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UNIVERSITY OF SOUTHAMPTON 

ABSTRACT 

FACULTY OF PHYSICAL SCIENCES AND ENGINEERING 

Optoelectronics Research Centre 

Thesis for the degree of Doctor of Philosophy 

HIGH POWER PULSED THULIUM DOPED FIBRE LASERS AND THEIR 

APPLICATIONS 

By Sijing Liang 

This thesis presents the development of a high-peak-power, gain-switched diode-

seeded, thulium doped fibre master oscillator power amplifier (MOPA), along with 

its various applications in nonlinear frequency conversion. 

To exploit the peak power scalability of a large-mode-area (LMA) thulium doped 

fibre (TDF), a three-stage MOPA structure was first demonstrated to produce 1-MHz, 

52-ps pulses with a maximum average/peak output power of 3.94 W/76 kW. A four-

stage configuration was proposed to enhance the overall nonlinear threshold of the 

system, thereby scaling the pulse peak power to a higher level. Eventually, 35-ps 

pulses with a record-breaking peak power of 295 kW and a maximum average 

output power of 10.34 W were obtained from this nearly all-fibre thulium doped 

fibre MOPA system. 

The presented high-peak-power thulium doped fibre MOPA systems were used to 

demonstrate stable and flexible laser sources with a combined operation window 

from the visible to the mid-infrared. 2-µm-pumped supercontinuum (SC) generation 

in fluoride fibres has demonstrated an ultra-broadband spectral output from 750 

nm to 5 µm with a total output power of 1.76 W. Frequency up-conversion of the 

high-power thulium doped fibre MOPA was also investigated based on periodically-

poled-lithium-niobate (PPLN). Maximum output powers of 2.4 W and 0.69 W were 

achieved in second harmonic generation (SHG) and fourth harmonic generation 

(FHG), respectively. Besides, an optical parametric generator (OPG) and an optical 

parametric amplifier (OPA) based on orientation-patterned GaAs (OP-GaAs) were 

demonstrated to produce signal and idler pulses with wide wavelength-tuning 

ranges from 2550 nm to 2940 and from 5800 nm to 8300 nm, respectively. 
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Chapter 1 Introduction 

This chapter starts with a literature review of the-state-of-the-art thulium doped 

fibre lasers (TDFLs) and their applications in section 1.1. Our motivations of 

conducting research activities in this particular field are given in section 1.2. An 

outline of this thesis is provided in section 1.3. 

 

1.1 The topic area 

1.1.1 Thulium doped fibre sources 

Laser emissions from rare earth ions doped materials were first observed in bulk 

glasses in the 1960s [1–3]. Since the first neodymium doped fibre laser was 

reported later on [4], there has been extensive research in fibre lasers and fibre 

amplifiers. The next three decades saw a rapid development and many important 

breakthroughs in this field, thanks to the development of mature fibre fabrication 

techniques and the availability of high brightness laser diodes [5]. Laser diodes 

emitting at 9xx nm have accelerated the development of fibre lasers and fibre 

amplifiers doped with Yb
3+

 and Er
3+

 working at 1 µm and 1.55 µm, as shown in 

figure 1.1 [6].  

In the last twenty years, there has been a surge of research studies in thulium 

doped fibre lasers operating in the 2-µm region where there is a wealth of 

applications. In addition to the well-known advantages of fibre-based laser sources 

(e.g., compactness and long-term stability), TDFLs have another merit that they are 

“eye safer” as compared to 1-µm lasers, because laser radiation at 2 µm can be 

absorbed in the vitreous body of eyes so that it does not reach the retina. Hence 

the threshold of untreatable eye damage is significantly higher [7]. Moreover, the 

longer emission wavelength allows using thulium doped fibres with a larger core 

area while maintaining fundamental-mode operation. This results in an up to 4-

times increase in the power scalability of TDFLs in comparison with 1-µm fibre 

lasers [8]. 
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Figure 1.1. Silica fibre attenuation as a function of operating wavelength (red 

line) and the operation windows of fibre lasers doped with different rare 

earth ions [6]. 

 

Driven by the rapid progress in fibre-component technology at 2 µm, substantial 

results have been achieved in developing continuous wave (CW) and pulsed thulium 

doped fibre lasers [9]. In the CW regime, TDFLs with average output powers as high 

as 1 kW have been demonstrated from LMA fibres, owing to the access to high-

power pump diodes at ~790 nm in conjunction with two-for-one cross relaxation 

(CR) process enabled by heavily doped TDFs [10, 11]. This kW-level output power 

was achieved in 2010 from an all-fibre two-stage power amplifier and it remains 

the highest average power reported to date [11]. Since then, wavelength tunability 

of CW TDFLs has become the focus of researchers’ attentions, with numerous 

demonstrations of CW TDFLs delivering hundreds of watt output power over a wide 

wavelength range [12–15]. For example, K. Yin et al. reported an all-fibre high 

power TDFL producing an output power of ~300 W from 1910 nm to 2050 nm [13]. 

Another all-fibre thulium doped fibre MOPA demonstrated tuneable operation from 

1966 nm to 2001 nm with an output power of >250 W [14].  

Table 1.1 summarises the maximum average powers and peak powers achieved 

from the reported pulsed TDFLs based on both LMA fibres and photonic crystal 

fibres (PCFs), to the best of our knowledge. In the nanosecond regime, high-energy 

pulse generation has been demonstrated in TDFLs with different structures, using 

techniques like Q-switching, gain-switching, MOPA approaches and so on [16–18]. 

Recently, nanosecond pulses with a maximum average output power of 238 W were 

generated from a fully-fiberised high-power thulium doped fibre MOPA [19]. In this 
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work, pulse energy and peak power of nanosecond pulses were scaled up to 0.749 

mJ and 12.1 kW, respectively. Further energy scaling to beyond 1 mJ has been 

achieved in [20] and [21]. Nanosecond pulses with a highest peak power of 54 kW 

were obtained from an LMA-fibre-based thulium doped fibre MOPA seeded by a 

gain-switched TDFL [21]. With mature fabrication techniques and stable output 

performances, LMA thulium doped fibres have proved themselves good candidates 

for building lasers that deliver high average output powers.  

Thulium doped photonic crystal fibre, on the other hand, is more favourable for 

scaling the peak power of laser pulses due to its low nonlinearity, irrespective of 

the special care required in handling such fibres. By using a rod-type thulium-doped 

PCF with an 80-µm core diameter, peak power of nanosecond pulses was 

successfully enhanced to ~1 MW [22]. Generally speaking, large-core thulium-

doped photonic crystal fibres are more often used in the quest for high peak 

powers, therefore the maximum average output power reported from a PCF-based 

nanosecond-pulsed TDFL is far less than that from an LMA-fibre-based TDFL. 

