, Jackson (2006) was able to demonstrate that a 

slope efficiency of 82% was possible using a thulium fibre laser as a resonant pump for the 

1950 nm transition to the 5I7 state [45]. 

However, the 1150 nm pumping scheme was used due to its relative accessibility and ease of 

use. Laser diode packages near 1 μm are both commercially available and pre-characterised, 

both considerable advantages in terms of experimental use and for development of a compact 

and reliable seed source. 

For the 1150 nm transition, Kurkov et. al. (2011) demonstrated a record high 42% pump 

slope efficiency, close to the theoretically determined limit with a differential quantum defect 

of ~81% [46]. While a lower slope efficiency than the 1950 nm may pose an issue in terms of 

thermal management, optical fibres are renowned for their large surface area and thus relative 

ease of cooling at low pump power [47]. 

Furthermore, thulium may have also sufficed as an active dopant itself for the gain medium 

instead of holmium, as Tm3+ ions possess a 2.05 μm radiative transition between its 3F4 and 

3H6 states. However, holmium was used instead for a variety of reasons, as outlined in Table 

2.2.2. 

Thulium Advantages (Tm3+) Holmium Advantages (Ho3+) 

Lower inversion threshold for transparency 

(2-3%) c.f. holmium (20-30%) 

Lower parasitic lasing  

More mature, extensively documented in 

literature c.f. holmium 

Less mature, gaps in literature to be 

explored 

Prone to amplified spontaneous emission 

(ASE) 

Less prone to amplified spontaneous 

emission (ASE) losses 

Diminishing emission cross section beyond 

2 μm 

Larger emission cross-section beyond 2 μm 

Table 2.2.2: Relative benefits of Ho3+ and Tm3+ dopants. 
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2.3 Optical Nonlinearity 

2.3.1 Nonlinear Polarizability 

Thus far we have only considered the linear optical response of materials, where the 

polarizability is linearly proportional to the electric field (first term of Equation 2.3.1). In 

general materials display non-negligible higher order nonlinear polarizability terms, as shown 

in Equation 2.3.1 (assuming instantaneous material response) [48-50]: 

𝑷(𝑡) = 𝜖଴൫𝜒(ଵ)𝑬(𝑡) + 𝜒(ଶ)𝑬ଶ(𝑡) + 𝜒(ଷ)𝑬ଷ(𝑡) + ⋯ ൯ ( 2.3. 1 ) 

where E(t) is the incident field strength [51]. 

 

2.3.2 The Optical Kerr Effect 

Due to the nonlinear polarizability given by Equation 2.3.1, materials with a high χ(3) 

susceptibility will undergo the electro-optical (‘AC’) Kerr effect, leading to a modified 

refractive index n [25, 49]:  

𝑛(𝑟) = 𝑛଴ + 𝑛ଶ|𝐸(𝑟)|ଶ ( 2.3. 2 ) 

For a Gaussian laser beam, E varies across the transverse cross-section, thus the Kerr effect 

causes the refractive index to vary with beam radius r. For a nonlinear material with a 

positive n2 coefficient we see a positive change in refractive index with increasing spatial 

intensity [49]. 

The result is the centre of the beam experiencing a greater optical path than the wings, 

forming an effective focussing lens, thus focussing the beam and is shown in Figure 2.3.1 

below [52-56]: 
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Assuming purely transverse electromagnetic modes (i.e. no skew modes), it is possible to 

show that the chi-three nonlinearity yields Equations 2.3.4 and 2.3.5 below for the nonlinear 

change to the x,y refractive indices [25, 65]: 

𝛥𝑛௫ = 𝑛ଶ ൬|𝐸௫|ଶ +
2

3
ห𝐸௬ห

ଶ
൰ ( 2.3. 4 ) 

Δ𝑛௬ = 𝑛ଶ ൬ห𝐸௬ห
ଶ

+
2

3
|𝐸௫|ଶ൰ ( 2.3. 5 ) 

The left-hand term in the brackets of both Equations 2.3.4 and 2.3.5 represents the Kerr effect 

(and therefore SPM) as before, where the refractive index in the x or y direction changes 

depending on the amplitude squared in that direction, as expected [65]. However, the 

additional terms on the righthand side of the brackets depends on the intensity of the other 

transverse direction. This cross-coupling of the nonlinear change to the refractive index is 

known as cross-phase modulation (XPM) and is responsible for nonlinear birefringence in 

optical fibre [25, 65]. 

NLPR means that pulses change their own polarisation state dependent on intensity, thus the 

central, high intensity part of the pulse has a different polarisation than the wings due to the 

intensity dependence of Equations 2.3.4 and 2.3.5. A polarising device may be used to then 

discriminate the central-most peak of the pulse and attenuate the wings if used in tandem with 

a stress-inducing polarisation controller to shift the overall polarisation state of the pulse [64].  

 

2.3.5 Intrapulse Raman Scattering (IRS) 

A pulse may also excite molecular rovibrational modes to generate additional shifted 

frequencies, in a chi-three process known as Raman scattering, either spontaneously or 

through coherent nonlinear four-wave mixing [66-68]. For coherent (stimulated) Raman 

scatter, photons from the laser pump undergo wave mixing with Stokes or Anti-Stokes beams 

in the material via interactions with the ro-vibrational modes of the medium [67]. 

The Stokes beam is less energetic, and results from lattice optical phonons removing energy 

from the beam [69]. Conversely, the higher energy Anti-Stokes beam is produced by 

extracting energy from lattice vibrations. However, the lattice energy is inherently thermal, 

thus the Stokes process dominates at room temperature [67, 69]. An energy level diagram of 

both processes and the resultant pulse spectrum is shown in Figure 2.3.3 [68, 70]: 
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𝑤ℎ𝑒𝑟𝑒 ℎோ = ቆ
𝜏ଵ

ଶ + 𝜏ଶ
ଶ

𝜏ଵ𝜏ଶ
ଶ ቇ 𝑒𝑥𝑝 ൬−

𝑡

𝜏ଶ
൰ 𝑠𝑖𝑛 ൬

𝑡

𝜏ଵ
൰ ( 2.3. 7 ) 

and (t) is the dirac delta representing the instantaneous Raman response. The delayed 

Raman response hR is given by Equation 2.3.7 where τ1 and τ2 are inverse time scales that 

represent the phonon frequency and the linewidth of the scattering process, respectively [71]. 

 

2.4 Mode-locking and GNLSE 

2.4.1 Mode Superposition 

Recall that the total phase change per round trip in a resonant cavity must be an integer 

multiple of 2π due to superposition. Axial modes are standing wave resonances whose 

wavelengths satisfy this condition in the longitudinal direction [76]. However, the modal 

structure will also change in the tranverse direction, dictated by the structure of the resonator 

perpendicular to the axial direction (due to mirror curvature etc.). For a given longitudinal 

mode structure, there are many such transverse modes [77]. 

Mode-locking is a technique that utilises the superposition principle, whereby a broad band of 

M axial modes are excited and interfere to produce an ultrashort pulse if and only if all modes 

have a constant phase relation. Consider the resultant complex field U is a function of time t 

and propagation distance z as a sum of plane waves representing each axial mode [11]: 

𝑈(𝑧, 𝑡) =  ෍ 𝐴௠ 𝑒𝑥𝑝 ൭2𝜋𝑖𝜈௠ ቆ𝑡 −
𝑧

𝑣௚
ቇ൱ 

௠

( 2.4. 1 )  

𝑤ℎ𝑒𝑟𝑒 𝜈௠ = 𝜈଴ + 𝑚𝜈ிௌோ,    𝑚 =  … − 2, −1, 0, 1, 2, …   

where ν0 is the central frequency of the gain spectrum, νFSR is the free spectral range of the 

cavity and Am is the real amplitude of the mth mode. Typically, the amplitudes Am and phase 

Arg[U] are random as the modes excite and are amplified by different atoms within the gain. 

However, if the phases (and amplitudes) of U(z,t) are fixed then we obtain the following 

intensity profile [11, 78]: 

𝐼(𝑧, 𝑡) = |𝐴|ଶ

𝑠𝑖𝑛ଶ ൬𝑀𝜋 ൬𝑡 −
𝑧

𝑣௚
൰ 𝑡௥௘௣ൗ ൰

𝑠𝑖𝑛ଶ ൬𝜋 ൬𝑡 −
𝑧

𝑣௚
൰ 𝑡௥௘௣ൗ ൰

  ( 2.4. 2 )  
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2.4.2 The Generalised Nonlinear Schrödinger Equation 

In practice, the propagation of mode-locked pulses is described by the generalised nonlinear 

Schrödinger equation (GNLSE). This is derived by considering Maxwell’s equations in the 

slowly varying pulse envelope approximation (true for most pulses > 1 fs), giving the 

nonlinear PDE in Equation 2.4.4 [25, 79-81]:  

𝜕𝐴

𝜕𝑧
+

1

2
൬𝛼(𝜔଴) +

𝜕

𝜕𝑡
൰ 𝐴 − 𝑖 ෍ ൬

𝑖௡𝛽௡

𝑛!
 ൰

ஶ

௡ୀଵ

𝜕௡𝐴

𝜕𝑡௡
=

𝑖 ൬𝛾(𝜔଴) + 𝑖𝛾ଵ

𝜕

𝜕𝑡
൰ ቆ𝐴(𝑧, 𝑡) න 𝑅(𝑡ᇱ)|𝐴(𝑧, 𝑡 − 𝑡ᇱ)|ଶ𝑑𝑡ᇱ

ஶ

଴

ቇ  ( 2.4. 4 )

 

Here A(ω,t) is the pulse amplitude, βn represents the nth order Taylor expansion term of the 

dispersion coefficient, R(t) is the Raman response function, α represents linear cavity losses 

and the bracketed γ0,1 terms represent the nonlinear coefficient and self-steepening 

respectively. 

By solving Equation 2.4.4 one can obtain the spectral and temporal evolution of a mode-

locked pulse in a theoretical cavity model. Equation 2.4.4 and variations thereof have been 

explored extensively throughout the literature in a variety of contexts such as plasma physics, 

optics, quantum mechanics and water waves [79-86].  

Via inclusion of the nth order expansion of the dispersion coefficient, β(ω), solving the 

GNLSE becomes a matter of solving an nth order nonlinear partial differential equation, and 

is thus not easily solved [25]. Note that soliton pulses are a family of analytical solutions to 

Equation 2.4.4 [82-84, 86]. However, due to intracavity effects such as gain saturation and 

saturable absorption these analytical solutions no longer apply, and numerical methods are 

required, discussed further in Section 2.6 [87, 88]. 

 

2.4.3 Solitons 

Soliton-like optical pulses have field envelopes that are a solution to the NLSE, whereby the 

balance of anomalous GVD and SPM cancels to create an ultrashort, self-stabilising pulse 

capable of propagation over long distances without distortion [89, 90]. 

Recall that SPM introduces spectral broadening for up-chirped and unchirped pulses and that 

anomalous GVD produces a downchirp [91, 92]. Thus, these two effects may be balanced in 
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the anomalous regime to produce an ultra-stable pulse known as a soliton [93]. Generally, the 

soliton pulse shape is described by a hyperbolic secant-squared intensity profile [94]: 

𝐼(𝑧 = 0,  𝑡)~ sechଶ ൬
𝑡

𝜏
൰ = ቌ

2𝑒
௧
ఛ

𝑒
ଶ௧
ఛ + 1

ቍ

ଶ

 (2.4. 5) 

where τ characterises the pulse duration. 

Solitons under ideal conditions maintain their optical power and pulse shape while 

propagating even at very short pulse durations (~fs to ps) hence they are of great interest both 

theoretically and practically to many of the applications outlined in Chapter 1 [95]. 

In reality, solitons lose energy as they propagate due to various intracavity elements such as 

saturable absorbers, intrinsic losses, filtering etc [95]. This energy perturbation couples into a 

low power dissipative wave which, unlike the pulse, will be of insufficient intensity to drive 

SPM to counter GVD and will thus spread out temporally. The resultant low intensity 

background is known as continuum or the dissipative wave [95-97]. The continuum, when 

amplified by the gain medium of the laser, may compete for gain in the cavity against desired 

soliton-like pulses and destabilise them, therefore destabilising mode-locked operation [98]. 

Suppression of this undesirable component is discussed further in Section 2.5. 
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The Bragg reflector component provides high reflectance as a wavelength-tailored 

quarter/half wave dielectric stack, as is typical for a Bragg mirror [102, 106]. Diebold et. al. 

(2015) demonstrated that SESAMs with the substrate removed after growth exhibit superior 

surface quality and superior thermal contact between the Bragg reflector and a heatsink [107, 

108]. Further details on SESAM design are available in Appendix C. 

SESAMs are commonly installed into an optical cavity by replacing one of the cavity mirrors 

[106, 109-113]. In the case of fibre systems, this is achieved by placing the SESAM at the 

reflection port of an optical circulator [103, 104, 114, 115]. 

 

2.5.3 Characteristic Parameters of a SESAM 

The key physical properties that characterise the behaviour of the SESAM are summarised in 

Table 2.5.1 These are tuned by changing the growth conditions for the SESAM or via the 

addition of coatings [105, 116]. 

The recovery time of the SESAM, τS, is defined as the time for the absorber to regain 1/e of 

its full absorption [102]. Note that this definition loses meaning for an SA saturated at a 

repetition rate faster than its inverse recovery time, where absorption is no longer 

exponentially defined [102]. This time is a characteristic related to the recovery time of the 

charge carriers across the bandgap in the material and may be tuned by introducing quantum 

well or quantum dot defects into the semiconductor structure [117-130]. 

The modulation depth, ΔR, is the maximum change in absorption (or reflectivity) of the 

SESAM’s absorption (or reflectivity) curve; the ‘height’ of the curve from its highest value to 

its lowest [108]. This is represented in Figure 2.5.3 below, where a SESAM’s nonlinear 

reflectivity is plotted against time after pulse incidence. 

  





44 
 

𝑑𝛼(𝑡)

𝑑𝑡
=  −

𝛼(𝑡) − 𝛼଴

𝜏ௌ
−

𝛼(𝑡)𝑃(𝑡)

𝐸௦௔௧
 ( 2.5. 3 ) 

where α is the SESAM absorption, α0 is the unsaturated SESAM absorption, P(t) is the 

incident pulse power, and Esat is the saturation energy of the SESAM. This may be solved 

directly to obtain Equation 2.5.4 [74]: 

𝛼(𝑡) = 𝛼௖ + 𝑒𝑥𝑝 ቆ−
1

𝜏௦
−

|𝐴|ଶ

𝐸௦௔௧
ቇ ൭𝛼଴ +

𝛼଴

𝜏௦
𝑒𝑥𝑝 ቆ

1

𝜏௦
+

|𝐴|ଶ

𝐸௦௔௧
ቇ൱ ( 2.5. 4 )  

where A is the pulse field amplitude and αc is the fully saturated SESAM absorption. 

 

The wide range of parameters outlined in Table 2.5.1 that dictate SESAM behaviour may 

span a wide range of values due to their engineerability [138, 139]. Thus, intracavity 

dynamics will depend broadly on the above parameters in addition to dispersion and 

nonlinearity in the cavity [140-143]. There exist three distinct SESAM mode-locked regimes: 

fast, slow and soliton [101].  