 Nanosecond Picosecond Femtosecond 

LMA Max. Avg. Power 238 W [19] 240 W [32] 15.6 W [25] 

Max. Peak Power 54 kW [21] 130 kW [30] 

(295 kW *) 

200 MW [25] 

PCF Max. Avg. Power 7 W [22] 6 W [31] 152 W [27] 

Max. Peak Power 1 MW [22] 230 kW [31] 4 GW [26] 

Table 1.1. Maximum average powers and peak powers of pulsed TDFLs 

reported in literatures. (Power noted by the asterisk is the highest peak 

power achieved in this thesis). 

 

Femtosecond-pulsed TDFL is a good option for applications demanding ultrashort 

pulses with extremely high peak power. The first demonstration of femtosecond 

pulses from an LMA thulium doped fibre amplifier was reported in 2005, which 

obtained 108-fs pulses with 230-kW peak power without using an external pulse 

compressor [23]. Chirped pulse amplification (CPA) provides an easier route to 

scale the pulse peak power to MW level, because high-peak-power-induced 

nonlinear effects can be avoided in fibre amplifiers by temporally stretching the 

seed pulses. Amplified pulses are then compressed to shorter pulses with higher 

peak power at the output, for example by an external grating compressor [24]. P. 

Wan et al. reported the current highest peak power (~200 MW) of femtosecond 



 

4 

pulses generated from an LMA-TDF-based MOPA system, with a pulse duration of 

780 fs and pulse energy of 156 µJ after compression [25]. Recently, the peak power 

of femtosecond pulses yielded from a Tm-doped-PCF chirped-pulse amplification 

system was enhanced by employing a gas-filled hollow-core glass capillary for 

nonlinear pulse compression, reaching 4 GW [26]. Interestingly, a high-average-

power thulium doped fibre CPA system was demonstrated by F. Stutzki et al. in 

2014, producing sub-700-fs pulses with a record average output power of 152 W 

and a peak power of 4 MW from a thulium doped PCF with a 50-µm core diameter 

[27]. Such CPA systems can easily generate femtosecond pulses with peak power 

in excess of MW, but they require dispersion management and external devices for 

pulse compression, which makes the system configuration more complicated. 

Picosecond pulse generation was less explored in the prior work and the peak 

power record stood at only ~10 kW [28, 29]. But the peak power was lately 

increased to ~130 kW in a gain-switched diode-seeded MOPA system based on an 

LMA thulium doped fibre [30]. This high-power diode-seeded MOPA system can 

provide picosecond pulses offering material processing benefits comparable to 

femtosecond laser systems but with additional advantages of flexibility and lower 

cost. S. Guillemet et al. recently demonstrated 520-ps pulses with a peak power of 

up to 230 kW from a thulium doped PCF with a core diameter of 80 µm [31]. An all-

fibre linearly-polarised picosecond thulium doped fibre MOPA system reported the 

current highest average output power of 240 W, which is comparable to the average 

power of many nanosecond-pulsed TDFLs [32].  

 

1.1.2 Applications of TDFLs 

Thulium doped fibre lasers have been utilised for a variety of applications, which 

include sensing, spectroscopy, laser surgery, material processing, nonlinear 

frequency conversion and so on [7, 33–37]. 

TDFLs can be employed in the detection and analysis of many atmospheric gases 

such as H2O and CO2, because many absorption lines of these gases are located 

around 2 µm, as illustrated in figure 1.2 [38]. In many atmospheric transmission 

windows near 2 µm, pulsed fibre laser sources enable geographical detection 

including direction, position and distance, by measuring the back scattered light. 

In such LIDAR (LIght Detection And Ranging) applications, 2-µm short-pulse fibre 

lasers with appreciable power are ideal for practical usage [7]. LIDAR operating in 



 

5 

the 2-µm region has an exceptional benefit that it allows using pulsed TDFLs with 

almost 4-times higher pulse energy as compared to 1-µm fibre lasers [38]. 

 

Figure 1.2. Atmospheric transmission over the 0.8–2.2 µm wavelength range 

for 6-km propagation measured at 1000-m height from ground level [38]. 

 

TDFLs are very promising in surgical applications due to strong water absorption 

at 2 µm. As indicated in figure 1.3, the penetration depth is reduced to a few 

hundred µm when using 2-µm lasers, leading to minimal damage around the 

exposed area caused by ablation effects. TDFLs also allow precise cutting of 

biological tissue since substantial heat can be generated in small areas of the 

highly-hydrated tissue [7, 35]. 

 

Figure 1.3. Absorption and penetration depth in biological tissue as a 

function of wavelengths [7]. 
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Material processing, especially plastics processing, can take advantage of 2-µm 

fibre lasers that deliver high output power and good beam quality. Plastic materials 

exhibit strong absorption around 2 µm, allowing direct processing with 2-µm fibre 

lasers. Hence using reliable high-power TDFLs can simplify the process of cutting, 

welding and marking plastic materials [7, 34]. 

Thulium doped fibre possessing broad gain bandwidth in the 2-µm region is 

attractive to optical communication because of its potential to extend the current 

telecommunication window, thereby increasing the transmission capacity and 

addressing the “capacity crunch” problem in the near future [39]. In the past few 

years, considerable achievements were obtained in developing high-gain thulium 

doped fibre amplifiers (TDFAs) with a wide operation window. Diode-pumped 

TDFAs provide high gain and low noise amplification over a 250-nm wavelength 

range from 1800 nm to 2050 nm, which strongly supports the exploitation of a 

new transmission window for communications at 2 µm [40]. The amplification 

window has lately extended down to 1.65 µm [41, 42] whilst a TDFL based on a 

Tm/Ge co-doped fibre has recently demonstrated ultra-short-wavelength operation 

in the 1620-1660nm waveband [43], both indicating the possibility to bridge the 

gap between erbium doped fibre amplifiers (EDFAs) and TDFAs.  

In addition to the applications described above, TDFLs are also interesting for 

generating mid-infrared lasers via nonlinear frequency conversion, particularly in 

the field of SC generation where appreciable results have been achieved [44–46]. 

Mid-infrared SC laser sources offering advantages such as high brightness, good 

spatial coherence and broad spectral bandwidth are desirable for many applications, 

including molecular spectroscopy, optical frequency metrology, optical coherence 

tomography and so on [47]. In particular, high-power mid-infrared SC generation 

is very useful for gas sensing, since absorption lines of a variety of gases reside in 

the mid-infrared region, as depicted by figure 1.4 [48]. 
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Figure 1.4. Mid-infrared molecular absorption spectra from HITRAN database 

[48]. 

 

Hagen et al. reported the first SC generation in ZBLAN fibres in 2006 [49]. Before 

the advent of high-power pulsed TDFLs, SC generations in ZBLAN fibres were mostly 

achieved by 1.55-µm fibre lasers, producing broadband laser emissions from ~1.5 

µm to ~3.5 µm [49, 50]. By shifting the pump wavelength from 1.55 µm to 2 µm, 

TDFL-pumped ZBLAN fibres have extended the mid-infrared SC generation to ~4.5 

µm and enabled higher power conversion efficiency from pump to SC generation 

[45, 46].  

To date, ZBLAN-based SC generation with excellent output performances can be 

implemented in fully-fiberised structures, producing broad output spectrum, good 

spectral flatness and watt-level output power for mid-infrared wavelengths. SC 

generation covering 750–4000 nm with a high degree of spectral flatness in the 

long wavelength region has been achieved by pumping ZBLAN fibres with 2-µm 

picosecond pulses [37]. A record average output power of 21.8 W over a span from 

1.9 µm to beyond 3.8 µm has been demonstrated from a thulium-fibre-laser-

pumped ZBLAN fibre [51]. Another high-brightness SC laser source based on ZBLAN 

fibres was reported generating 8.1 W and 1.08 W of power for wavelengths beyond 

3.0 µm and 3.8 µm, respectively [46]. All-fibre turn-key ZBLAN-based SC lasers 
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delivering watt-level output power with excellent stability are now commercially 

available [52]. 

However, the exponentially growing attenuation of ZBLAN fibres beyond 4 µm 

inhibits SC generation extending to longer wavelengths. But further mid-infrared 

SC generation can be addressed by fluoroindate fibres which are more transparent 

over 4–5 µm. As compared to ZBLAN fibres, SC generation in fluoroindate fibres is 

less widely reported. The first demonstration of SC generation in such fluoroindate 

fibres pumped by a femtosecond laser was reported by Théberge et al. in 2013 

[53]. A 20-dB spectral flatness from 2.7 µm to 4.7 µm was achieved in this work, 

implying the possibility to extend mid-infrared SC generation to 5 µm or more. In 

another experiment, an 8-m-long fluoroindate fibre with a core/cladding diameter 

of 16.7/125 µm was pumped by 2-µm pulses, producing a supercontinuum from 

1.7 µm to 3 µm. The spectral broadening was limited to ~3 µm, mainly because of 

the reduced nonlinearity in a larger-core fibre [45].  

Recent results of SC generation in fluoroindate fibres have shown an improvement 

in spectral coverage and spectral flatness. Mid-infrared SC generation from 2.4 µm 

to 5.4 µm was achieved in a low-loss fluoroindate fibre pumped by an erbium doped 

fluoride fibre laser [54], while a picosecond-OPG-pumped SC laser based on a small-

core fluoroindate fibre produced a 5-dB spectral flatness over a span from 2 µm to 

5 µm [55]. Nevertheless, the reported output powers of all these SC laser sources 

using fluoroindate fibres were just in the tens of milliwatt regime, which is 

significantly lower than that achieved in ZBLAN fibres. Further spectral extension 

into the mid-infrared region is expected in the near future with more powerful 

pump sources and better fibre designs/materials. 

 

1.2 Motivations 

Combined with characteristics like compactness, robustness, good beam quality 

and maintenance-free potential, fibre lasers operating in the 2-µm wavelength 

range can easily find many applications in remote sensing, surgery, material 

processing and frequency conversion to different wavelengths. Driven by these 

promising applications, it is interesting to develop thulium doped fibre laser 

sources, especially the high-power pulsed TDFLs, which could serve as practical 

pump sources for many nonlinear frequency conversion applications. 
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We investigate the power amplification of picosecond pulses in a 25-µm-core LMA 

thulium doped fibre, instead of using rod-type thulium doped PCFs with larger core 

size and chirped pulse amplification so as to avoid adding difficulties to system 

operation. The development of our high-power thulium doped fibre MOPA systems 

is also meant for creating novel laser sources emitting at wavelengths that are 

difficult to reach with traditional solid-state lasers.  

Owing to some applications requiring high-power broadband lasers, we study 

supercontinuum generation in fluoride fibres pumped by our high-power thulium 

doped fibre MOPA. We employ a ZBLAN fibre to demonstrate SC generation from 

1 µm to 4 µm so as to accommodate our needs in labs such as characterisation of 

mid-infrared hollow-core fibres. Meanwhile, we aim to enhance the output power 

and extend the spectral bandwidth of mid-infrared SC generation to beyond 4 µm 

by exploiting fluoroindate fibres pumped with 2-µm high-peak-power pulses. 

As shown in figure 1.4, there lies a tremendous amount of molecular absorption 

lines in the “molecular fingerprint” region (7–12 µm), which cannot be accessed by 

our fluoride-fibre-based SC lasers working at the 1–5 µm window. To fill the vacancy 

in laser emission beyond 5 µm, we study optical parametric generation and 

amplification in OP-GaAs crystals pumped by our high-power thulium doped fibre 

MOPA. On the other hand, we also investigate frequency up-conversion in 2-µm-

pumped PPLN crystals so as to attain high-power picosecond pulses at exotic 

wavelengths. 

In general, we develop the high-power thulium doped fibre MOPA and use it for 

different kinds of nonlinear frequency conversion in the hope of providing access 

to laser sources operating over a wide wavelength range. 

 

1.3 Outline of thesis 

This thesis is structured as follows. 

Chapter 2 provides a comprehensive theoretical background which includes 

spectroscopy of thulium doped fibres, the basic laser physics and the enabling 

technologies of fibre lasers, and the nonlinear effects that may be encountered in 

experiments. 
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Chapter 3 focuses on investigating the generation of high-peak-power picosecond 

pulses from a thulium doped fibre MOPA system seeded by a gain-switched laser 

diode. This high-power MOPA system was then employed in different frequency 

conversion applications. 

The development of ultra-broadband mid-infrared SC generation in fluoride fibres 

pumped by the 2-µm high-peak-power picosecond pulses is described in chapter 4. 

Chapter 5 reports frequency doubling and quadrupling of the picosecond thulium 

doped fibre MOPA in PPLN crystals.  

Chapter 6 presents the research in optical parametric generation and amplification 

based on OP-GaAs crystals, using the picosecond thulium doped fibre MOPA as the 

pump source. 

Finally, conclusions and future work are given in chapter 7. 
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Chapter 2 Theoretical background 

This chapter discusses the theoretical background knowledge that is related to the 

experimental work in this thesis. Basics of thulium doped fibres are illustrated in 

section 2.1, including principles of fibres and spectroscopic characteristics of 

thulium doped silica fibres. In section 2.2, rate equations of TDFA are first 

described, followed by a discussion of pumping schemes and an overview of MOPA 

technology. Section 2.3 illustrates the nonlinearities frequently encountered in 

developing high power fibre lasers system as well as the underlying physics of 

supercontinuum generation. An introduction to second order nonlinear effects in 

crystal materials is provided in section 2.4. 