Summary of SESAM Parameters 

Parameter Definition Controlled by 

Esat Incident pulse energy at which the SESAM 

absorption drops to 1/e of its maximum value [102]. 

HR coating at the surface-air 

interface, semiconductor material 

[102, 108]. 

τs The exponential time constant of the nonlinear 

absorption [108]. 

Intrinsic to the SA’s quantum 

well/dot structure [108, 136]. 

αc The absorption of the SESAM when its nonlinear 

absorption is fully saturated; i.e. for high pulse 

intensity [133]. 

Absorber thickness and material, 

radiation penetration into device 

[108]. 

α0 The absorption of the SESAM for low pulse 

intensity; the unsaturated, linear absorption [133]. 

Undesirable defects/insertion 

losses. 

ΔR The change in reflectivity (or absorption) from the 

maximum unsaturated reflectivity to the minimum 

fully saturated reflectivity [133]. 

Absorber thickness and material 

[108] [137]. 

  Table 2.5.1: Summary of SESAM characteristic parameters. 
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2.5.5 Slow SESAM Mode-locking 

‘Slow’ SESAM mode-locking is where the SESAM recovery time is much slower than the 

pulse [145]. Naively, as shown by the loss curve in Figure 2.5.4a, it appears that due to the 

slow recovery time of the SESAM would create an open net gain window that leaves the 

pulse asymmetrically unshaped [98]. Instead, the trailing edge of the pulse is shaped by the 

saturable gain, with the resultant net gain window indicated by the shaded area on Figure 

2.5.4a [98, 145-147]. 

However, the mechanism described above would otherwise still produce some asymmetry in 

the pulse shape [144]. However, the leading wing of the pulse is attenuated such that the peak 

of the pulse is shifted back relative to the trailing wing [98, 147]. Thus, asymmetry is 

avoided, keeping the pulse stable with a characteristic sech-squared intensity profile [98, 

147]. 

 

2.5.6 Soliton-SESAM Mode-locking 

Lastly, a SESAM may assist in soliton mode-locking by self-starting pulse formation from 

noise and by stabilising the resulting soliton pulse [96, 98, 148]. Furthermore, SESAM 

parameters are somewhat non-critical outside of initial self-starting behaviour, and SPM and 

GVD based pulse-shaping dominates [98, 148] with recovery time only factoring in ~10% of 

the resultant soliton pulse duration [149]. 

Recall that physical (quasi) solitons shed energy as they propagate through lossy elements in 

cavity, causing a dissipative continuum component to grow and destabilise the pulse. Thus, a 

fast SESAM prevents the growth of the low-intensity, temporally broad continuum via its 

saturable absorption [148]. For slow SESAMs the devices dispersion causes the continuum to 

broaden spectrally into spectrally lossy regions of the cavity, until the recovering absorption 

‘cleans up’ by attenuating this residual continuum [98, 148, 149]. 

Soliton-SESAM based mode-locking is noted to result in the shortest pulse duration of the 

three categories above, achieving up to a factor of 20 shorter pulse duration than fast absorber 

mode-locking [148]. 
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2.6 Nonlinear Cavity Modelling 

2.6.1 Introduction to Nonlinear Modelling 

Optimisation of a mode-locked laser cavity is a complicated multi-dimensional global 

optimisation problem [150, 151]. To better understand these devices, we therefore look to 

computational methods to guide the laser design. 

However, recall Equation 2.4.4, the generalised nonlinear Schrödinger equation (GNLSE), 

including nth order dispersion [25]: 

 

𝜕𝐴

𝜕𝑧
+

1

2
൬𝛼(𝜔଴) +

𝜕

𝜕𝑡
൰ 𝐴 − 𝑖 ෍ ൬

𝑖௡β୬

𝑛!
 ൰

ஶ

௡ୀଵ

𝜕௡𝐴

𝜕𝑡௡

= 𝑖 ൬𝛾(𝜔଴) + 𝑖𝛾ଵ

𝜕

𝜕𝑡
൰ ቆ𝐴(𝑧, 𝑡) න 𝑅(𝑡ᇱ)|𝐴(𝑧, 𝑡 − 𝑡ᇱ)|ଶ𝑑𝑡ᇱ

ஶ

଴

ቇ (2.4. 4)

 

 

Recall that Equation 2.4.4 is an nth order partial differential equation, thus it is not trivially 

solved in the general case. 

While there exist a growing number of methods to solve the GNLSE, such as numerical 

methods [25, 152], case-specific analytical techniques [153-155], and machine-learning 

algorithms [156, 157] we will focus on two predominant ‘pseudo-spectral’ numerical 

methods seen in the literature: the split-step Fourier method and the Runge-Kutta 4th order 

interaction picture. 

 

2.6.2 Split-step Fourier Method 

The split-step Fourier (SSF) method reduces Equation 2.4.4 to a set of linear and nonlinear 

operators, providing a simpler and relatively efficient way to computationally evaluate the 

GNLSE for pulse propagation. Consider the GNLSE represented in its most basic operator 

form [25]: 

𝜕𝐴

𝜕𝑧
= ൫𝐷෡ +  𝑁෡൯𝐴(𝑧, 𝑡) ( 2.6. 1 ) 
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where the non-commuting operators D̂ and N̂ represent the dispersive and nonlinear terms of 

the GNLSE (Equation 2.4.4) respectively. One can then approximate the solution for the 

pulse field amplitude after a propagation step h [25]: 

𝐴(𝑧 + ℎ, 𝑇) ≈ 𝑒𝑥𝑝൫ℎ𝐷෡൯ 𝑒𝑥𝑝൫ℎ𝑁෡൯ 𝐴(𝑧, 𝑇) ( 2.6. 2 ) 

At each step, only one operator is applied while the other operator is set to zero, with the 

operators applied stepwise in an alternating pattern. For example, the first step of the 

simulation would be carried out with only nonlinear effects, so D̂ = 0, and the next step 

would have N̂ = 0 instead, and so on, reducing the nonlinear PDE in Equation 2.4.4 into two 

separate ODEs [25, 158]. 

The dispersive ODE is solved in the frequency domain via a Fourier transform, and thus the 

SSF method is referred to as pseudo-spectral. While the dispersive operator contains 

differential terms in time space, these are reduced to much simpler multiplicative frequency 

terms in frequency space, and thus easily solved by the computation fast Fourier transform 

(FFT) [159]. The main benefit of the SSF method is its relative efficiency when compared to 

most popular finite-difference methods (e.g. Hopscotch method) due to use of the FFT 

algorithm [160]. 

Accuracy of the SSF method may also be further improved by using a more explicit form of 

Equation 2.6.1, known as the symmetrised SSF method, whereby the nonlinear exponential 

operator is replaced by a definite integral over the step of size h, thus incorporating the 

dependence of the nonlinear operator on propagation distance z [25]. 

A notable downside of the SSF method is the approximation made in Equation 2.6.2 whereby 

the GNLSE is split and approximated by two multiplicative exponential operators. This step 

has an estimated error given by Baker-Hausdorff theorem for two non-commuting operators, 

given by Equation 2.6.3 [25, 161]: 

𝑒𝑥𝑝൫ℎ𝐷෡൯ 𝑒𝑥𝑝൫ℎ𝑁෡൯ =

𝑒𝑥𝑝 ൬ℎ ൬𝐷෡ + 𝑁෡ +
1

2
ൣ𝐷෡, 𝑁෡൧ +

1

12
ቂ𝐷෡ − 𝑁෡, ൣ𝐷෡, 𝑁෡൧ቃ + 𝑂 ቄ൫𝐷෡൯

ଶ
ቅ + 𝑂 ቄ൫𝑁෡൯

ଶ
ቅ൰ ൰  ( 2.6. 3 )

 

We see that Equation 2.6.3 predicts that using a split-step method will produce global errors 

limited to second order in the dispersive operator. While this is negligible for laser cavities 

with low nonlinear index n2, or for pulses with temporal FWHM in the picosecond range and 

above, simulation of nonlinear mode-locked cavity dynamics may be hindered by this order 

of error [162]. 
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At large step sizes the alternating application of the operators can lead to unphysical 

variations in field amplitude, particularly when simulating complicated nonlinear processes 

such as supercontinuum generation [163]. This is remedied somewhat by decreasing the step 

size until the associated artifacts are negligible, however doing so further increases 

computation time for the already computationally intensive procedure of cavity simulation. 

 

2.6.3 Runge-Kutta 4th Order Interaction Picture (RK4IP) 

Direct integration of the GNLSE without adaptive step-size ODE solvers is also, in general, 

difficult as the GNLSE contains a ‘stiff’ term in the dispersive portion of the equation [152]. 

Stiff ODEs are those for which the solution does not converge unless an arbitrarily small 

step-size is taken [164, 165]. Small step sizes necessitate longer computational times required 

per round trip simulated in the cavity thus bottlenecking computation when applying direct 

ODE solving routines to the GNLSE, which is a nonlinear PDE.  

The method known as 4th Order Runge-Kutta Interaction Picture (RK4IP) remedies this 

stiffness by performing a change of variables in the time domain from the lab frame to a 

comoving frame that follows the optical pulse, T = t - β1 z. In this ‘interaction picture’ 

representation (analogous to that used in quantum mechanics) the stiff dispersion term 

simplifies. A further simplification can then be achieved by rewriting the nonlinear and linear 

terms in a frequency (ω) dependent form, thus obtaining a modified version of Equation 

2.4.4, ready for direct integration via an ODE solving routine [152, 166]: 

𝜕𝐴ᇱ෩

𝜕𝑧
= 𝑖𝛾̅(𝜔) 𝑒𝑥𝑝൫−𝐿෠(𝜔)𝑧൯ ℱ ቊ𝐴̅(𝑧, 𝑇) න 𝑅(𝑇ᇱ)|𝐴̅(𝑧, 𝑇 − 𝑇ᇱ)|ଶ𝑑𝑇ᇱ

ஶ

ିஶ

ቋ ( 2.6. 4 ) 

where 𝛾̅ represents a form of the frequency-dependent nonlinear coefficient, 𝐴̅(𝑧, 𝑇) is 

proportional to the Fourier transform of the amplitude in frequency-space and 𝐴ሚᇱ(𝑧, 𝜔) is the 

frequency dependent field amplitude 𝐴ሚ(𝑧, 𝜔) multiplied by the linear operator in frequency 

space. 

In comparison to the PDE in Equation 2.4.4, we now have Equation 2.6.4, an ODE which is 

directly integrable by (most commonly) the Runge-Kutta 4th order numerical technique with 

all ‘stiff’ components removed. 

The greatest advantage of the RK4IP method is its use of direct integration on the modified 

GNLSE, Equation 2.6.4, whilst not making assumptions such as the exponential expansion 
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used in SSF methods and halving the number of FFTs per step, while simultaneously 

removing the stiff part of the GNLSE [160]. 

Furthermore, the RK4IP method is limited by the error of the ODE solver (Runge-Kutta 4th 

order) and is thus limited by only fourth order error [80, 167]. Numerical studies have shown 

that among a variety of other alternate split-step and integration schemes for solving the 

GNLSE, the RK4IP method possesses some of the lowest average relative error in 

computation for simulations of 1000 steps or more [159]. 

While the RK4IP method requires at least 8 Fourier transforms per step and the SSF method 

requires (depending on the scheme of SSF) at minimum 2 Fourier transforms, the number of 

steps used per round trip is much larger for SSF [167]. This exacerbates the computation time 

issues due to the already large number of numerical steps needed to simulate the multiple 

hundreds of cavity round-trips. 

The largest drawback of the RK45IP method is the more complicated nature of its 

implementation (ala. Equation 2.6.4) compared to simpler SSF method schemes. Again, the 

RK4IP method requires twice as many FFTs per propagation step. However, once 

implemented, the RK45IP method can obtain higher computational accuracy while using 

larger propagation, and thus less overall, propagation steps [160]. 

 

2.6.4 Custom RK45IP Cavity Simulation 

The details of the model used in this thesis is based on the RK45IP method as described by 

various authors, namely Dudley (2010), Mamyshev & Chernikov (1990) and Hult (2007) 

[152, 159, 168]. However, the original code is a MATLAB script written by Dan Nguyen 

(2021) and was adapted for assisting design of the experimental laser cavities described in 

Chapter 4 of this thesis [74]. A copy of this code is available in Appendix D, with a short 

summary of the parameters used given in Appendix F. Note that the estimation of the third 

order dispersion for all fibre simulations in this thesis is also outlined in Appendix F, with a 

short discussion on the effects on the pulse quality for an example simulation. 

The code takes a variety of fibre parameters such as dispersion coefficients (second order and 

above), nonlinear coefficients, lasing wavelength, Raman gain coefficients and more. Cavity 

components are represented as functions that process inputs such as the above parameters, in 

addition to an inputted field amplitude, and compute the resultant pulse spectrum and 
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temporal profile after propagation via solving Equation 2.6.4 via MATLAB’s 4th order 

Runge-Kutta ODE solver, ‘ode45’. 

Once the amplitude has been passed through each consecutive cavity component, i.e. after 

one round trip, the amplitude is fed back to the first element of the cavity and the process is 

repeated until a specified number of round trips (code loops) are completed. 

Dispersion-compensating fibre DCF is simply modelled as SMF with a large and negative 

value of second order dispersion coefficient, β2, corresponding to the specs of the DCF used. 

Active fibre is necessarily more complicated due to the addition of dynamic gain effects, in 

addition to regular propagation ala. the SMF propagation routine described above. The time-

dependent gain of the active fibre was modelled by Equation 2.6.5 [74]: 

𝑔 =
𝑔଴

1 +
|𝐴(𝑧, 𝑇)|ଶ

𝐸௦௔௧,ீ

 ( 2.6. 5 )
 

where g0 is the small signal gain and Esat,G is the saturation energy of the gain medium.  

Recall Equation 2.5.3 for the nonlinear absorption of a SESAM [86] [74, 102]: 

𝑑𝛼(𝑡)

𝑑𝑡
=  −

𝛼(𝑡) − 𝛼଴

𝜏ௌ
−

𝛼(𝑡)𝑃(𝑡)

𝐸௦௔௧
 (2.5. 3) 

In our model, no assumptions are made for the recovery time of the SESAM versus pulse 

duration. Instead, recall that the equation is directly solved by the below integrable equation 

for each round trip, given by Equation 2.5.4 [74]: 

𝛼(𝑡) = 𝛼௖ + exp ቆ−
1

𝜏௦
−

|𝐴|ଶ

𝐸௦௔௧,ௌாௌ஺ெ
ቇ ൭𝛼଴ +

𝛼଴

𝜏௦
exp ቆ

1

𝜏௦
+

|𝐴|ଶ

𝐸௦௔௧,ௌாௌ஺ெ
ቇ൱ (2.5. 4)  

where αc is the fully saturated absorption, α0 is the unsaturated absorption, τs is the recovery 

time and Esat,SESAM is the saturation energy of the SESAM. 

Lastly, the outcoupler is handled via simple multiplication of the field amplitude. Recall the 

fraction of the field amplitude which is outcoupled per round trip given by Equation 2.6.6 

[74]:  

𝐴௢௨௧(𝑧, 𝑇) = ൫ඥ1 − 𝑓൯𝐴௜௡(𝑧, 𝑇) ( 2.6. 6 ) 
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where f is the fractional amount of light outcoupled per round trip. The spectrum and 

temporal profile plotted in the simulation is Aout, the output of the outcoupler, analogous to 

measurement of a real laser cavity. 