 

2.1 Overview of thulium doped fibres 

2.1.1 Fibre optics basics 

Figure 2.1 depicts the simplest form of an optical fibre which consists of a small 

cylindrical core of glass surrounded by a much larger cladding. The refractive index 

of the core (𝑛1 ) is higher than that of the cladding (𝑛2 ), which enables light 

confinement in the fibre through total internal reflection. This fibre structure is 

known as “step-index” due to an abrupt change in refractive index at the core-

cladding interface [56].  

 

Figure 2.1. Cross section and refractive index profile for a step-index fibre 

[56]. 
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Light propagation along a step-index fibre is illustrated in figure 2.2. A beam is 

injected into the fibre core at an angle of 𝜃𝑖 with respect to the fibre axis. The 

refractive index of air is denoted by 𝑛0. According to Snell’s law, the angle of the 

refracted ray 𝜃𝑟 is given by [57]: 

𝑛0 sin 𝜃𝑖 = 𝑛1 sin 𝜃𝑟                            (2.1) 

 

Figure 2.2. Light confinement through total internal reflection in step-index 

fibres [56]. 

 

The refracted ray strikes the core-cladding interface at an angle of 𝜙, which can 

also be represented by: 

𝜙 =
𝜋

2
− 𝜃𝑟                                   (2.2) 

To keep light inside the optical fibre, the angle 𝜙 must meet the requirement of 

total internal reflection that it has to be larger than a critical angle 𝜙𝑐, which is 

defined by [58]: 

sin 𝜙𝑐 = 𝑛2/𝑛1                                (2.3) 

With Eq. 2.1 to Eq. 2.3, we obtain the numerical aperture (NA) of the fibre, which 

describes the light-gathering capacity of an optical fibre. 

𝑁𝐴 =  𝑛0 sin 𝜃𝑖 =  𝑛1 cos 𝜙𝑐 =  √𝑛1
2 − 𝑛2

2
              (2.4) 
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Step-index fibres can support the transmission of a set of different beams, which 

all satisfy the condition that 𝜙 > 𝜙𝑐 . These beams are called modes and are 

distinguished by their propagation angles with respect to the fibre axis [58]. The 

number of modes that a fibre can carry is determined by the normalised frequency 

parameter, which is also known as the “V number”: 

𝑉 =  
2𝜋∙𝑎

𝜆
𝑁𝐴                                      (2.5) 

where 𝑎 is the fibre core radius and 𝜆 is the light wavelength. When 𝑉 ≤ 2.405, the 

fibre supports only the fundamental mode and such fibre is called single mode 

fibre. A fibre is multimode if 𝑉 > 2.405 [58]. For instance, an LMA thulium doped 

fibre with a core diameter of 25 µm and a core NA of 0.09 yields a V number of 3.6 

at a light wavelength of 1.95 µm, which means this fibre can support 4 modes. To 

ensure fundamental-mode operation in LMA fibres, the LMA fibre can be bent to 

introduce higher attenuation to the high-order modes. 

Light propagation in a step-index fibre can be described by wave equations and 

waveguide-boundary conditions. The propagation constant of the guided modes 

can be obtained by solving these equations and defined as [58]: 

𝛽 = 𝑛𝑒𝑓𝑓𝑘                                       (2.6) 

where 𝑘 is the wavenumber in vacuum and the effective refractive index 𝑛𝑒𝑓𝑓 of a 

guided mode must satisfy the following condition (𝑛2 < 𝑛𝑒𝑓𝑓 < 𝑛1). Silica fibre 

has a frequency dependent refractive index 𝑛(𝜔). Therefore, the mode propagation 

constant can be expanded in a Taylor series about the central frequency of light 

(𝜔0) [59]: 

𝛽(𝜔) = 𝑛(𝜔)
𝜔

𝑐
=  𝛽0 + 𝛽0(𝜔 − 𝜔0) +

1

2
𝛽0(𝜔 − 𝜔0)2 + ⋯        (2.7) 

where 

 𝛽𝑚 =  (
𝑑𝑚𝛽

𝑑𝜔𝑚
)𝜔= 𝜔0

  (𝑚 = 0, 1, 2 ⋯ )                    (2.8) 
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Parameters  𝛽1 and  𝛽2 can be derived from Eq. 2.7 and Eq. 2.8 [59]: 

𝛽1 =  
1

𝑣𝑔
 =  

𝑛𝑔

𝑐
 =  

1

𝑐
 (𝑛 +  𝜔

𝑑𝑛

𝑑𝜔
)                      (2.9) 

𝛽2 =  
1

𝑐
 (2

𝑑𝑛

𝑑𝜔
+ 𝜔

𝑑2𝑛

𝑑𝜔2
 )                           (2.10) 

The group velocity 𝑣𝑔 represents the velocity at which the envelope of an optical 

pulse moves, and 𝛽2 is known as the group velocity dispersion (GVD) parameter. 

Dispersion parameter 𝐷 is defined as [59]: 

𝐷 =  
𝑑𝛽1

𝑑𝜆
 =  −

2𝜋𝑐

𝜆2
𝛽2 =  −

𝜆

𝑐
 
𝑑2𝑛

𝑑𝜆2
                    (2.11) 

Figure 2.3 plots the typical dispersion profile of bulk fused silica as a function of 

wavelength. When 𝐷 < 0 (𝛽2 > 0), the fibre dispersion is described as normal, 

whereas the fibre is said to exhibit anomalous dispersion if 𝐷 > 0 (𝛽2 < 0). In the 

normal dispersion regime, high-frequency components of an optical pulse travel 

slower than the low-frequency components of the same pulse. The opposite 

situation occurs in the anomalous dispersion regime [59].  

 

Figure 2.3. Variation of D with wavelength in bulk fused silica [59]. 
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General thulium doped silica fibres have a large anomalous dispersion because 

operating wavelengths (1.65–2.05 µm) are far from the zero-dispersion wavelength 

(ZDW). Special fibre design can modify the dispersion profile of thulium doped 

fibres and such normal dispersion thulium doped fibres have been demonstrated 

in literatures [60, 61]. But note that all thulium doped fibres used in experiments 

in this thesis are anomalously dispersive at 2 µm.  

 

2.1.2 Spectroscopy of thulium doped silica fibres 

A simplified energy level diagram of thulium doped fibres is plotted in figure 2.4. 

2-µm radiation is achieved by transition from the 
3

F4 level to the 
3

H6 level. Thulium 

ions can be excited from the ground state (
3

H6) to the 
3

F4, 
3

H5 and 
3

H4 levels by pump 

light centred at ~790 nm, ~1210 nm and ~1600 nm. Due to the short lifetime of 

the 
3

H4 level and the relatively small branching ratio (8–10%) of the 
3

H4 → 
3

H5 

transition, non-radiative decay becomes predominant in the transition between 

these two levels [62]. As a result of the close energy spacing between the 
3

H5 and 

3

F4 levels, the 
3

H5 → 
3

F4 transition is also dominated by non-radiative decay [63]. 

Hence 2-µm laser emission can be implemented directly by exciting thulium ions 

to the upper level (
3

F4), or indirectly by non-radiative decaying of ions from the 

excited states to the 
3

F4 level. 

In comparison with Er
3+

, Tm
3+

 has a much shorter lifetime of the upper energy level. 

While the 
4

I13/2 level and the 
4

I15/2 level are so well separated that non-radiative decay 

in erbium doped fibres is negligible, the energy gap between the 
3

F4 level and the 

3

H6 level is much smaller so that multiphonon assisted non-radiative decay in 

thulium doped fibres becomes easier, thereby reducing the measured lifetime of 

the upper state to hundreds of µs. This can lead to a higher pump threshold for 

lasers [62]. 
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Figure 2.4. Energy level diagram of thulium doped silica fibres. 

 

Figure 2.5 illustrates an example of the absorption and emission cross-section 

spectra with corresponding energy levels of a thulium doped silica fibre [64]. Note 

that accurate measurements of absorption and emission cross-sections of TDFs 

used in this thesis cannot be performed, due to limited knowledge of fibre 

composition (e.g. dopant concentration) and lack of proper equipment. However, 

the example cross-sections can still indicate the performance that we can expect 

from our fibres.   

It can be seen from figure 2.5 that the 
3

F4 → 
3

H6 transition features laser emission 

spanning approximately from 1.65 µm to 2.1 µm, which is much broader than the 

emission bandwidth of other rare earth doped silica fibres [62]. This broadband 

emission originates from the Stark-effect-induced splitting of energy levels. Energy 

levels with total orbital momentum 𝐽 are split into a manifold of 𝑔 = 𝐽 + 1/2 energy 

sublevels [65]. Since Tm
3+

 has more sublevels in each Stark manifold than Er
3+

 and 

Yb
3+

, it has potentially larger absorption and emission bandwidth. In-band pumping 

at ~1.6 µm is beneficial to efficient laser emission at 2 µm due to an inherent low 

quantum defect. 
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Figure 2.5. Absorption and emission cross-section spectra of thulium doped 

silica fibres [64]. 

 

In contrast, the pump bands at ~790 nm and ~1210 nm are much narrower than 

the 1550–1750 nm pump band. On the other hand, thulium doped fibres are prone 

to suffer from excited state absorption (ESA) when pumped around 1210 nm [63]. 

Despite a narrow pump bandwidth, the 790-nm pumping scheme offers the 

advantage of much stronger pump absorption as compared to in-band pumping, 

which helps in shortening the device length. Moreover, the 780–800 nm pump band 

is attractive to high power operation because it can be accessed by high-power 

multimode laser diodes. 

The quantum defect of the ~790-nm pumped TDFL is large, which limits the laser 

quantum efficiency to a maximum of ~40%. However, the laser efficiency can be 

enhanced to beyond the quantum limit by means of the cross relaxation process 

3

H4,
3

H6 → 
3

F4, 
3

F4, as indicated in figure 2.4 [62]. A thulium ion at the excited state 

3

H4 can decay to the 
3

F4 level, while transferring its residual energy to another 

thulium ion at the ground state 
3

H6, which is then excited to the 
3

F4 level. This 

process is also known as “two-for-one” cross relaxation because two excited states 

of Tm
3+

 are created for a single absorbed pump photon. Hence the laser efficiency 

can be enhanced to the maximum of ~80% in theory. To date, a typical slope 

efficiency of 50-60% can be obtained from a high-power TDFL pumped at ~790 nm 

[66]. However, it was found that the CR process exhibits a strong dependence on 
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the fibre dopant concentration [67, 68]. To achieve efficient cross relaxation, it 

requires a fibre with high Tm
3+

 concentration, usually >2 wt. %. Al
3+

 is added in fibre 

fabrication to provide rare earth solubility to silica and minimise clustering of Tm
3+

, 

with an Al
3+

/ Tm
3+ 

concentration ratio of >10 recommended [62, 67, 68]. 

 

2.2 Amplification in thulium doped fibres 

2.2.1 Rate equations of thulium doped fibre amplifiers 

Amplification in thulium doped fibres can be described by rate equations, just like 

other rare earth doped fibre amplifiers. General rate equations for three-level 

systems are detailed in literatures [65, 69]. But in this subsection, rate equations 

are specified for in-band pumped and indirectly pumped TDFAs. 

Before discussing the rate equations, the energy level diagram in figure 2.4 is 

simplified into figure 2.6 which includes only four energy levels (
3

H6, 
3

F4,
3

H5 and 
3

H4). 

The population of energy levels are denoted by 𝑁0, 𝑁1, 𝑁2 and 𝑁3, respectively. 

𝑁2 is negligible due to the fast non-radiative decay from 
3

H5 to 
3

F4. 𝑊𝑝03, 𝑊𝑝01 

and 𝑊𝑝10 are the pump transitions, and 𝑊𝑠01 and 𝑊𝑠10 are the signal transition 

between energy levels. The subscript numbers indicate the energy levels involved. 

For example, 𝑊𝑝03 represents the pump transition from level 0 (
3

H6) to level 3 (
3

H4). 

Spontaneous lifetimes of levels 
3

F4,
3

H5 and 
3

H4 are represented by 𝜏1, 𝜏2 and 𝜏3. 

Cross relaxation process, denoted by 𝐶𝑝, is also considered in the following rate 

equations. Note that more details about the theoretical model of TDFAs can be 

found in ref. [70]. 
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Figure 2.6. Simplified energy level diagram of TDFAs. 