Lastly, spectral filtering is implemented similarly to Equation 2.6.6, but with a Gaussian 

function defining the fractional, wavelength-dependent attenuation shown in Equation 2.6.7 

below: 

𝐹~ 𝑒𝑥𝑝 ൭− ቆ
(𝜆 − 𝜆଴)

𝛥𝜆
ቇ

ଶ

൱ ( 2.6. 7 ) 

 

where Δλ is the filter bandwidth, λ is the input wavelength and λ0 is the filters centre 

wavelength. The code for the spectral filtering and insertion losses is at the end of Appendix 

D. 
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Chapter 3: Laser Characterisation 
3.1 Chapter Layout 
Chapter 3 will discuss the various performance characteristics of a mode-locked fibre laser in 

ideal and non-ideal operating regimes. 

In Section 3.2, the equipment, methods, and noise characterisation used for the project is 

discussed in detail, including time domain voltage photodiode response, radio frequency 

spectra, optical spectra, and intensity-gated pulse traces. 

In Section 3.3, unstable and stable operation modes of a holmium fibre mode-locked laser are 

discussed, along with the key characterisation results that identify these regimes in practice 

and how they are best avoided via experimental design. 

 

3.2 Laser Output Characterisation 

3.2.1 Pulse trains in the Time Domain 

When analysing a pulse train output there are two characteristic noise types that exist pulse-

to-pulse: relative intensity noise (RIN) and timing jitter [1]. RIN characterises the pulse-to-

pulse variation in energy that is intrinsic to the laser’s performance and stability [2]. It may 

be defined as the pulse energy standard deviation over the pulse energy mean, shown in 

Equation 3.2.1: 

𝑅𝐼𝑁 =
𝜎௘௡௘௥௚௬

𝜇௘௡௘௥௚௬
 ( 3.2. 1 ) 

Clearly, we seek to minimise this quantity by minimising the variation in the pulse energies. 

Fibre cavity parameters and designs which affect the RIN will be discussed in chapter 4. RIN 

produces an oscilloscope trace similar to Figure 3.2.1. 
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remains a sufficient tool for measuring RIN and as a simple time-domain check for the 

operating regime of the laser (see Section 3.3.). 

 

3.2.3 Radio Frequency Spectrum Analyzer (RFSA) 

A radio frequency spectrum analyser (RFSA) measures the frequency content of the pulse 

train signal itself [10]. Under ideal, mode-locked operation, frequencies measured by the 

RFSA are harmonics of the cavity round-trip repetition frequency [11, 12]. 

The spectrum produced by the RFSA represents stability in three key ways: 

 Decrease of RF power from peak-to-peak over a set bandwidth (e.g. 1 GHz) 

 Signal-to-noise ratio (SNR) of the fundamental repetition frequency 

 Sideband noise (timing jitter) 

The decrease (or ‘roll-off’) of RF spectral power with increasing frequency represents the 

overall stability of the pulse train, the frequency at which the spectral RF power decreases by 

3 dB being a benchmark for the bandwidth/Q-factor for pulse train stability in the RF domain, 

or equivalently, a measured RF roll-off over a set bandwidth [13, 14]. This project considers 

roll-off over a span of 1 GHz in the RF PSD. 

Recall that the Fourier transform of a delta comb in time is another delta comb in the 

frequency domain, thus a similar transform applies for a pulse train [15].  However, ultrashort 

pulses have finite width on the order of pico or femtoseconds. This finite width transforms to 

the frequency domain as an intrinsic envelope (or ‘roll-off) over a frequency span 

proportional to the inverse of the pulse duration [16]. However, this roll-off is on the order of 

μdB for a span of 1 GHz for a train of picosecond pulses and is thus negligible compared to 

instabilities. 

Additionally, noise performance is also characterised by considering the SNR of the 

fundamental repetition-rate frequency in the RF spectrum. This is obtained by considering a 

narrow span about the fundamental frequency and measuring the difference (in dB) from the 

fundamental peak power to the largest noise power present and characterises broadband 

phase noise [17-19]. 
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Lastly, recall that timing jitter in the time domain manifests as harmonic sidebands in the 

frequency domain [4]. Narrowband (stationary) timing jitter is then readily estimated from 

these sidebands, with the root mean-square jitter JRMS defined by Equation 3.2.2 [20]: 

𝐽ோெௌ =
10

ௌ
ଶ଴

𝑓𝜋√2
 ( 3.2. 2 ) 

where f is the carrier frequency (the repetition rate in this context) and S is the sideband 

amplitude. RF PSD data was obtained via photodetector RF output fed to a R&S-FSP-30 RF 

spectrum analyser, using a resolution bandwidth of 3 kHz and a video bandwidth of 10 kHz. 

This leads to sweep times (automatically set by the RFSA) on the order of minutes but 

enables sufficient resolution to measure the spectral content between harmonics (~ MHz 

apart). 

 

3.2.4 Optical Spectrum Analyzer (OSA) 

Optical spectra for the laser output were measured by a Yokogawa AQ6377 Optical 

Spectrum Analyser. Laser input is delivered by a series of focussing and collimating mirrors 

and a rotating diffraction grating [21]. By sweeping the grating, the optical analyser scans 

through the laser beam’s spectral content monochromatically to build a full spectrum. The 

wavelength resolution used in all experiments was 0.01 nm. The optical spectrum reveals 

several key features of the laser output: 

 Spectral bandwidth 

o See different features based on operating regime (see Section 3.3) 

o Calculate time-bandwidth products (TBPs) 

 CW components 

 Spectral (Kelly) sidebands 

There exists a fundamental lower limit to the multiplication of temporal duration and spectral 

bandwidth, analogous to the famous Heisenberg uncertainty principle, known as the time-

bandwidth product (TBP). The TBP provides a unitless measure of how close the pulse is to 

the compression limit, and therefore the relative amount of chirp, as defined by Equation 

3.2.3 [22]: 

𝑇𝐵𝑃 = 𝜏𝛥𝜈 ( 3.2. 3 ) 
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where τ is the pulse time FWHM (duration) and Δν is the FWHM of the optical spectrum. 

The TBP has a fundamental lower bound set by Fourier theory, equal to a unique quantity 

depending on the pulse type [22]. Examples of various TBP for different pulse types is shown 

in Table 3.2.1 [23]: 

 

Pulse Functional Amplitude TBP 

Gaussian 
𝐴(𝑧 = 0,  𝑡) = exp ቆ−

𝑡ଶ

2𝜏ଶ
ቇ 

0.4413 

Hyperbolic secant 
𝐴(0,  𝑡) = sech ൬

𝑡

𝜏
൰ =

2𝑒௧/ఛ

𝑒ଶ௧/ఛ + 1
 

0.3148 

Lorentzian 
𝐴(0,  𝑡) =

1

1 + ቀ
𝑡
𝜏

ቁ
ଶ 

0.2206 

Table 3.2.1: Common pulse types, with their amplitudes and TBP. 

 

The optical spectrum also reveals structures intrinsically linked to soliton-like propagation. 

Solitons experience discrete perturbations to nonlinearity and GVD as they propagate through 

fibre elements in the cavity, in addition to energy loss and gain perturbations [24]. These 

perturbations cause the soliton to shed energy, which couples into a low power dispersive 

wave that co-propagates with the pulse. 

Since the soliton is much more intense by comparison it experiences high nonlinearity, and a 

relative phase change develops due to SPM. Certain frequencies between the dispersive wave 

and the pulse will then be phase matched by this process, whereby frequencies experiencing a 

relative 2π phase change between successive dispersive waves and the soliton become 

resonantly enhanced and therefore amplify, manifesting as symmetrical peak pairs in the 

optical spectrum of the pulse [24, 25]. Kelly sidebands act as an indicator for non-dispersion-

managed soliton propagation [26]. 
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Fringe-resolved autocorrelation (FRAC) instead uses a colinear Michelson interferometer 

geometry, shown in Figure 3.2.4 As before, an input pulse is split into two copies, one with a 

variable delay. 

 However, due to the collinear propagation of the beams from the Michelson interferometer, 

the SHG signal produced by the two beams interacts coherently with the SHG signal from 

each beam alone, thus generating a set of interference fringes of both the fundamental (input) 

frequency and its second harmonic [34].  

By obtaining the SHG fringe intensity for each value of variable delay, the fringe-resolved 

autocorrelation function is obtained in Equation 3.2.5 [34]: 

𝐼ிோ஺஼(𝜏) =  න |[𝐸(𝑡) + 𝐸(𝑡 − 𝜏)]ଶ|ଶ
ஶ

ିஶ

𝑑𝑡  ( 3.2. 5 ) 

= න [𝐼(𝑡)ଶ + 𝐼(𝑡 − 𝜏)ଶ]
ஶ

ିஶ

𝑑𝑡 + න [𝐼(𝑡) + 𝐼(𝑡 − 𝜏)] ℜ{𝐸(𝑡)𝐸∗(𝑡 − 𝜏)}
ஶ

ିஶ

𝑑𝑡

+ න ℜ{𝐸(𝑡)ଶ𝐸∗(𝑡 − 𝜏)ଶ}
ஶ

ିஶ

𝑑𝑡 +  න 𝐼(𝑡)𝐼(𝑡 − 𝜏)
ஶ

ିஶ

𝑑𝑡  

where ℛ indicates the real component, E* represents the complex conjugate of the field and τ 

represents the variable delay. 

The first term of Equation 3.2.5 is a constant approximately equal to 8, the second term is 

proportional to an interferogram of the field amplitude E, the third term represents an 

interferogram of the 2nd harmonic of E and the fourth term is simply the intensity 

autocorrelation of the pulse [34]. 

Thus, the FRAC retrieves parts of the phase information via the interferograms, eliminating 

some ambiguities of the pulse information obtained [27]. However, FRAC still has trivial 

time direction ambiguity and no information about the pulse’s spectral phase and amplitude, 

as well as still producing ambiguity of the pulse’s temporal phase [35]. 

While algorithms exist that, in principle, completely solve for the pulse shape, spectrum and 

chirp based on information from the FRAC, these algorithms fail to converge or are 

otherwise stiff [27]. Thus, an even more advanced measurement technique is required for full 

characterisation of a pulse’s temporal and spectral intensity and phase. This is discussed 

further with the introduction of frequency resolved optical gating (FROG) in Appendix E. 
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FRAC was used for alignment purposes in the experimental work of this thesis due to the 

sensitivity of the interferometric setup but was not used to produce the autocorrelation data in 

Chapter 4. 

 

3.2.7 Summary 

To summarise, the type of equipment, the model used in the project and its use is outlined in 

Table 3.2.2 below: 

 

Equipment Model Use 

Photodetector DSC-R202-59-FC/APC-K-2 (6 GHz) Linear optoelectronic voltage response 

of laser output 

Oscilloscope RIGOL DS1102E Voltage/time domain visualisation of 

photodetector response: RIN 

characterisation 

RFSA R&S-FSP-30 RF PSD of photodetector response: timing 

noise and jitter performance  

OSA Yokogawa AQ6377 Pulse optical spectrum: FWHM and 

sidebands 

ACF PulseCheck 150 MIR Time domain pulse-shape 

reconstruction/measurement 

FRAC PulseCheck 150 MIR Time domain pulse-shape 

reconstruction/measurement for 

alignment 

Table 3.2.2: Summary of equipment/methods used in the project. 
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3.3 Operating Regimes of a Mode-locked Fibre Laser 

3.3.1 Introduction 

A laser with mode-locking elements can operate in several different regimes, some of which 

are not mode-locked [36, 37]. This includes continuous wave, q-switched (QS), q-switched 

mode-locked (QML), multi-pulsed mode-locked (MPML) and ‘continuous-wave’ mode-

locked (CML) operating regimes. Results and characterisation of such regimes obtained with 

the Ho:fibre mode-locked laser are reviewed in this section. 

 

3.3.2 Continuous-wave Mode-locked (CML) 

A continuous-wave mode-locked (CML) laser has axial resonator modes that are 

continuously driven at constant power such that pulse-to-pulse energy remains constant [38]. 

Therefore, an ideal CML laser source has minimal RIN. 

An measurement of a CML pulse train in the time domain is shown in Figure 3.3.1. 

 

 

 

 

 

 

 

 

  

Figure 3.3.1: 1 GSa/s oscilloscope trace of CML laser output measured with a 6 GHz-BW 
photodetector. 
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Note that a slight peak modulation is present in the CML trace of ~ 5% due to the sources of 

RIN discussed in Section 3.2. 

An ‘ideal’ train of ultrashort (delta-like) pulses in time will Fourier transform to a frequency 

comb, with the frequency of the fundamental peak equal to the repetition rate and the comb 

being harmonics of the repetition frequency [23]. The repetition frequency of a single-pulse 

mode-locked ring-cavity laser is given by Equation 3.3.1: 

𝑓௥௘௣ = 𝑡௥.௧௥௜௣
ିଵ =

𝑣௚

𝑙
 ( 3.3. 1 )   

where tr.trip is the round trip time and l is the cavity length. Modulations or instabilities in the 

time-domain pulse train may manifest as two features in the RF spectrum: 

 A relative decrease in power uniformity from peak-to-peak 

 A reduced signal-to-noise ratio (SNR) of the fundamental frequency peak 

An example RF spectrum measurement of a CML output is shown in Figure 3.3.2 below: 

 

  

Figure 3.3.2: 3 kHz RBW RF spectrum measurement of CML laser output measured with a 6 GHz-
BW photodetector. 



65 
 

The sideband sub-structure at and below -70 dB is due to phase noise as described in Section 

3.2. Figure 3.3.1 demonstrates the excellent pulse-to-pulse RIN in a CML regime, showing an 

RF roll-off of only ~ 2 dB across 1 GHz and a SNR of the fundamental peak of 68 dB.  

The optical spectrum of a CML regime is another important indicator of stability as it 

displays several key features. Firstly, mode-locking requires broad optical bandwidth, with 

the bandwidth itself necessary to derive a TBP value for the regime. Recall that TBP is a 

measure of pulse chirp, and therefore the optical spectrum characterises the compression limit 

(in tandem with an autocorrelation trace) [22]. 

For a CML regime we expect to see broad spectra on the order of ~ 10 nm wide. An example 

of a CML optical spectrum is shown in Figure 3.3.3 below, displaying the expected 

broadband structure, with a 3 dB bandwidth of ~ 4 nm. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Furthermore, recall the presence of Kelly sidebands as an indicator of soliton-like (steady-

state) pulse propagation, and therefore laser stability. Such sidebands are visible in Figure 

3.3.3, symmetrically spaced about the central wavelength of 2029 nm. Theoretically, these 

Figure 3.3.3: Optical spectrum of a pulse from a CML pulse train. 
 



66 
 

sidebands are predicted to occur at wavelengths either side of the central wavelength, λ0, 

given by Equation 3.3.2 [25]: 

𝛥𝜆ே = ±𝑁. 𝜆଴ඨ
2𝑁

𝑐𝐷𝐿
−

0.0787𝜆଴
ଶ

(𝑐𝜏)ଶ
( 3.3. 2 ) 

where τ is the pulse temporal FWHM, D is the dispersion coefficient, L is the propagation 

distance and N is an integer representing the sideband order. For example, Figure 3.3.3 has 

sidebands up to second order (N = 2). 