 

2.2.1.1 3

H6 → 
3

F4 pump scheme 

In the case of in-band pumping at ~1600 nm, thulium ions at the ground state are 

directly pumped to the upper state 
3

F4 and cross relaxation process can be ignored 

due to very few ions are excited to the energy levels above 
3

F4. Thus, rate equations 

of a TDFA at any position along the active fibre can be expressed as [70]: 

𝑑𝑁0(𝑧,𝑡)

𝑑𝑡
= −𝑊𝑝01 + 𝑊𝑝10 +

𝑁1(𝑧,𝑡)

𝜏1
+ 𝑊𝑠10 − 𝑊𝑠01                 (2.12) 

𝑑𝑁1(𝑧,𝑡)

𝑑𝑡
= 𝑊𝑝01 − 𝑊𝑝10 −

𝑁1(𝑧,𝑡)

𝜏1
− 𝑊𝑠10 + 𝑊𝑠01                  (2.13) 

The concentration of thulium ions inside the fibre, 𝑁𝑇, can be approximately 

viewed as the total number of ions in level 0 (
3

H6) and level 1 (
3

F4) [70]: 

𝑁𝑇 = 𝑁0(𝑧, 𝑡) + 𝑁1(𝑧, 𝑡)                                (2.14) 

The pump absorption rate 𝑊𝑝01 is given by [70]: 

𝑊𝑝01 =
𝜆𝑝Γ𝑝

ℎ𝑐𝐴𝑐𝑜𝑟𝑒
𝜎𝑎(𝜆𝑝)𝑁0(𝑧, 𝑡)[𝑃𝑝

−(𝑧) + 𝑃𝑝
+(𝑧)]            (2.15) 

De-excitation of thulium ions at level 1 (
3

F4) is expressed as [70]: 

𝑊𝑝10 =
𝜆𝑝Γ𝑝

ℎ𝑐𝐴𝑐𝑜𝑟𝑒
𝜎𝑒(𝜆𝑝)𝑁1(𝑧, 𝑡)[𝑃𝑝

−(𝑧) + 𝑃𝑝
+(𝑧)]            (2.16) 
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Signal transitions between level 0 (
3

H6) and level 1 (
3

F4),  𝑊𝑠01 and 𝑊𝑠10, are written 

as [70]: 

𝑊𝑠01 =
𝜆𝑠Γ𝑠

ℎ𝑐𝐴𝑐𝑜𝑟𝑒
𝜎𝑎(𝜆𝑠)𝑁0(𝑧, 𝑡) × [𝑃𝑠(𝑧) + 𝐴𝑆𝐸𝑓(𝑧) + 𝐴𝑆𝐸𝑏(𝑧)]     (2.17) 

𝑊𝑠10 =
𝜆𝑠Γ𝑠

ℎ𝑐𝐴𝑐𝑜𝑟𝑒
𝜎𝑒(𝜆𝑠)𝑁1(𝑧, 𝑡) × [𝑃𝑠(𝑧) + 𝐴𝑆𝐸𝑓(𝑧) + 𝐴𝑆𝐸𝑏(𝑧)]     (2.18) 

In the above equations, ℎ is the Planck constant and 𝑐 is the speed of light in 

vacuum. 𝜆𝑝 and 𝜆𝑠 stand for the wavelengths of pump and signal, respectively. 

𝐴𝑐𝑜𝑟𝑒  is the cross-section area of the doped core [70]. Γ𝑝  and Γ𝑠  denote the 

confinement factors of the pump and signal inside the doped fibre. 𝜎𝑎(𝜆𝑝) and 

𝜎𝑎(𝜆𝑠)  are the absorption cross sections of the pump and signal, while the 

corresponding emission cross sections are represented by 𝜎𝑒(𝜆𝑝) and 𝜎𝑒(𝜆𝑠) [70].  

Signal power at position 𝑧  is termed as 𝑃𝑠(𝑧) . Accordingly, the forward and 

backward pump powers at position 𝑧 are denoted by 𝑃𝑝
+(𝑧) and 𝑃𝑝

−(𝑧). 𝐴𝑆𝐸𝑓(𝑧) 

and 𝐴𝑆𝐸𝑏(𝑧) refer to the amplified spontaneous emission (ASE) in the forward and 

backward directions, respectively [70]. 

Thus, power distributions of the pump, signal and ASE can be expressed as follow 

[70]: 

𝑑𝑃𝑝
±

𝑑𝑧
= ±𝑃𝑝

±(𝑧) [Γ𝑝 (𝜎𝑒(𝜆𝑝)𝑁1(𝑧) − 𝜎𝑎(𝜆𝑝)𝑁0(𝑧)) − 𝛼𝑝]     (2.19) 

𝑑𝑃𝑠

𝑑𝑧
= 𝑃𝑠(𝑧)[𝛤𝑠(𝜎𝑒(𝜆𝑠)𝑁1(𝑧) − 𝜎𝑎(𝜆𝑠)𝑁0(𝑧)) − 𝛼𝑠]         (2.20) 

𝑑𝐴𝑆𝐸𝑓

𝑑𝑧
= 𝐴𝑆𝐸𝑓(𝑧)[𝛤𝑠(𝜎𝑒(𝜆𝑠)𝑁1(𝑧) − 𝜎𝑎(𝜆𝑠)𝑁0(𝑧)) − 𝛼𝑠] +

                               2𝜎𝑒(𝜆𝑠)𝑁1(𝑧)
ℎ𝑐2

𝜆𝑠
3 ∆𝜆                                          (2.21) 

   

𝑑𝐴𝑆𝐸𝑏

𝑑𝑧
= −𝐴𝑆𝐸𝑏(𝑧)[𝛤𝑠(𝜎𝑒(𝜆𝑠)𝑁1(𝑧) − 𝜎𝑎(𝜆𝑠)𝑁0(𝑧)) − 𝛼𝑠] +

                               2𝜎𝑒(𝜆𝑠)𝑁1(𝑧)
ℎ𝑐2

𝜆𝑠
3 ∆𝜆                  (2.22) 

where  𝛼𝑝 and 𝛼𝑠 are the intrinsic absorptions of the active fibre at pump and signal 

wavelengths; ∆𝜆 is the ASE bandwidth [70]. 
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When the amplifier operates in the steady state, the following condition is met [70]: 

𝑑𝑁0(𝑧,𝑡)

𝑑𝑡
=

𝑑𝑁1(𝑧,𝑡)

𝑑𝑡
= 0                            (2.23) 

With initial conditions of the TDFA (e.g. 𝑃𝑝
+(𝑧 = 0), 𝑃𝑠(𝑧 = 0), etc.) and parameters 

of the doped fibre (e.g. absorption and emission cross-sections, fibre dimension, 

etc.), the rate equations and the power distribution along the fibre can be solved 

numerically. 

 

2.2.1.2 3

H6 → 
3

H4 pump scheme 

When thulium ions are pumped to the 
3

H4 level by ~790-nm light, cross relaxation 

can take place and rate equations are revised to [70]: 

𝑑𝑁3(𝑧,𝑡)

𝑑𝑡
= 𝑊𝑝03 −

𝑁3(𝑧,𝑡)

𝜏3
− 𝐶𝑝                        (2.24) 

𝑑𝑁1(𝑧,𝑡)

𝑑𝑡
= −

𝑁1(𝑧,𝑡)

𝜏1
+

𝛽31𝑁3(𝑧,𝑡)

𝜏3
− 𝑊𝑠10 + 𝑊𝑠01 + 2𝐶𝑝         (2.25) 

𝑁𝑇 = 𝑁0(𝑧, 𝑡) + 𝑁1(𝑧, 𝑡) + 𝑁3(𝑧, 𝑡)                   (2.26) 

𝐶𝑝  = 𝑘3101𝑁0(𝑧, 𝑡)𝑁3(𝑧, 𝑡) − 𝑘1310𝑁1
2(𝑧, 𝑡)             (2.27) 

where 𝛽31 is the branching ratio of spontaneous transition from level 3 (
3

H4) to 

level 1 (
3

F4); 𝑘3101 and 𝑘1310 represent the cross-relaxation constants [70]. 

Pump absorption rate 𝑊𝑝03 is written as: 

𝑊𝑝03 =
𝜆𝑝Γ𝑝

ℎ𝑐𝐴𝑐𝑜𝑟𝑒
𝜎𝑎(𝜆𝑝)𝑁0(𝑧, 𝑡)[𝑃𝑝

−(𝑧) + 𝑃𝑝
+(𝑧)]            (2.28) 

Expressions (Eq. 2.20–2.22) remain valid for the power distributions of signal and 

ASE along the fibre. But the propagation equation of pump light in the TDF should 

be replaced by [70]: 

𝑑𝑃𝑝
±

𝑑𝑧
= ∓𝑃𝑝

±(𝑧) [𝛤𝑝 (𝜎𝑎(𝜆𝑝)𝑁0(𝑧)) + 𝛼𝑝]                  (2.29) 

In doped fibres with low Tm
3+

 concentration (e.g. <1 wt.%), the cross relaxation 

effect can be neglected. But it has been shown in ref. [70] that the incorporation of 

CR process in the rate equations can further improve the accuracy of the numerical 

modelling, even for a fibre with a doping concentration of 1.25 wt.% of Tm
3+

. 
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2.2.2 Pump configurations 

Generally speaking, fibre lasers and fibre amplifiers are either core-pumped or 

cladding-pumped in practice. Figure 2.7 illustrates the principles of these two 

pumping schemes [71].  

 

Figure 2.7. (a) Core-pumping and (b) cladding-pumping schemes for rare 

earth doped fibre lasers [71]. 

 

In the core-pumping scheme, both pump light and signal light propagate inside the 

fibre core. Pump absorption is high in the core-pumped structure due to the tight 

confinement of the pump light in the doped core, which helps in reducing the active 

fibre length. High-gain amplification is achievable with this approach because of 

the high population inversion and the large overlap between the pump and signal. 

However, the core-pumped configuration has a notable drawback that applicable 

pump power is largely limited by the small fibre core, as single-mode pump diodes 

normally have a sub-watt output power. Thus, the core-pumping approach is more 

suitable for building preamplifiers. 

Double-clad fibres were invented in 1988 to address the unavailability of powerful 

single-mode pump diodes [72]. As shown in figure 2.7, a double-clad fibre has a 

doped core which guides the signal light and an inner cladding surrounded by a 

layer of low-index coating, which enables pump light propagation in the inner 

cladding. Therefore, high power multimode pump diodes can be used owing to the 

large dimension of the inner cladding, whereas the signal light can maintain single-

mode operation and thus good beam quality. However, pump absorption in double-

clad fibre is less efficient than that in a core-pumped fibre because some of the 
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pump light does not overlap with the core in a symmetric circular fibre geometry, 

which can be seen from figure 2.8 [71]. Pump absorption in double-clad fibres can 

be improved by breaking the circular symmetry in the fibre structure, for example 

a D-shaped cladding and an octagonal cladding. Overall, the cladding-pumping 

scheme is very promising for power-scaling the rare earth doped fibre lasers, 

regardless of the lower absorption efficiency in double-clad fibres. 

 

Figure 2.8. Pump propagation in double-clad fibres with different structures 

(circular, D-shaped, octagonal and PANDA) [71]. 

 

2.2.3 Master oscillator power amplifiers 

Fiberised MOPA is a common approach to scale the laser output power with 

multiple advantages. The fundamental configuration of a MOPA can be summarised 

in figure 2.9 as a single-frequency seed followed by several high-gain amplifiers [5]. 

A low-power signal is gradually amplified to the desired high power level, usually 

after going through two pre-amplifiers and a final power amplifier. Isolators are 

inserted in between the amplifiers to avoid signal reflection which could be 

amplified in the backward direction and lead to optical damage of the system [5]. 

 

Figure 2.9. Schematic of a MOPA system [5]. 

 

To achieve the same required performance with a MOPA instead of a single high 

power laser, the MOPA approach has one apparent advantage that many output 

parameters like laser wavelength, pulse width and so on are decoupled from the 
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high power amplification with independent control of the seed [5]. Take gain-

switched seed diode as an example. Gain-switching refers to the laser gain 

modulation by pump power. Laser emission occurs with a short time delay after 

applying high pump power to the laser. Radio-frequency (RF) signal generated from 

pulse generators is often used to modulate the gain in the case of gain-switching 

a laser diode. One can easily change the pulse duration, repetition rate and pulse 

peak power of the seed diode by changing the parameters of the applied electrical 

signal. These laser parameters are not affected in the subsequent amplification 

process of the MOPA. 

Apart from the extra flexibility of a MOPA system, the optical components in the 

MOPA system do not have a harsh requirement for high power-handling capacity 

as compared to those components in a high-power laser resonator. However, the 

MOPA scheme inevitably complicates the setup with more adding parts and also 

increases the total cost. The noise level of a MOPA system tends to be higher [73], 

for each amplifier of the MOPA has unavoidable noise (e.g. noise from spontaneous 

emission) in addition to the shot noise. Despite these drawbacks, MOPA is still an 

appealing approach for many high-power laser applications. 

 

2.3 Nonlinearities in fibres 

As light propagates inside a silica fibre, the response of the fibre becomes 

nonlinear if the electromagnetic field is intense. Nonlinear effects can lead to 

spectral broadening and temporal distortion of light pulses. Hence it would be 

useful to briefly discuss the nonlinearities that might happen in a high power fibre 

laser. 