Lastly, the autocorrelation trace sampled from a CML pulse train is shown in Figure 3.3.4 

below: 

 

 

 

 

 

 

  

Figure 3.3.4: Intensity autocorrelation of a pulse from a CML pulse train. 
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Figure 3.3.4 represents the pulse shape of a CML pulse. In the case of soliton-like 

propagation, recall that this is often a sech2 pulse intensity given by Equation 2.4.5 [39]: 

𝐼(𝑡)~ 𝑠𝑒𝑐ℎଶ ൬
𝑡

𝜏
൰ = ቌ

2𝑒
௧
ఛ

𝑒
ଶ௧
ఛ + 1

ቍ

ଶ

 (2.4. 5) 

Recall that for sech2 pulses the true pulse duration is 0.647 times the ACF FWHM due to the 

inherent convolution integral performed for an autocorrelation (0.647 is known as the 

deconvolution factor for a sech2 pulse) [29]. 

Note that this pulse shape may evolve into a Gaussian depending on the nonlinearity in the 

cavity, or mode-locking dynamics of the absorber [40, 41]. Nonetheless we look for a 

symmetric, satellite-free ACF in the CML regime and interpret pulse duration from it. 

 

3.3.3 Q-switched (QS) and Q-switched mode-locked (QML) 

It is well known that a SA may act as a passive Q-switch or as a mode-locker [42-45]. Q-

switched operation is achieved by the saturable absorption supressing lasing until the gain 

medium is pumped to a sufficient level, at which point the gain exceeds the loss and a short 

(~ns) pulse is formed [46]. Systematically, the net result of the SESAM is to undamp 

relaxation oscillations of the gain with respect to fluctuations in pump power, thus providing 

the initial instability for Q-switched operation [47, 48]. The threshold intracavity power for 

this behaviour is given by the Equation 3.3.3 [48]: 

𝑃ଶ > 𝐹௦௔௧,௅𝐹௦௔௧,஺𝛥𝑅𝐴௘௙௙,௅𝐴௘௙௙,஺ ቆ
1

𝑇ோ
ଶቇ ( 3.3. 3 ) 

where P is the average intracavity power, Fsat L/A and Aeff L/A are the saturation fluences and 

effective mode areas of the gain medium and saturable absorber respectively, ΔR is the 

modulation depth of the absorber and TR is the round-trip-time of the cavity. 

Similarly, QS behaviour may develop into an intensity-limiting envelope over a train of 

mode-locked pulses, known as QS mode-locking (QML) [47]. For the purposes of this thesis, 

QS and QML behaviour are considered undesirable effects. 

Oscilloscope, OSA and RF traces of a QML regime are shown in Figure 3.3.5. 
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QS and QML instabilities are therefore avoided by satisfying the power threshold given by 

Equation 3.3.3, which is achieved in practice by: 

 Amplifying intracavity energy to above the threshold value 

 Minimising losses to ensure the SESAM experiences sufficient fluence given by 

Equation 3.3.3 

 

3.3.4 Multi-pulse Mode-locked (MPML)  

Mode-locking as described in Chapter 2 produces a singular, ultrashort pulse in the cavity, 

with the fraction of light outcoupled every round trip producing a train of pulses, hence the 

harmonic spacing being one repetition rate apart in the RF domain. However, there are many 

such instabilities which can perturb the desired stable, single-pulse operation of a ML laser. 

Modulation instability is one such multipulse instability that arises from nonlinear effects in 

the spectral domain. Recall that in the anomalous dispersion regime, SPM imposes a positive 

chirp through generation of new frequencies which opposes the negative chirp of the GVD 

[50]. If these effects exactly cancel such that the imposed phase change on the pulse is zero, 

phase matching may occur for a number of nonlinear processes. Most notably, four-wave 

mixing between amplified spontaneous emission and the pulse itself may occur. These new 

frequency components appear as sidebands in the spectrum, leading to generation of a 

sinusoidal temporal perturbation which destabilises the pulse such that pulse breakup occurs 

[50]. 

In the absence of sufficiently large dispersion and with high peak powers, the Kerr effect also 

plays a role in destabilising pulses known as self-steepening. Recall that the nonlinear Kerr 

effect causes a intensity dependent refractive index, and thus propagation speed. This spatio-

temporal intensity-velocity coupling means that the most intense part of an optical pulse, the 

peak, will experience significant retardation (for positive n2) compared to its wings, thus 

leading to a relative lagging of the peak toward the trailing edge [51, 52]. 
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The resultant spectral broadening due to SPM at the intense, steep edge broadens the 

spectrum, where dispersion acts to broaden the pulse. In the absence of dispersive pulse 

broadening however, this causes the pulse shape to distort into a sharp triangular shape as 

shown in Figure 3.3.6 below [52]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Without re-broadening the pulse intensity combined with the K err effect will drive the 

pulse’s trailing edge and cause pulse breakup [53]. 

 

 

 

 

Figure 3.3.6: Pulse temporal intensity profiles after propagating distances z0 < z1 < z2. 
 



71 
 

Third-order dispersion (TOD) also plays a role for cavity designs close to the zero-dispersion 

point or with large TOD coefficients. TOD leads to a decrease in the pulse’s peak power and 

the generation of an oscillatory tail in the time domain amplitude [54]. The shape of this tail 

is well described by an Airy function, and is shown in Figure 3.3.7 below [54]. 

 

  

Figure 3.3.7: Propagation model demonstrating the distortion of a pulse’s temporal tail 
into an Airy function due to varying degrees of TOD (B ~ β(3)). 
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Lastly, the optical spectrum of this regime is observed in Figure 3.3.8d. The broad structure 

with overlayed Kelly sidebands familiar to the CML regime remains but contains several 

sharp distortions. These sharp peaks may represent the Kelly sidebands of multiple quasi-

soliton pulses which experience different nonlinearities due to their relative power 

differences, producing multiple sets of sidebands [55]. Note that the larger, asymmetrical 

peaks may also represent CW components in the intracavity power [56]. 

Multipulsing can therefore be avoided by ensuring modulation instability, self-steepening, 

and higher order dispersion is managed by: 

 Keeping pump power low to keep nonlinearity sufficiently low 

 Appropriately balancing dispersion (see Chapter 4) to avoid TOD-related oscillations 
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Chapter 4: Experimental and 
Numerical Results 
 

4.1 Chapter Layout 
Chapter 4 presents the experimental and numerical results, categorised into three parts in 

addition to a brief literature review of optimising mode-locked sources. 

In Section 4.2, a short literature review is provided, exploring the key parameters of a fibre 

mode-locked laser as explored in the literature. These parameters include dispersion 

management, cavity design and component arrangement, gain and amplification. 

In Section 4.3, seven different preliminary fibre laser designs are presented, with numerical 

predictions outlining the intent behind each design’s architecture with regards to filtering, 

SESAM saturation and output. Each design is then explored experimentally, with the 

oscilloscope trace RIN, RF roll-off and SNR, optical FWHM and ACF trace FWHM 

presented for each design as described in Chapter 3. 

Section 4.4, an eighth design presents the first successful cavity design that is used as a basis 

for the work in Section 4.5, displaying record stability for the project. Again, the numerical 

predictions of this design are presented along with an experimental demonstration of its 

performance. 

Lastly, Section 4.5 explores optimisation of dispersion compensating fibre (DCF) through 

both numerical and experimental methods. Numerically, the DCF length is tuned in 

increments to explore the pulse shaping dynamics that occurs due to the added normal 

dispersion of the DCF. Experimentally, an estimate is made for the approximate zero 

dispersion point, and a length of DCF is spliced to the cavity. This length is cut back in 

increments, with the resulting performance characterised at each length such that an optimum 

length may be found for either stability or pulse duration. Near net-zero dispersion and pulse 

stability is achieved through careful characterisation of the experiment. 
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4.2 Fibre Laser Parameters Review 

4.2.1 Preamble 

Optimisation of a pulsed fibre laser is a complex multidimensional problem, with efforts 

focussed on finding optimal parameter regions for characteristics such as gain, dispersion, 

component (insertion losses and bandwidth) and output power for application purposes [1-7]. 

In the following section we briefly review both experimental and theoretical insights into key 

parameters and their optimisation, chiefly: amplification, dispersion management and cavity 

design. 

 

4.2.2 Dispersion Management 

As discussed in Chapter 2, dispersion is a critical parameter to the generation, stabilisation, 

and propagation of ultrashort and short laser pulses. Not only does the sign of dispersion 

fundamentally dictate the pulse shaping dynamics, but the absolute quantity also [6, 8]. This 

is utilised throughout the literature to manage both the temporal and spectral widths of mode-

locked laser pulses in cavities, both in fibre and free-space [8-14]. 

Recall that Chapter 2 discussed the concept of a dispersion compensated fibre (DCF), 

whereby the waveguide dispersion is tuned according to Equation 2.2.15, with the total 

dispersion given multiplication with the length of DCF (Equation 2.2.17) [15-17]: 

𝐷௪ =  − ൬
1

2𝜋𝑐
൰ 𝑉ଶ

𝑑ଶ𝛽

𝑑𝑉ଶ
(2.2.15) 

𝐷௡௘௧ = 𝐷ௌெி𝑙ௌெி + 𝐷஽஼ி𝑙஽஼ி (2.2.17) 

The sign and quantity of dispersion is defined by Equation 2.2.15 and is chosen as desired, 

and the net amount of dispersion is then easily tweaked by altering the length via Equation 

2.2.17. Thus, the pulse duration can be managed directly, in addition to optimising the 

balance of dispersion to support soliton-like pulses in the cavity [13]. 

 

4.2.3 Gain and Amplification 

Realisation of high average fibre oscillator power continues to drive forward technology in 

both CW and pulsed fibre systems [18]. This may be achieved by directly designing and 

manufacturing a fibre with a controlled doping concentration of active ions, or by adopting 
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alternate pumping and core geometries to further optimise pump absorption in the core [19-

21].  

More simply, net power scaling is easily adjusted in a controlled fashion by removal of 

discrete increments intracavity of gain fibre length [20, 21] or by addition of an external 

single-pass amplification stage connected to the output [20, 22, 23]. 

 

4.2.4 Cavity Design and Component Layout 

Nonlinear and dispersive evolution of ultrashort pulses leads to drastically different pulse 

shape, spectra, timing and energy during a single round trip, i.e. operators for different cavity 

components are generally non-commutative due to the nonlinear dynamics [24-27]. Thus, 

cavity design involving component choice and the order through which pulses propagate 

remains an interesting and oft unexplored prospect in the literature. Shtyrina et. al. (2015) 

thoroughly investigated the importance of ring cavity element order via simulation, finding 

that pulse energy was maximised by placing the absorber directly after the gain medium, 

which was followed with an outcoupler [27]. Nady et. al. (2019) report similar results, citing 

the necessity of high energy fluence on the saturable absorber to saturate it and minimise 

losses (while still ensuring it isn’t oversaturated, etc.) [25].  

 

4.2.5 Other Parameters 

Optimisation of fibre parameters is challenging to isolate in practice, as any given change can 

result in a wealth of changes in nonlinear and linear dispersion effects on the resulting 

intercoupled pulse dynamics [5, 28].  However, there exist other, largely tuneable methods of 

further improving pulsed fibre laser output. 

Control of passive or active modulation is one such key parameter. For instance, acousto-

optic or electro-optic modulators may be used to introduce an active, electronically 

modulated mode-locking element, capable of introducing further timing and amplitude 

stability [29, 30]. Alternatively, direct engineering of the parameters of the passive mode-

locking element (SESAM) itself during manufacture is possible given the appropriate 

manufacturing capability and facilities to do so [31-33]. 

Lastly, outcoupling fraction is a key parameter that has interesting applications for both 

intracavity energy and the average output power of the oscillator [7]. As the nonlinear effects 
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are driven by the intensity of the pulse, decreasing or increasing the outcoupling fraction 

provides a controlled, fractional change in nonlinear phase for the pulses. Spectral bandwidth 

and filtering also play a critical role in suppression of dissipative soliton sidebands, stability, 

and desired spectral purity [34, 35]. 

These methods, however, fall outside the scope of this project and are discussed as future 

prospects in Chapter 5. 

 

4.3 Fibre Cavity Design 

4.3.1 Overview 

To design a mode-locked fibre ring laser, the splicing, order and number of fibre components 

in the ring cavity is crucial to optimising the pulsed output parameters. As alluded to in 

Section 4.2, several studies have indicated the importance of non-averaged pulse (soliton) 

dynamics in mode-locked cavities [24-27]. Thus, it is imperative that various arrangements of 

WDMs, circulators, SESAMs and additional gain fibre, with bi-directional pumping schemes 

are investigated to find an optimal arrangement. 

Note that pump power was driven at a constant ~1000 mA across all pump diodes used for 

consistency resulting in approximately 300 mW 1150 nm output. 

The most stable design, not included here, is presented in Section 4.4, serving as the basis for 

the experiments carried out in Section 4.5. A single-pass amplifier stage was also designed 

and used for obtaining sufficient optical power for characterising the lasers in this chapter. 

The design of the amplifier is discussed further in Section 4.4. 

Every cavity investigated was built in a ring cavity configuration using several components, 

as listed below. 

Firstly, a polarization-maintaining (PM) circulator circulates intracavity power to the 

SESAM, as described in Section 2.2. The SESAM used for each design is a fibre-coupled 

BATOP GmbH SAM-2000-30-10ps-25.4g SESAM, with a recovery time τ ~ 10 ps with a 

modulation depth of ~ 18% and an operating bandwidth of 1910 - 2080 nm. 

A 25% 2100 nm broadband splitter outcouples a fraction of the energy to be observed at the 

output. 
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Lastly, 1150/2000 nm wavelength division multiplexers (WDM) are used for one of two 

purposes: to couple 1150 nm pump diode light into the cavity for gain pumping, or for use as 

an additional intracavity spectral filter (i.e. with the 1150 nm port terminated). According to 

the manufacturer, the transmission spectrum of the 2000 nm port has a Gaussian spectral 

profile with a bandwidth of 40 nm, plotted in Figure 4.3.1 below [36]: 

 

 

 

 

 

 

 

 

 

 

 

 

4.3.2 Design and Numerical Modelling 

Eight total designs were considered for the ring cavity, with the least stable seven presented 

in this section. Figures 4.3.2a. through 4.3.8a. show the schematic for each design consisting 

of a unique arrangement of components, where 4.3.2b,c,d to 4.3.8b,c,d show the numerical 

models predictions for each design. Numerical modelling is done via the model discussed in 

Section 2.6 using a Runge-Kutta interaction-picture MATLAB script from Appendix D. 

Appendix F contains a short discussion to justify the parameters used in the simulation along 

with relevant calculations not contained in Appendix D. 

Simulation results of each design for the second to six-hundredth round trip are available in 

Appendix G in Figures G.1 – G.8. While we are interested in the steady state performance of 

each design, the transient, pulse-shaping behaviour of the laser is nonetheless interesting. 

Figure 4.3.1: Transmission spectrum of the 2 μm port of the WDMs used in the 
experiment. 

















86 
 

Design 1 aimed to increase intracavity power in the main loop outside of the circulator by 

providing two gain passes for each cavity round trip, with the schematic shown in Figure 

4.3.2a. Simulation results predict a pulse duration of ~2.01 ps (Figure 4.3.2b.) and a spectrum 

centred near 2070 nm featuring symmetrical sidebands (Figure 4.3.2c.). SESAM saturation is 

predicted to reach ~21.6% shown in Figure 4.3.2d., indicating that the laser operates at but 

not far beyond the saturation fluence (1/e) of the SESAM’s full modulation depth of 18%. No 

satellite pulses are predicted for this design. 

Design 2 was an alternative design to utilise only one gain fibre, with a bi-directional 

pumping scheme to achieve higher intracavity power by further extraction of the gain, with 

the schematic shown in Figure 4.3.3a. The simulation of the time intensity domain in Figure 

4.3.3b. predicts that the intracavity power, and thus nonlinearity allows for pulse compression 

down to 1.48 ps, the shortest predicted time of any design. However, this comes with an 

added instability visible in both the time and spectral domain (Figure 4.3.3c.), with a small 

satellite pulse appearing on the trailing edge, with small distortions growing in the spectrum 

in addition to the familiar pair of sidebands. SESAM saturation reaches 19.8% for this design 

(Figure 4.3.3d.), implying slightly more SESAM saturation as desired, but still insufficient 

for near full saturation. 

Design 3 was designed similarly to Design 2, but with an additional segment of singly 

pumped gain fibre before the SESAM in order to increase the saturation toward 12%. The 

simulations show that this results in a singly pulsed operation shown in Figure 4.3.4b due to 

the higher saturation of the SESAM in Figure 4.3.4d. (at 13.81%, almost fully saturated). 

Taking steps to implement a fully saturated SESAM is desirable for obtaining shorter pulses 

but may prove difficult in practice due to component and gain limitations [37]. 

Designs 4 and 5 are nearly identical, and are both variations of Design 3, the key difference 

being removal of the gain fibre within the main ring cavity loop. Design 4 uses an additional 

WDM in the loop for the purposes of spectral filtering, shown in Figure 4.3.5a. Design 5 does 

away with this WDM, shown in Figure 4.3.6a. As expected, slightly less saturation is 

achieved as a result of reducing the overall gain in both cases (Figures 4.3.5d., 4.3.6d.), 

resulting in minimum SESAM absorptivities of 16.8% and 14.6% respectively. As expected, 

the net effect of the additional filter WDM in Design 4 results in additional clipping of 

spectral content in the wings, leading to a more narrowband spectrum in Figure 4.3.5c, 

whereas this lack of additional filtering in the main loop allows Design 5’s output to feature 
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broader spectral wings shown in Figure 4.3.6c. In both cases no multi-pulse structures are 

observed. 

Design 6 takes the bi-directional pumping scheme of 1 m of gain fibre ala. Design 2 and 

places it before the SESAM. The predicted result is 1.85 ps pulses, shown in Figure 4.3.7b. 

As desired, this design allows for higher saturation of the SESAM, down to ~ 15.2 % 

absorptivity as shown in Figure 4.3.7d. Again, single pulse operation is obtained, and the 

spectrum shows only minor distortions out toward 2050 nm and 2090 nm, with a broad 

spectrum centred around 2075 nm. 

Design 7 uses the same architecture as Design 6, but with only a singly pumped scheme, with 

the second WDM serving as a filter. Interestingly, the time domain output of this design is 

predicted to be 2.83 ps, a full picosecond longer than that provided by the dual pumping 

scheme of Design 6. Similarly, the reduction in intracavity power due to only using one pump 

results in only a minimum of 19.4% SESAM absorptivity. The resulting spectrum is similarly 

centred about 2075 nm as shown in Figure 4.3.8c., and analogously to Designs 4 vs. 5, the 

filter WDM serves to narrow the spectrum content significantly, specifically in the wings. 

4.3.3 Experimental Results 

The ring cavities shown in Figures 4.3.2a – 4.3.8a were constructed using a FITEL s153 

fusion splicer, with estimated splice losses kept to 0.01 dB and below. Components were 

chosen with matching MFD of ~ 7.4 μm. The resulting oscilloscope trace, RF spectrum, 

intensity autocorrelation and optical spectrum are shown in Figures 4.3.9 – 4.3.15.  
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By comparison, the simulation results from Figure 4.3.2 agree well with the experimental 

results in Figure 4.3.9 in many respects, such as predicting mode-locked operation at 2075.7 

nm (versus the prediction at 2072 nm), in addition to predicting a pulse temporal FWHM of 

2.01 ps versus the experimental value of 1.99 ps. However, the asymmetric and broad 

spectral features of the experimental results are unexpected, as the simulation predicts a 

smooth, symmetric structure with small Kelly sidebands. 

4.3.5 Discussion: Design 2 

Design 2 showed notably improved stability over Design 1 despite the higher intracavity 

power, and therefore increased nonlinearity, with the bi-directional pumping scheme 

providing doubled average power output, with RF roll-off and SNR of 7 dB and 69.2 dB 

respectively. RIN was however slightly higher at ~ 43%, but this may be attributed to the 

evident multipulsing with a repetition rate of 19.6 MHz. The phase noise sideband structure is 

also less pronounced, with a reduction in this component of ~ 5 dB versus Design 1. 

The autocorrelation trace shows a sech-squared profile with a 1.57 ps FWHM. Such a 

reduction in temporal FWHM is expected due to the higher intracavity power, supported by 

more highly driven SPM-induced spectral broadening and up-chirp compared to Design 1. 

The optical spectrum displays several spurs with a broad, blue-shifted shoulder to the 

spectrum ala. Design 1. 

Again, the simulation accurately predicts the pulse temporal FWHM of 1.48 ps, versus the 

experimental value of 1.57 ps. However, the large, blue-shifted spectral shoulder is 

unexpected, and may have resulted from additional nonlinear effects not predicted by the 

simulation. This is supported by the relative discrepancy in spectral FWHM, with the 

simulation underestimating this figure by 4 nm. 

4.3.6 Discussion: Design 3 

Design 3 is the first to utilise gain positioned just before the saturable absorber, thus we 

expect a more saturated SESAM by partially bypassing the insertion losses of the circulator 

and outcoupler of 1.5 dB and 2 dB respectively. 

This design results in an even shorter pulse duration due to the additional gain toward the 

SESAM, with a deconvolved ACF FWHM of 1.44 ps, the shortest of all designs in this 

section. However, this appears to come at the cost of even higher instabilities, with a 

interpulse RIN of 45%, RF roll-off of ~ 10 dB and a RF SNR of 59.6 dB. Furthermore, the 
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RF spectrum does not display a stable comb of harmonics, but instead several valleys of low 

power/missing harmonics, and modulations of dozens of dB from peak-to-peak, comparison 

to the simulation which predicts relatively stable single-pulse operation with RIN on the 

order of ~ 20%. 

Given a fundamental RF peak (rep. rate) at 26.8 MHz and the oscilloscope trace in Figure 

4.3.11(a), it appears that further saturation at the SESAM has led to an inability to supress 

satellite pulses. 

Evidence of this is further indicated by the complex structure present in the optical spectrum 

of Figure 4.3.11(d). The broad, underlying structure in lieu of the simulated predictions is 

overlayed with both the expected Kelly sidebands in addition to a noisy, peak-like structure 

towards the red shoulder of the spectrum beyond 2090 nm. Multiple sets of different Kelly 

sidebands are expected and observed here in the multisoliton regime, with each pulse may 

shed dispersive waves that periodically phase match to the individual pulse spectra. The 

peaks around 2090 nm do not appear to be paired clearly with a shorter wavelength 

counterpart as expected with Kelly sidebands, indicating some possible noisy CW component 

passed by the oversaturated SESAM. 

The bandwidth of this laser design is significantly large at 12.3 nm compared to the 

prediction of 2.4 nm. The central operating wavelength of the experiment is noticeably longer 

at 2085.3 nm than the simulation, which was predicted to be 2074.7 nm. The temporal 

FWHM of 1.44 ps is in relatively good agreement with the prediction of 1.9 ps, however. 

4.3.7 Discussion: Designs 4 & 5 

Stable mode-locking was unobtainable with Designs 4 & 5. The RF spectra contained very 

few harmonics in both cases and resemble those associated with QS operation in addition to 

large numbers of sidebands with the relevant peaks. However, typical QS RF spectra have 

roll-off intrinsically limited to the kHz range, whereas these spectra show harmonic content 

out to 1 GHz with a drop of 10 dB. Measuring the repetition rate from the sparsely peaked 

spectra gives repetition rates of 90 and 98 MHz for Designs 4 and 5 respectively, and would 

otherwise indicate an interesting, if physically complex noise like pulsing regime in lieu of 

other characterisation. 

However, in both cases the autocorrelation reveals structures of only 1 – 10 fs duration 

despite the narrowband optical spectra to support such pulses being insufficient, giving 
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unphysical TBP values well below the theoretically possible limit, indicating that these are in 

fact coherence spikes and do not represent a real pulse duration. Recall that the 

autocorrelation of a noise-like pulsing regime tends to a broad envelope with a coherence 

spike, which was observed.  

Interestingly, Designs 4 & 5 disagree with their simulation results. The GNLSE predicts that 

these cavity designs should be stable, however the experiment strongly demonstrates noise-

like pulsing with unstable spectral and temporal structure, in contrast to the well-defined 

mode-locked operation seen in the simulation. This unexpected disagreement may be due to 

issues with the experiment itself, such as SESAM oversaturation or damage. However, the 

predictions as seen in Figures 4.3.5 and 4.3.6 reveal only 16.8% and 14.6% SESAM 

absorption, well within acceptable operating range for both lasers.  

4.3.8 Discussion: Design 6 

Design 6 utilised a bi-directional pumped gain to achieve more uniformly pumped gain, 

higher pulse energy just before the SESAM, as well as amplification on the subsequent 

reflection from the mirror. In terms of performance, we see that this design has the lowest RF 

spectrum roll-off of only 5.38 dB, with few modulations to peak height and a reduced phase 

noise floor compared to the other designs. Similarly, the RF SNR was 69.1 dB, competing 

with all other designs for one of the highest peak SNRs, in addition to the smallest RIN 

(38.3%) of the five stable, mode-locked oscillators presented here. 

Considering the repetition rate of 15.4 MHz versus that of an identical fibre length in Design 

7 (11.8 MHz), it is apparent that the additional, bi-directionally pumped gain both provides 

needed saturation for the SESAM at the cost of multipulsing. The simulations predict an 

additional few percent saturation as desired to provide uniform pulse shaping. 

The autocorrelation FWHM of 1.78 ps is somewhat similar to other designs, but moreover 

there are no apparent pedestal or satellite features despite the increased repetition rate. Given 

the well-defined temporal separation of the pulses in the oscilloscope trace, no ACF 

distortions should be immediately expected. Lastly, the optical spectrum displayed a FWHM 

of approx. 5.55 nm, with a few peak-like structures present. 

The simulation agrees well with the results as outlined in Table 4.3.1, presenting near 

identical pulse temporal FWHM and central wavelength. The predicted temporal FWHM is 

1.85 ps versus the experimental value of 1.78 ps, and the predicted central wavelength is 
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2075.2 nm versus the actual value of 2074.2 nm. Again, only the spectral FWHM is 

underestimated by approximately 4 nm, likely due to underestimation of nonlinear processes 

or gain bandwidth justified in Appendix F. 

4.3.9 Discussion: Design 7 

Lastly, Design 7 showed one of the most stable outputs, indicated by the 70.6 dB RF SNR at 

11.6 MHz, with a roll-off of 7.67 dB. The accompanying interpulse RIN was 39.4%. This is 

further supported by the lack of satellite or side pulses in the oscilloscope and autocorrelation 

traces in Figure 4.3.15(a.) and (d.) respectively. As this design bypasses the insertion loss of 

the circulator and outcoupler a fuller saturation of the absorber is achieved without significant 

oversaturation. However, this design did report a marked increase in phase noise in the RF 

spectrum below -80 dB, indicating an increase to timing instability between the individual 

pulses. 

The optical spectrum displayed few abnormalities, revealing a relatively clean trace with a 

FWHM of ~5.71 nm. Strangely, Kelly sidebands or any peak structures are not observed, 

presenting two possibilities. One, this cavity arrangement may not support soliton-like 

pulsing, or two, the dispersive-wave soliton resonant interference is disrupted or are spread to 

regions outside the operating linewidth of the cavity. 

Again, the simulation predicts the central wavelength within 3 nm accuracy but 

underestimates the bandwidth by 4 nm. This lack of bandwidth in the simulation also leads to 

an overestimation of the temporal FWHM, yielding a duration 1 ps longer than the 

experimental result. Interestingly, similar spectral structure with minimal sideband structure 

is observed between the experiment and numerical results, excluding the pedestal which is 

absent in the simulation. 
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4.3.2 above indicates the largest amount of chirp of all designs, well over the 

minimum of 0.315. 

 Design 2 utilised a bi-directional pump scheme, leading to the second shortest pulse 

duration, while attaining largely stable multi-pulsed operation indicated by the RF 

spectrum, along with a smaller TBP (and thus chirp) of 0.748. 

 Design 3 iterated on Design 2 with an additional gain fibre toward the SESAM, 

leading to further improved RF roll-off and the shortest pulse duration. 

 Designs 4 and 5 had gain fibre only before the SESAM and, unexpectedly, did poorly. 

Simulations indicated performance similar to that of Design 3 owing to superior 

SESAM saturation, but these designs did not mode-lock successfully, as indicated by 

the chaotic RF spectra, unresolvable AC traces and sharp, peak-like optical spectra as 

is typical for QS instabilities. This could be indicative of damage to the system (i.e. 

the SESAM) or degradation of splice quality, or attributed to SESAM bleaching and 

subsequent absorptive roll-over not accounted for in the simulation. 

 Designs 6 and 7 utilised bidirectionally and unidirectionally pumped dual-WDM 

architecture with a single gain fibre, placed at the SESAM. These systems displayed 

the highest average powers in agreement with the simulation, in addition to markedly 

improved stability shown by RF SNR of over 69 dB each, as expected by the 

increased saturation of the SESAM. 

 Design 8 demonstrated the most optimised stability performance over all designs in 

this section and is discussed in detail in Section 4.4. 
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The BATOP GmbH SAM-2000-30-10ps-25.4g SESAM has a recovery time τ ~ 10 ps with a 

modulation depth of 18%. The Bragg-reflector of the SESAM is grown to have a high 

reflectance band from 1910 to 2080 nm. 

Similar to the designs in Section 4.3, a 1150/2000 nm wavelength division multiplexer 

(WDM) is spliced to the cavity, with one input connected to a 1150 nm pump diode, thus 

coupling light into the cavity to pump the gain medium via the core (rather than the 

cladding). Lastly, a 75/25 2100 nm broadband output coupler permits 25% of the mode-

locked pulse to leave as the laser output. 
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4.4.4 Experimental Results 

With a pump diode current of 1000 mA and with the amplifier, the average power output was 

20.3 mW, producing a train of stable pulses shown in the oscilloscope trace in Figure 4.4.4 

below:  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Despite the poor resolution and thus high digitisation noise present in Figure 4.4.4 above, 

conservation of energy permits the oscilloscope to measure the total energy of the pulses in 

the pulse train at the laser output. The RIN of Figure 4.4.4 is 8.2%, approximately three to 

four times less than that observed in any of the alternate cavity designs in Section 4.3 

previously. As seen in this section, further characterisation methods confirm the relative 

stability of this laser cavity design. This result is in good agreement with the simulation, both 

displaying RIN around 10% in the steady state. 

 

 

Figure 4.4.4: Oscilloscope trace of stable laser in CML regime, 50 ns timebase. 
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The optical spectrum of the output pulses in the CML regime is shown in Figure 4.4.5 below: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

CML operation results in a spectrum with a 3 dB FWHM of approximately 4 nm. In addition 

to the smooth, broad structure, there exists several Kelly sidebands located symmetrically in 

pairs about the central wavelength of 2029.1 nm.  

Note that there is an apparently unpaired peak located at ~2020 nm which could be 

symmetrically paired with the small peak located past ~2040 nm, or possibly buried by noise 

(as these sidebands vary by around -5 dB in a pair). Otherwise, these sideband positions 

largely match those of the three pairs shown in the simulated data of Figure 4.4.2c. 

Interestingly the laser output tends much more toward the shorter wavelengths at 2030 nm, as 

opposed to the simulation’s prediction around 2070 nm as expected due to the choice of 

components (all of which have passbands around 2000 or 2100 nm, the net region of least 

loss/most gain lying somewhere closer toward 2100 nm, in agreement with the results in 

Section 4.3). 

Figure 4.4.5: Optical spectrum of the stable laser in a CML regime, 1 GHz span. 



104 
 

The RF spectrum over 1 GHz is shown in the Figure 4.4.6 below. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The RF spectrum of the CML regime over a 1 GHz span displays satisfactory stability, 

displaying a shallow RF power roll-off of only ~ 1.76 dB, indicating the notably high 

stability of this cavity layout. The SNR of the fundamental laser repetition rate peak is ~63 

dB, located at ~20 MHz, the repetition rate. 

In addition to these two features there also appears to be some frequency sub-structure 

fluctuating below -70 dB, similar to that observed in Section 4.3. Again, such sideband 

structures are associated with timing noise between the pulses, discussed in Chapter 3 

previously.  

Lastly, an intensity ACF of the pulsed output is shown in Figure 4.4.7 below. 

  

Figure 4.4.6: RF spectrum of the stable laser in a CML regime, 1 GHz span 
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A sech2 function was fitted to the data numerically. This is the general functional form of a 

conventional soliton pulse, which displays dispersive wave features such as Kelly sidebands 

in its spectrum and is thus the assumed pulse shape for the ACF [40, 41]. The FWHM of the 

autocorrelation data was found to be 4.49 ps. Applying the deconvolution factor of 1.54 

(0.647-1) for sech2 pulses this gives a true temporal FWHM of 2.92 ps [42]. 

  

Figure 4.4.7: ACF of the stable laser in a CML regime 50 ps scan range. 
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4.4.5 Discussion 

Firstly, the oscilloscope trace provides a simple measure of this designs stability, with a RIN 

8.2%, the lowest of all cavity designs tested in this project. This indicates the importance of 

maintaining pulse energies above QML threshold whilst avoiding MPML through overdriven 

nonlinear effects, as given by the singularly pumped Ho:fibre design. 

The RF spectrum displayed extremely low roll-off of only 1.76 dB across a 1 GHz band, 

again indicating the superior stability of this design. Interestingly the SNR is only 63, which 

is superseded only by Design #7 (~70 dB SNR) from Section 4.3. However, due to the small 

RIN and RF roll-off, and lack of multipulsing in the oscilloscope trace, this design is 

considerably more stable. 

Recall that Figure 4.4.6 (RF spectrum) possessed a distinct, ~100 MHz scale sub-structure of 

RF sidebands about the harmonics. These small ‘spurs’ appear symmetrically about the 

harmonic RF peaks and are likely further related to the phase-noise generated by pulse train 

instabilities such as timing jitter or simply produced by photodiode saturation [43, 44]. The 

structure is persistent, in that repeat measurements preserve the structure, in addition to 

appearing in differing forms throughout the RF traces in the alternate designs shown in 

Section 4.3.  

The optical spectrum in Figure 4.4.4 possesses several key, near ideal characteristics, 

indicating good performance for this cavity arrangement. Firstly, the Kelly sidebands are 

confirmation that the holmium doped laser in this experiment is mode-locking through 

SESAM stabilisation of conventional solitons [45, 46].  However, it should be noted that the 

sidebands themselves are considered undesirable as adjacent soliton Kelly sidebands (i.e. 

dispersive waves) may interfere to destabilise mode-locked operation [45, 47, 48]. The next 

step, removing (or effectively ‘pushing out’) the sidebands in the spectrum, is addressed 

through dispersion compensation in Section 4.5. 

Lastly, an intensity autocorrelation reveals a symmetrical, sech2 pulse shape with a true 

temporal FWHM of 2.92 ps. The most notable features are a lack of multipulse instabilities 

such as satellite pulses or the tendency to a broad feature with a noise-coherence spike, in 

tandem with the somewhat long pulse FWHM as compared to the other designs. The 

discrepancy in FWHM is likely due to multiple nonlinear effects, most notably the strength of 

the driven SPM in the different laser designs. As this cavity utilised only one pump with one 

gain fibre, with an estimated intracavity average power of ~ 80 mW, the nonlinearity 
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experienced and generated by the pulse peak power is much smaller compared to the average 

intracavity power utilised in many of the alternate designs (~up to 160 mW intracavity), i.e. 

Kerr nonlinearity depends on the cube of intensity. 

As discussed in Chapter 2, the nonlinearly induced positive chirp of SPM is key to balancing 

dispersion, and thus pulse duration in the anomalous dispersion regime, thus we may expect 

that low intracavity power will lead to unbalanced nonlinear phase (from SPM) and thus 

uncompensated pulse broadening in the time domain. 

Furthermore, the spectral bandwidth of the pulse is only 4 nm, as opposed to the bandwidths 

seen in the other designs of approx. 10 nm. Again, the explanation leads back to SPM: for an 

initially down-chirped pulse, SPM will always lead to spectral narrowing, not broadening. 

The comparably narrow bandwidth and broad temporal FWHM is indicative of inadequate 

dispersion compensation against a weakly driven SPM effect. The importance of 

experimentally optimised dispersion is explored in the proceeding section. 

However, it should be noted that the weakly driven nonlinearity leads to a stable, apparently 

multipulse-free CML operation. The pump diode current was unable to be tuned below ~700 

mA without the laser falling into QML, and eventually QS operation, with a small region of 

mode-locking hysteresis around 700 – 800 mA driver current. 
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4.5 Dispersion Compensation 

4.5.1 Overview 

The balancing of SPM versus GVD is crucial in mode-locking ultrafast pulses [49-51]. As 

discussed in Chapter 2, soliton formation and propagation depend on the balance of these 

phase shifts, providing inherent stability and pulse shaping [52-55]. The approximate amount 

of DCF required to offset GVD alone (not including SPM) was determined by Equation 

4.5.1, a rearrangement of Equation 2.2.17 [56]: 

 

𝐷௣𝑙௣ + 𝐷௔𝑙௔ + 𝐷஽𝑙஽ = 0 ( 4.5. 1 ) 

 

where Dp, Da and DD are the dispersion coefficients and lp, la and lD are the fibre lengths for 

the passive, active and dispersion compensating fibres respectively. Equation 4.5.1 allows for 

an initial estimate of net cavity dispersion, which is offset by the nonlinear phase induced by 

SPM and a selected length lD of DCF. Using this equation, the approximate DCF length 

required would range around 10 m, and thus this served as a starting point for the 

experiments in this section. Naturally, the true length required would be shorter as SPM is 

neglected in Equation 4.5.1, in addition to the small normal dispersion caused by the 0.5 mm 

propagation through the SESAM, and therefore this section seeks to experimentally 

determine this length via DCF cutbacks. 

To experimentally determine the optimal cavity dispersion and compress the pulse, a 13 m 

reel of DCF was spliced to the cavity. Lengths of 1 m were removed, with the laser 

characterised at each length from 13 m to 5 m. Measurements were repeated with a new 

length of 9 m of DCF with 20 cm decrements in the DCF length.  
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Recall that the preliminary calculations from Equation 4.5.1 indicate that net zero dispersion 

should be at approximately 10 m of DCF for this cavity. Furthermore, the simulation results 

of Figure 4.5.6 strongly indicate that the laser is operating in a regime of small net normal 

dispersion, in agreement with the preliminary calculations. This implies that a longer length 

of (normal dispersion) DCF would only lead to excess normal dispersion and that the 

anomalous dispersion has been overcompensated. Therefore, the experiment investigates 

lengths from 5 to 13 m as this is the region of interest as indicated by these simulation results, 

around which normal and anomalous dispersion approximately cancel out. 
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shallowest modulation overall of 9.86%, only 2% more than the uncompensated design in 

Section 4.4, whereas the largest modulation of 39.8% was seen at a DCF length of 6.4 m, 

where a small, periodic fluctuation in pulse energy was observed, seen in Figure 4.5.7b. 

above.  

The RIN of the peak heights was plotted against DCF length, fitted with a linear regression in 

Figure 4.5.8 below. It should be noted that at 8.6 m the datapoint is somewhat of an outlier 

from the predicted, linear trend, with a majority of data points lying in the region of ~ 30% 

RIN.  

 

 

 

 

 

 

 

 

 

 

 

 

 

As shown in Figure 4.5.8 above, there appears to be a weak linear relation over this region at 

around 30% RIN, however the presence of several outliers and high variance makes it 

difficult to confirm the relation. Naively, there seems to be a tendency toward longer lengths 

to stably pulse, somewhere in the region of ~ 7 – 9 m of DCF serves as the optimum. 

To confirm this, we look to the RF spectrum to obtain further stability metrics on laser 

diagnostics for the different DCF lengths. 

Figure 4.5.8: Plot of DCF length versus the RIN observed on the oscilloscope. 
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4.5.4 RF Roll-off and SNR vs. DCF Length 

The RF spectrum of the laser output was measured across a 1 GHz span for all lengths of 

DCF tested. As before, maximum value of 3 dB drop over the 1 GHz span was used as a 

benchmark for pulse train stability. An example of an RF spectrum for 9.0 m DCF is shown 

in Figure 4.5.9 below: 

 

 

 

 

 

 

 

 

 

 

 

 

 

The largest (i.e. worst) RF roll-off observed was at a DCF length of 5.4 m, with a drop of 

4.27 dB of RF power across the 1 GHz RF span. Such a result is expected as the laser was 

largely inoperable at DCF lengths approaching and below 5.4 m, where the cavity would 

often fall into QS or QML regimes with only seconds of semi-stable CML operation being 

achieved. 

Curiously, smallest RF roll-off was obtained at a DCF length of 6.2 m, with a drop in power 

of only 2.06 dB over the 1 GHz span, close to the edge of the range of DCF lengths for which 

the laser was still stable. 

Figure 4.5.9: Example plot of the RF spectrum for 9.0 m DCF. Note the presence of a spur-like 
structure at -80 dB due to phase noise. 
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An ordinary least squares fit is performed on the roll-off data, with the fit and roll-off 

variance displayed in the legend of Figure 4.5.10. According to the figure, RF roll-off appears 

to trend slightly downwards toward 6.0 m, before sharply increasingly at 5.4 m, at which 

shorter lengths caused the laser to no longer mode-lock. The above low-points in the roll-off 

plot may indicate a trade-off between pulse stability and temporal FWHM minimisation. 

It should be noted that the shortest ACF FWHM (at 7.2 m) and the lowest RF roll-off (at 6.2 

m) did not occur at the same length of DCF, indicating that there may exist some sort of 

trade-off between stability and pulse duration over only 1 m difference in DCF used. The 

instability observed may be due to a variety of factors involved with a change of non-PM 

DCF length, such as polarisation mode dispersion changes, splicing and fibre losses and 

more. However, it should be noted that all splice losses were monitored and kept to a constant 

(estimated) minimum of 0.01 dB, automatically calculated on the FITEL fusion splicer via 

the methods outlined in Chapter 2. Any discrepancies in the data related to splice quality are 

therefore minimised as a source of systemic decrease in laser performance. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.5.10: Plot of RF roll-off vs. DCF length. 
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While the relation between roll-off and DCF length shows several valleys and crests in a 

nearly noise-like fashion, a positive linear fit accounts for much of the data barring the sharp 

jump in instability (high roll-off) at 5.4 m DCF, beyond which the laser would no longer 

mode-lock long enough for measurements to be taken. 

Otherwise, this seems to indicate a tendency for stability toward shorter lengths above ~ 5.4 – 

5.5 m DCF, whereas the RIN measure in Figure 4.5.8 shows a negative slope instead, 

minimising toward 8 – 9 m. This may indicate that the true stability region lies between these 

points of interest, somewhere in the 6 – 8 m region. This is further indicated by Figure 4.5.11 

below, which in agreement with Figure 4.5.8, a plot of RF SNR vs. DCF length, shows an 

increasing stability toward longer lengths. 

Again, this shows a positive linear trend toward longer DCF lengths, ie. higher stability 

toward 9 m DCF, with the only significant outliers at 6.8 and 7.2 m.  

 

 

 

  

Figure 4.5.11: Plot of RF SNR vs. DCF length. 
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4.5.5 Optical Spectrum FWHM vs. DCF Length 

The optical spectrum FWHM was determined by measuring the width of the spectrum at the 

3 dB point. It was found that the smallest spectral width of 1.69 nm was obtained at 5.4 m of 

DCF, indicating a relative lack of broadband spectral content within the cavity during mode-

locked operation. 

Such a small spectral FWHM was likely caused by the distortion of the spectrum due to the 

presence of small, peak-like sidebands and wave-breaking crests in the spectrum, both related 

to soliton propagation in the dispersive regime (as opposed to the dispersion managed regime 

where no sidebands are present). By contrast, the largest spectral FWHM of 18.6 nm was 

obtained at a DCF length of 8.2 m. The spectral FWHM vs. DCF length is plotted in Figure 

4.5.12 below.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The relationship of spectral FWHM and DCF length shows several crests and troughs as DCF 

length varies, but most notably the overall trend of the relationship shows that longer DCF 

Figure 4.5.12: Plot of optical spectral FWHM vs. DCF length. 
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lengths (i.e. more positive intracavity dispersion) gives rise to a broader spectrum. However, 

notable peaks in this relation showing increases in spectral FWHM are located at 6.0 m, 7.0 

m to 7.4 m and 8.2 m, indicating that there may be lurking parameters and effects that are 

introduced with the increase or decrease of DCF length. 

This could be due to effects such as polarisation mode dispersion (PMD) introduced with 

additional non-PM DCF length combined with the polarisation gating of the PM circulator or 

other gain/loss dynamics introduced with specific amounts of DCF. 

 

4.5.6 Autocorrelation FWHM vs. DCF Length 

The autocorrelation FWHM was approximated by fitting a sech2 function to the primary 

pulse observed in each ACF trace. Satellite pulses were removed from the data where 

appropriate to get a better fit for the sech2 function, and then added back to the data after the 

primary peak was fitted. In some cases, the side-pulsing would occur so close to the primary 

pulse peak that the primary pulse would develop a pedestal-like structure about its base, 

causing the measured ACF FWHM to be much larger than it otherwise. The estimated ACF 

FWHM vs. DCF length is plotted in Figure 4.5.13 below.  

 

 

 

 

 

 

 

 

 

 

 

 
Figure 4.5.13: Plot of DCF length versus temporal FWHM estimate obtained from the ACF. 
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The ACF FWHM demonstrated the clearest relationship of all characterisation instruments 

when plotted against DCF length, demonstrating a noticeable minimum in pulse duration in 

the 7.0 m to 7.4 m region. This is indicative of the strong effect of second order dispersion on 

pulse shaping and thus pulse duration in the cavity via tuning the DCF length, and in good 

agreement with previous literature [54]. Furthermore, recall the simulation results for pulse 

formation from 3 – 11 m DCF. At 7 m it was found that the pulse FWHM was 1.06 ps, with 

side-pulsing minimised versus the other lengths simulated. 

In particular, while continual decrease of the DCF (and thus the negative dispersion) may, in 

theory, shape and produce shorter pulses, having too short of a pulse (i.e. not enough negative 

dispersion) can destabilise soliton pulses [62]. In Figure 4.5.13 we see that pulse duration 

sharply increases beyond 7.0 m of DCF. This was due to the growth of pedestal-like features 

in the time domain, due to the low negative dispersion permitting the background continuum 

to grow, broadening the temporal FWHM [50]. 

While the ACF trace only provides an estimation of pulse width, it may be combined with the 

spectral FWHM to determine if a pulse is close to the time-bandwidth limit, a fundamental 

limit of pulse duration vs. spectral width (and is thus a good indicator of ultrashort pulse 

duration). 

Lastly, two outliers are notable here: DCF length at 6.8 m and 9 m, both of which have far 

longer and far shorter ACF FWHM than their neighbouring counterparts respectively. This 

error may be attributed to the cavity setup and its relative sensitivity to mechanical 

perturbations as the SESAM was left un-epoxied to the flat-cleaved PMF from the circulator, 

which was mounted to a three-axis stage for SESAM fluence adjustments. However, acoustic 

foam was used to partially isolate the oscillator and the amplifier from any vibrations coupled 

from the optical table. Any perturbations from one set of measurements to the next may cause 

a slight change in cavity energetics due to this setup. 

Furthermore, the ACF algorithm only provides an estimate of the true pulse temporal 

FWHM, and may explain the strange, digitization-like distortions at 5.6 – 6 m and 7 – 7.4 m 

DCF where there is no change whatsoever to the ACF FWHM, before abruptly continuing to 

change after these breakpoints. 

 



124 
 

4.5.7 Time-bandwidth Product vs. DCF Length 

Recall that optical pulses are limited in duration for a given spectrum. This is a fundamental 

result of Fourier theory, whereby the minimum achievable duration is set by the spectral 

width and a constant factor associated with the assumed pulse shape [63]. In the case of 

solitons, we are generally concerned with hyperbolic secant squared pulses, which have a 

minimum time-bandwidth product (TBP) given by Equation 4.5.2 [64]: 

𝛥𝑣𝛥𝜏 ≈ 0.315 ( 4.5. 2 ) 

Where Δν is the spectral bandwidth of the pulse and Δτ is the temporal FWHM. For pulses 

near the TBP limit, a decrease in temporal duration must correspond to an increase in spectral 

width, and vice versa [63]. Producing an ultrashort pulse close to the TBP (in this case 0.315) 

requires careful dispersion management to eliminate chirp and prevent spectral distortions 

which will, in turn, distort the temporal profile. 

Pulses produced by the laser, at almost all lengths of DCF, came within approximately 0.1-

0.3 of the minimum TBP value of 0.315, demonstrating that it can produce nearly transform 

limited pulses. Further dispersion management will likely be required to not only bring the 

TBP of the laser output closer to the minimum of 0.315, but to possibly eliminate spurious 

side and multi-pulsing seen in the ACF traces above. 

The TBP and the DCF length are plotted against one another in Figure 4.5.14, with a least-

squares linear fit plotted over the data. 
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It appears from Figure 4.5.14 that the overall dispersion in the cavity is relatively low, and 

thus chirp is relatively low. Furthermore, it appears that there is a slight positive trend with 

DCF length, with smaller lengths giving lower TBP values toward 5.4 m DCF (beyond which 

the laser no longer mode-locks). This indicates that DCF lengths toward 8–9 m introduce 

excess chirp, and therefore cause longer pulse durations, in good agreement with Figure 

4.5.13. 

 However, from the simulations earlier in this section it should be noted that the relative 

sensitivity of the system to considerable, but not extreme changes in GVD can lead to pulse 

splitting. Furthermore, despite DCF lengths from 7.0 to 7.4 m giving the shortest pulses, their 

corresponding TBP values are somewhat middling, fluctuating about 0.4 indicating the 

presence of some form of chirp. This contrasts with the minimum recorded TBPs, which 

occur around 5.6 m DCF. The difference in dispersion apparently present could be some form 

of instrumental noise, miscalibration, or a true representation of so-far uncompensated effects 

of higher order dispersion such as third-order dispersion (TOD). 

Figure 4.5.14: Plot of DCF length versus the time-bandwidth product. 
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4.5.8 Discussion 

Overall, desirable operation of the laser was generally seen with lengths of DCF ranging 

between 6.0 m and 8.0 m. In some cases, a favourable pulse FWHM (spectral or temporal) 

was obtained whereas in others the pulse train stability seen in the RF spectrum roll-off and 

oscilloscope peak-to-peak modulation was optimised. 

This array of differing laser operation characteristics (all reaching optimal values at relatively 

different DCF lengths) presents an interesting problem in that temporal narrowness may be 

traded-off for additional stability and may result from tweaking the overall round-trip 

dispersion via the DCF of by the interplay of many different effects inherently introduced by 

using different fibre lengths, such as splicing/bending losses, PMD or TOD. 

However, most desirable length of DCF for this cavity was determined to be around 7.2 m, 

where the ACF FWHM was minimised while maintain a RF roll-off around only 3 dB. 

Compared to 7.0 m and 7.4 m of DCF, this length demonstrated a slightly smaller TBP value 

(see Figure 4.5.14), however this was within standard error of the neighbouring data points 

and does not appear statistically significant. 
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result of the time-domain intensity shown in Figure 4.5.4, where a similar sidepulse is 

approximately 10 ps away from the primary pulse. Such features were not observed 

experimentally or predicted numerically in Sections 4.3 and 4.4, where no normal dispersion 

was introduced. This indicates that the introduction of a large reel of normal dispersion DCF 

leads to pulse splitting of the dispersion-managed soliton. Note that the simulation results in 

Figure 4.5.4a overestimate the primary pulse duration at 1.04 ps, compared to the measured 

experimental value of approximately 500 fs. Overestimation of the pulse temporal FWHM 

was also common amongst all numerical results. This consistent discrepancy may indicate 

that the estimated intracavity energy, and therefore nonlinear pulse shaping, was too small, or 

the estimated third order dispersion parameter used in the simulation was too small, as 

discussed further in Appendix F. 

Apart from the side-pulse structure, the ACF reveals a sharp peak with a hyperbolic secant-

squared profile with an estimated FWHM of 494 fs. 

Similarly, Figure 4.5.15 (c) shows, like every other measurement, the presence of an 

underlying harmonic sub-structure at -75 dB familiar to many results in Chapter 4, largely 

due to timing instability. The overall envelope that dictates the power in these harmonics 

seems to vary somewhat randomly, spiking at 200 MHz and 600 MHz, indicating the relative 

instability of the harmonic content at this level. This further motivates the mitigation and 

eventual removal of these pulses from an ideal, optimised laser seed design, the methods of 

which are discussed in Chapter 5. 

The optical spectrum in Figure 4.5.15 (d) shows few distinct features, following a smooth 

Voigt (or Lorentzian if discounting broadening effects) spectral profile. There are, however, 

two points of interest. Firstly, the Kelly sidebands that were present in the laser’s output in 

Section 4.4 have been removed entirely. This is typical for soliton-like pulses in the 

‘dispersion-managed’ regime, whereby the sideband formation is supressed [65, 66]. 

The second structure of interest is at the peak of the spectrum, where there is an apparent 1 

dB double-peak atop the spectral profile. Such structure typically results from multipulse 

interaction and is visible in the simulation results when such regimes occur. This clearly 

matches observations in Figure 4.5.15 (b) where multiple pulses are indeed present. This 

presents another possible avenue of multi-pulse identification within the cavity and may be 

used as a metric to study multi-pulse instabilities. 
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Chapter 5: Conclusion 
 

5.1 Outline 
This thesis presented an all-fibre mode-locked laser source at 2 μm, utilising a SESAM-

soliton based mode-locked system in a variety of dispersion-managed, bidirectional, and 

unidirectional pumping schemes. The resulting operating characteristics were measured, and 

the performance both from expected numerical projections and experimental work were 

compared amongst the designs. 

To summarise, this involved: 

 Design, construction, and demonstration of eight separate Ge-silica, active Ho-doped 

single-mode fibre laser, six of which were successfully mode-locked with a SESAM 

to produce picosecond pulses, both through numerical simulations and experiments. 

 

 Design, construction, and demonstration of a single-pass amplifier stage based on the 

same Ho-doped fibre arrangement to achieve up to 10 dB amplification. 

 

 Demonstration of a stable (sub 2 dB RF roll-off) picosecond Ho:fibre laser design. 

 

 Optimisation of second order dispersion of this laser design utilising dispersion 

compensating fibre cutbacks. 

To the best of our knowledge, this is the first comprehensive numerical and experimental 

review of optimising a holmium fibre mode-locked source within the literature. 

 

Chapter 1 outlined the problems and prospects cited within the literature, and the wide range 

of applications that this projects results may be applied to. Furthermore, a review of many 

similar studies in developing mode-locked MIR sources was presented. Lastly, the key points 

and objectives of this project were outlined. 

Chapter 2 reviewed the theory behind optical fibre, devices and the underlying physics 

relevant to the experimental aims of the project, in addition to laying the foundational 
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knowledge to understanding the Runge-Kutta 4th order interaction-picture pulse propagation 

model. 

 

Chapter 3 explored preliminary results of the project in the context of operating regimes such 

as Q-switched, Q-switched mode-locked, continuous-wave mode-locked and multi-pulse 

mode-locked, in addition to an overview of characterisation equipment and methods, and the 

justification thereof of these methods. A discussion of mode-locking instabilities was also 

included, with an overview of pulse breakup due to higher order dispersion and nonlinearity 

provided. 

 

Chapter 4 presented the experimental and numerical results of this project. In order, this 

involved designing multiple Ho:fibre laser designs guided by the numerical model, utilising 

different component orders and arrangements to achieve different operating performance, 

with full characterisation and discussion thereof for each. Secondly, the most stable result 

was presented alongside the corresponding numerical result, schematic and the design of the 

single-pass bidirectionally pumped Ho:fibre amplifier for the master oscillator output. Lastly, 

dispersion compensating fibre cutbacks were utilised to tune the balance of GVD and SPM to 

achieve minimised pulse dispersion and thus optimise the duration, with the full stability 

performance characteristics discussed as a result. 
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5.2.3 Section 4.5 Results 

Section 4.5 focussed on numerical and experimental methods to optimise the dispersion of 

the laser presented in Section 4.4. Recall Figure 4.5.8, the key result of Section 4.5, shown 

below: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

It was found through experimental DCF cutbacks that the pulse duration was minimised at 

DCF lengths from ~ 7.0 to 7.4 m. This was in good agreement with the numerical results, 

which demonstrated dispersive pulse spreading and instability away from this region of DCF 

length, for lengths both significantly shorter or longer than approximately 7 m of DCF. 

Other performance characteristics such as RF SNR and roll-off, optical FWHM and 

interpulse RIN were also investigated, but no clear relation was observed, unlike the 

simulations which predict chaotic pulse breakup.  

Figure 4.5.8: Plot of DCF length versus temporal FWHM estimate obtained from the ACF. 
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5.3 Future Work 

5.3.1 Preamble 

While the above goals were that which fit within the scope of the project, further steps were 

considered and may be taken to improve upon the designs and work of this thesis in future. 

These methods are outlined below. 

 

5.3.2 Pulse Picking and Active Mode-lockers 

Recall the presence of a persistent, phase-noise like structure about -90 dB in many RF 

spectra in Chapter 4. A close-up of the sidebands in the RF spectrum from Section 4.4 is 

shown in Figure 5.3.1 below:  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

As discussed prior in Chapter 3, these sidebands of the harmonics are born out of the noise in 

pulse timing from the oscillator. One such method to remove these timing instabilities is to 

Figure 5.3.1: Example RF trace with phase noise sidebands at -70 dB and below. 
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introduce an active element to force repetition rates to synchronise with an optoelectronic 

device, known as pulse picking. Devices such as acousto-optic or electro-optic modulators 

(AOMs, EOMs) are often employed to achieve this for a variety of cavity designs [1-5]. 

Future cavity designs could utilise an external electronic RF timing source to synchronise to 

the repetition rate of the oscillator, ensuring electronically controlled timing phase to reduce 

or remove these sidebands. 

  

5.3.3 SESAM Fabrication and Optimisation 

Recall the discussion in Section 4.2, where a brief review of literature showed that SESAM 

parameters may be tailored to further improve mode-locked laser performance [6-10]. Due to 

the lack of local infrastructure and capability, along with budgetary and time constraints, this 

was one such potential optimisation region that was relatively unexplored. 

A handful of SESAMs (BATOP GmbH), 2 μm, SMF coupled were used in this thesis, with 

absorptivities ranging from 2% to 30% being tested. However, it was found that mode-

locking could only be achieved at 30%. Furthermore, recovery time was only available as τ = 

10 ps. In particular, having as fast a recovery time as is possible is most desirable for 

controllable pulse shaping [9-12]. 

In future, for a project with further scope, collaborative efforts could be established locally to 

produce SAM devices with customised parameters in-house, opening a wide berth of new 

options for laser optimisation for a variety of different intracavity powers. 

 

5.3.4 Simulation Improvements 

The MATLAB modelling undertaken in Chapter 4 was crucial to better understanding the 

nonlinear dynamics as governed by the GNLSE. While this served as a useful and 

computationally efficient tool to guide experimental design and discussion, and there were 

several improvements to be made that fell outside the scope of the thesis that would 

otherwise improve the accuracy of the model. 

Firstly, and most importantly, the MATLAB script, while efficient, used a simple model for 

gain and gain saturation that assumes the gain given by Equation 5.3.1 [13, 14]: 
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𝑔 =
𝑔଴

1 + ቀ
𝑃

𝑃௦௔௧
ቁ

 ( 5.3. 1 )
 

where g0 is the small signal gain, P is the optical power and Psat is the saturation power.  

While this allowed for ease-of-use regarding predictions of net intracavity energy and lasing 

thresholds versus losses, they neglect to account for more complicated gain relaxation 

dynamics, such as the gain relaxation oscillations discussed in Chapter 3 that give rise to 

SAM-based Q-switching [15]. Such modelling would provide further parity between 

experiment and theory. 

 

Furthermore, the model does not account for the complicated nonlinear optics regarding 

polarisation states due to NLPR, as discussed in Section 2.3. As the circulator used in the 

experiments was polarisation based, it would undoubtedly provide some artificial saturable 

absorption via preferentially passing a certain nonlinear evolution of the polarisation, i.e. it 

can be configured to preferentially pass pulse-like signals. Note that in experiments the use of 

a manual polarisation controller revealed no drastic changes in laser behaviour, and the 

SESAM and soliton-like pulse propagation and shaping appeared to dominate intracavity 

dynamics. 

This was ignored as modelling of NLPR effects in such a model would further increase 

computation time, turning the simplified 1D GNLSE into a 2D problem to account for this 

nonlinear birefringence. The coupled PDEs are given below in Equation 5.3.2 [16]: 

𝜕𝐴௫,௬

𝜕𝑍
+

𝛿𝜕𝐴௫,௬

𝜕𝑇
+

𝛽ଶ𝑖

2

𝜕ଶ𝐴௫,௬

𝜕𝑇ଶ
−

𝛽ଷ

6

𝜕ଷ𝐴௫,௬

𝜕𝑇ଷ
=

𝑖𝛾 ൬ห𝐴௫,௬ห
ଶ

+
2

3
ห𝐴௬,௫ห

ଶ
൰ 𝐴௫,௬ +

𝑖𝛾

2
𝐴௫,௬

∗ 𝐴௬,௫
ଶ 𝑒𝑥𝑝(−𝑖2𝛥𝛽𝑧) ( 5.3. 2 )

 

 

where Ax,y is the amplitude that experiences birefringent index nx,y respectively. 
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5.4 Concluding Statement 

5.4.1 Conclusion 

This chapter provided a full summary and review of the objectives and contents of this thesis, 

in addition to the most promising future prospects to further improve the work therein. As a 

result, a robust, stable, ultrashort all-fibre MIR source was developed. In-house 

manufacturing or further optimisation of cavity components such as WDMs, SESAMs, gain 

fibre and more would unlock the potential for both selectivity of lasing wavelength, in 

addition to reduction of phase and power noise. 
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The effect of the architecture on the local field intensity and hence operative SESAM 

parameters is characterised by a field enhancement factor, ξ, which relates to the modulation 

depth and saturation fluence by Equations C.1 and C.2 respectively [54]:  

Δ𝑅 ≈
𝑛௥𝛼଴(1 − 𝛼௖)Λ

2
𝜉 (𝐶. 1) 

𝐹௦௔௧ =
ℎ𝜈

2𝜎௔௕௦𝜉
 (𝐶. 2) 

Where nR is the real refractive index and σabs is the absorption cross-section. Wang et. al. 

(2015) report that resonant SESAMs may have enhancement factors at least one order of 

magnitude larger than that of anti-resonant SESAMs, thus anti-resonant SESAMs exhibit 

modulation depths ten times more and saturation fluences at least ten times less than resonant 

ones [55]. 

While a larger wavelength-averaged enhancement factor (resonant-like) is desirable for 

providing higher pulse shaping via Equation C.1, such SESAM devices present peak-like 

GDD and spectral properties by nature of being highly resonant [56-58]. This not only makes 

resonant SESAMs narrowband but display quickly wavelength-varying dispersion around 

their operation wavelength, magnifying the deleterious effects of growth defects and thermal 

issues whereas anti-resonant designs are considerably less sensitive [54, 56]. 

Note that an even wider variety of alternative, novel SESAM architectures exists in the 

literature, such as the so-called ‘low-field-enhancement resonant-like SESAMs’ (LOFERS) 

and enhanced SESAM (ESESAM) devices, however these are outside the scope of this thesis 

[54-56]. 
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Appendix D   
MATLAB RK45IP Laser Cavity 
Simulation Code 
 
Appendix D contains the code for the simulation work used in Chapter 4. 

The MATLAB script overleaf utilises a Runge-Kutta 4th order numerical routine to solve the 

Generalised Nonlinear Schrödinger Equation discussed in Chapter 2. The code records the 

calculated time domain intensity, SESAM absorption and optical spectrum after every full 

code loop. 

The base code is a combination of work from many authors in addition to many 

modifications [59-61]. The original script was written by Dan Nguyen (2021) [62]. 
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Appendix E   
Frequency Resolved Optical Gating 
(FROG) 
 

E.1 Frequency Resolved Optical Gating (FROG) 

Appendix E reviews a third pulse shape characterisation technique not discussed in Chapter 

3, known as frequency resolved optical gating (FROG), a technique to resolve ambiguities 

over pulse phase information [63]. Recall that a spectrogram is a power mapping of the pulse 

intensity, plotting frequency against delay in the hybridised frequency-time domain, as shown 

in Figure E-1 below [64]: 

 

FROG may utilise a variety of geometries, with the SHG FROG scheme being the most 

widely used, analogous to a spectrally resolved non-colinear autocorrelation geometry. Note 

that SHG FROG provides highly sensitive detection down to the 0.001 nJ range, desirable for 

characterising low-power ultrafast fibre oscillators [65]. This increased sensitivity is owed to 

Figure E-1: An example spectrogram (FROG trace) of a linearly up-chirped pulse. 
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F.3 Holmium Doped Fibre and Gain 

 

Saturation energy of the gain for a single pass amplifier is estimated using Equation F.2 [74]: 

𝐸௦௔௧ =
𝐴௘௙௙ ℎ𝜈

𝜎௘௠(2050 𝑛𝑚) + 𝜎௔௕௦(2050 𝑛𝑚)
 (𝐹. 2) 

Where Aeff is the effective mode area σabs(2050 nm) and σem(2050 nm) are the absorption and 

emission cross-sections at 2050 nm respectively. A correction factor is applied accounting for 

multiple passes per second, i.e. the repetition rateto obtain Esat = 100 pJ [75]. 

Also note that the lasing manifolds used, the 5I6 to 5I7 transition for Ho3+ , is a quasi-three-

level system there are reabsorption losses on the lasing wavelength in addition to the OH- 

impurities etc. Estimates range from 5 – 10 dB total loss over 1 m at 2050 nm due to 

reabsorption [76, 77]. Note that in the code in Appendix D it is factored in by setting gain to 

15 dB and loss to ~0 dB, which is equivalent to setting gain to 25 dB and loss to 10 dB for 

ease of use. 

Assuming 10 dB absorption [76], and emission and absorption cross-sections at the lasing 

wavelength of 2050 nm are 0.6 * 10-25 m2 and 2.2 * 10-25 m2
 respectively, we can calculate 

the small signal gain [78, 79]: 

𝑔଴ = 𝛼ு௢. ൬
𝜎௘௠௦

𝜎௔௕௦
൰ (𝐹. 3) 

 

𝑔଴ ≈ 15 𝑑𝐵 
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F.6 Calculating Third-order Dispersion in Silica 
Glass 

Lastly, the TOD of the simulated fibres was estimated by using the method described by 

Marcuse (1980) [87]. Marcuse (1980) relates the first, second and third orders of dispersion 

through the respective derivatives of the propagation constant, β:   

𝛽̇ =
1

𝑐
൬𝑛 − 𝜆

𝑑𝑛

𝑑𝜆
൰ (𝐹. 4) 

𝛽̈ =
𝜆ଷ

2𝜋𝑐ଶ

𝑑ଶ𝑛

𝑑𝜆ଶ
 (𝐹. 5) 

𝛽ሸ = −
𝜆ଶ

(2𝜋)ଶ𝑐ଷ
ቆ3𝜆ଶ

𝑑ଶ𝑛

𝑑𝜆ଶ
+ 𝜆ଷ

𝑑ଷ𝑛

𝑑𝜆ଷ
ቇ (𝐹. 6) 

This requires calculating the derivatives of the refractive index of the material at the lasing 

wavelength (2 μm). To calculate the derivatives of n, we look to the work of Miyagi & 

Nishida (1979). By utilising the Sellmeier equation, Equation F.7 we obtain expressions for 

the wavelength derivatives F.8 – F.10 [88]: 

𝑛ଶ =  1 + ෍
𝑎௜𝜆

ଶ

𝜆ଶ − 𝑏௜

ଷ

௜ୀଵ

  (𝐹. 7) 

𝑑𝑛
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= −

𝜆

𝑛
൭෍
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(𝜆ଶ − 𝑏௜)
ଶ

ଷ

௜ୀଵ

൱ (𝐹. 8) 

𝑑ଶ𝑛
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=

1

𝑛
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൬
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Where ai and bi are the Sellmeier coefficients for silica fibre [88]: 

𝑎ଵ = 0.6961663, 𝑏ଵ = 0.004679148 

𝑎ଶ = 0.4079426, 𝑏ଶ = 0.01351206 

𝑎ଷ = 0.8974994, 𝑏ଷ = 97.934002 

Using Equations F.4 – F.10, it was possible to calculate the TOD propagation constant term 

for λ = 2050 nm, yielding 𝛽ሸ ≈ −0.00196 psଶ/m. Note that this value only reflects the 

material contribution, and neglects the other contributions (e.g. modal, PMD) to TOD, thus 

this value is an underestimate. Nonetheless, it is included in the simulation work of Chapter 4 

for completeness. 
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F.7 Effects of Simulated TOD 

The effects on the simulated laser cavity presented in Section 4.4 are done again, with and 

without TOD. The results are shown in Figure F-1a,b,c and F-2a,b,c respectively: 

 

 

 

 

 

Figure F-1: Simulation results for TOD enabled. 
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As expected, there is approximately no change in the SESAM’s nonlinear absorption, with 

the TOD enabled and disabled simulations demonstrating 18.2% and 18.6% respectively. 

Any difference can be explained by the difference in pulse temporal FWHM, which was 1.89 

and 2.24 ps for the TOD and non-TOD simulations respectively. This result is particularly 

interesting as it implies that some pulse compression is occurring due to the introduction of 

TOD. In particular, this aligns with the earlier calculations through Equations F.4 – F.10 

above, as the sign of the dispersion is opposite to that of the anomalous dispersion in the 

cavity; the TOD is small and normal. Thus, according to the results in Figures F-1 and F-2, 

the small normal dispersion from TOD slightly counteracts the GVD in the fibre. In line with 

the pulse durations we see a slightly larger bandwidth for the TOD simulation, but we 

expectantly see that the central wavelengths remain the same at 2064.2 nm. 

It would be enlightening to further investigate this effect by more carefully determining the 

total TOD for the various fibres, either by considering waveguide, modal, polarisation, etc. 

contributions to the TOD in the calculations, or by experimental characterisation of the fibres 

used. This is of particular import due to the discrepancy in pulse duration that arose in the 

simulation of the 7 m DCF cavity in Section 4.5, whereby the simulation overestimated the 

pulse temporal FWHM by a factor of two. A more accurate calculation of the TOD may yield 

more accurate dispersion compensation predictions in future. Unfortunately, this is outside 

the scope of this thesis. However, this will be crucial to optimising lasers of similar design to 

those in this project in future work, particularly as such designs are scaled further toward 

femto, or possibly attosecond pulse durations.  
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Appendix G  
Time Evolution of Laser Cavity 
Designs 
 
Appendix G consists of eight pages containing printouts of the time domain intensity, 

SESAM absorptivity and pulse spectrum for simulations Designs 1 – 8 from Sections 4.3 and 

4.4. Each simulation is started from a packet of random (quantum) spectral noise generated 

via MATLABs normal distribution function, as can be seen in the 2nd round trip printout on 

Figures G-1 to G-8. 
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G.2 Design #2 Simulation   

 
Figure G-2: (From top to bottom in each square) simulations of the 
time domain intensity, SESAM saturable absorption and the pulse 
spectrum at 2 to 600 round trips for Design #2 from Section 4.3. 
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G.3 Design #3 Simulation   

 

Figure G-3: (From top to bottom in each square) simulations of the 
time domain intensity, SESAM saturable absorption and the pulse 
spectrum at 2 to 600 round trips for Design #3 from Section 4.3. 
 



181 
 

G.4 Design #4 Simulation   

 
Figure G-4:  (From top to bottom in each square) simulations of the 
time domain intensity, SESAM saturable absorption and the pulse 
spectrum at 2 to 600 round trips for Design #4 from Section 4.3. 
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G.5 Design #5 Simulation   

 
Figure G-5: (From top to bottom in each square) simulations of the 
time domain intensity, SESAM saturable absorption and the pulse 
spectrum at 2 to 600 round trips for Design #5 from Section 4.3. 
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G.6 Design #6 Simulation   

 
 Figure G-6: (From top to bottom in each square) simulations of 
the time domain intensity, SESAM saturable absorption and the 
pulse spectrum at 2 to 600 round trips for Design #6 from Section 
4.3. 
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G.7 Design #7 Simulation   

 

Figure G-7: (From top to bottom in each square) simulations of the 
time domain intensity, SESAM saturable absorption and the pulse 
spectrum at 2 to 600 round trips for Design #7 from Section 4.3 
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G.8 Design #8 Simulation  

  
 

 Figure G-8: (From top to bottom in each square) simulations of the 
time domain intensity, SESAM saturable absorption and the pulse 
spectrum at 2 to 600 round trips for Design #8 from Section 4.4. 
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Appendix H    
Time Evolution of DCF-spliced Cavity 
Simulations 
 
Appendix H consists of five pages of printouts of the time domain intensity, SESAM 

absorptivity and pulse spectrum for simulations of 3, 5, 7, 9 and 11 m of DCF spliced into the 

cavity. Each simulation is started from a packet of random (quantum) of spectral noise 

generated via MATLABs normal distribution function, as can be seen in the 2nd round trip 

printout on Figures H-1 to H-5. 
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H.1 3 m DCF Simulation 

 

 
Figure H-1: (From top to bottom in each 
square) simulations of the time domain 
intensity, SESAM saturable absorption and the 
pulse spectrum at 2 to 600 round trips for 3 m 
of DCF spliced into the cavity. 
 

 

 



188 
 

H.2 5 m DCF Simulation  

 

Figure H-2: (From top to bottom in each 
square) simulations of the time domain 
intensity, SESAM saturable absorption and 
the pulse spectrum at 2 to 600 round trips for 
5 m of DCF spliced into the cavity. 
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H.3 7 m DCF Simulation  

 

Figure H-3:  (From top to bottom in each 
square) simulations of the time domain 
intensity, SESAM saturable absorption and the 
pulse spectrum at 2 to 600 round trips for 7 m 
of DCF spliced into the cavity. 
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H.4 9 m DCF Simulation  

 
Figure H-4: (From top to bottom in each square) simulations of the 
time domain intensity, SESAM saturable absorption and the pulse 
spectrum at 2 to 600 round trips for 9 m of DCF spliced into the 
cavity. 
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H.5 11 m DCF Simulation  

 

 Figure H-5: (From top to bottom in each 
square) simulations of the time domain 
intensity, SESAM saturable absorption and 
the pulse spectrum at 2 to 600 round trips for 
11 m of DCF spliced into the cavity. 
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Appendix I  
Publications and Presentations 
 

 

Kolovinos, A, Boyd, K, McAfee, D, Ganija, M & Veitch, P 2021, ‘Optimisation of a 

Dispersion Compensating Fibre Length in a SESAM Mode-locked Cavity’, presented at 

Australian and New Zealand Conference on Optics and Photonics (ANZCOP), online, 18 – 

19 November 

 

Kolovinos, A, Boyd, K, McAfee, D & Ganija, M 2022, ‘Experimental Investigation of Ring 

Cavity Architecture on Holmium Fibre Laser Mode-locked Stability’, presented at Australian 

and New Zealand Conference on Optics and Photonics (ANZCOP), Adelaide, South 

Australia, 12 – 15 December 
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