Silica fibres do not exhibit any second-order nonlinear effects as a result of 

inversion symmetry. Therefore, the lowest-order nonlinear effects in fibres stem 

from the third order susceptibility 𝜒(3)
. Nonlinearities governed by 𝜒(3)

 can be 

divided into two categories, elastic processes and inelastic processes. Elastic 

processes refer to no exchanged energy between the optical field and the dielectric 

medium, whereas the optical field transfers some energy to the medium in inelastic 

processes [59]. 
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2.3.1 Nonlinear Schrödinger Equation 

It is preferential to illustrate the nonlinear Schrödinger equation before discussing 

any specific nonlinear effects, which helps better understandings of the nonlinear 

behaviours. Wave equation describing how optical pulses propagate inside fibres 

is derived from Maxwell’s equations and given by Eq. 2.30 [59] in the time domain: 

∇2𝐄 −
1

𝑐2

∂2𝐄

∂t2
= 𝜇0

∂2𝐏𝑳

∂t2
+ 𝜇0

∂2𝐏𝑵𝑳

∂t2
                             (2.30) 

where 𝑬 is the electric field, 𝑷 is the induced electric polarisation, 𝑐 is the speed of 

light in vacuum and 𝜇0 is the vacuum permeability. The induced polarisation can 

be viewed as a sum of the linear part 𝑷𝐿 and the nonlinear part 𝑷𝑁𝐿 [59], when only 

the third-order nonlinear effects are considered in silica fibres in the wavelength 

range of 0.5–2 µm. 

𝐏 = 𝑷𝐿+𝑷𝑁𝐿                                           (2.31) 

Several simplifying assumptions are set up to solve the wave equation. First, take 

the scalar approach by assuming that light maintains its polarisation along the fibre. 

Second, 𝑷𝑁𝐿 is treated as a small perturbation to 𝑷𝐿 because nonlinear changes are 

minor in the refractive index. Third, it is justified to assume light to be quasi-

monochromatic when pulses are no shorter than 0.1 ps [59]. Therefore, the Fourier 

transform of the electric field can be defined as [59]: 

𝐸̃(𝒓, 𝜔 − 𝜔0) = ∫ 𝐸(𝒓, 𝑡)𝑒𝑥𝑝[𝑖(𝜔 − 𝜔0)𝑡]𝑑𝑡
∞

−∞
                (2.32) 

where 𝜔0 is the carrier frequency. 

Equation 2.32 can be solved by separating variables [59]: 

𝐸̃(𝒓, 𝜔 − 𝜔0) = 𝐹(𝑥, 𝑦)𝐴̃(𝑧, 𝜔 − 𝜔0)𝑒𝑥𝑝(𝑖𝛽0𝑧)                (2.33) 

where 𝛽0 represents the wave number, 𝐹(𝑥, 𝑦) is the modal distribution and 𝐴̃(𝑧, 𝜔) 

is a slowly varying function of 𝑧. The wave number and the modal distribution can 

be obtained by solving the eigenvalue equation. Explanations for the modal 

distribution and eigenvalue equation can be found on page 30 of ref. [59].  
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The inverse Fourier transform of 𝐴̃(𝑧, 𝜔) is expressed as [59]: 

𝐴(𝑧, 𝑡) =  
1

2𝜋
∫ 𝐴̃(𝑧, 𝜔 − 𝜔0)𝑒𝑥𝑝[−𝑖(𝜔 − 𝜔0)𝑡]𝑑𝜔
∞

−∞
              (2.34) 

The slowly varying function 𝐴(𝑧, 𝑡) satisfies the following equation (Eq. 2.35), which 

is referred to as the nonlinear Schrödinger equation (NLS) [59]. 

∂𝐴

∂z
+ 𝛽1

∂𝐴

∂t
+

𝑖𝛽2

2

∂2𝐴

∂t2
+

𝛼

2
𝐴 = 𝑖𝛾|𝐴|2𝐴                           (2.35) 

where 𝛽1 is the reciprocal of the group velocity and 𝛽2 is the GVD parameter, as 

defined in Eq. 2.9 and Eq. 2.10. 𝛼 represents the fibre loss and 𝛾 is the nonlinear 

parameter. 

γ =
𝑛2𝜔0

𝑐𝐴𝑒𝑓𝑓
                                               (2.36) 

𝑛  is the linear refractive index dependent on the frequency whereas 𝑛2  is the 

nonlinear refractive index. 

𝑛̃(𝜔, |𝐸|2) = 𝑛(𝜔) + 𝑛2|𝐸|2
                               (2.37) 

The effective area 𝐴𝑒𝑓𝑓 is defined as [59]: 

𝐴𝑒𝑓𝑓
(∬ |𝐹(𝑥,𝑦)|2𝑑𝑥𝑑𝑦
∞

−∞ )2

∬ |𝐹(𝑥,𝑦)|4𝑑𝑥𝑑𝑦
∞

−∞

                                   (2.38) 

The nonlinear Schrödinger equation describes how optical pulses propagate in 

fibres where loss, dispersion and nonlinear effects are all considered. Fibre loss is 

usually neglected in discussion. Either dispersion or nonlinearities may dominate 

the pulse propagation, depending on the initial pulse width 𝑇0 and the incident 

peak power 𝑃0 [59]. It is useful to introduce the dispersion length 𝐿𝐷  and the 

nonlinear length 𝐿𝑁𝐿 to help illustrate the pulse evolution under the influence of 

dispersion and nonlinearities. 
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Rewrite Eq. 2.35 into [59]: 

𝑖
∂𝐴

∂z
= −

𝑖𝛼

2
𝐴 +

𝛽2

2

∂2𝐴

∂T2
− 𝛾|𝐴|2𝐴                             (2.39) 

where 𝑇 = 𝑡 − 𝑧/𝑣𝑔. 

The slowly varying amplitude of the pulse envelope 𝐴 can be expressed with a 

normalised time scale and a normalised amplitude 𝑈 [59]. 

𝐴(𝑧, 𝜏) = √𝑃0𝑒𝑥𝑝 (−𝛼𝑧/2)𝑈(𝑧, 𝜏)                            (2.40) 

𝜏 =
𝑇

𝑇0
=

𝑡−𝑧/𝑣𝑔

𝑇0
                                          (2.41) 

𝐿𝐷 =
𝑇0

2

|𝛽2|
                                               (2.42) 

𝐿𝑁𝐿 =
1

𝛾𝑃0
                                              (2.43) 

The relative magnitudes of fibre length 𝐿 , dispersion length 𝐿𝐷  and nonlinear 

length 𝐿𝑁𝐿  indicate how dispersion and nonlinear effects affect the pulse 

propagation. Pulses are propagating in a dispersion-free and nonlinearities-free 

regime when 𝐿 ≪ 𝐿𝐷 and 𝐿 ≪ 𝐿𝑁𝐿. When 𝐿~𝐿𝐷 and 𝐿 ≪ 𝐿𝑁𝐿, pulse evolution is 

governed by the dispersion rather than nonlinearities. On the contrary, nonlinear 

effects will dominate over dispersion in pulse propagation along the fibre when 

𝐿 ≪ 𝐿𝐷  and 𝐿~ 𝐿𝑁𝐿 . When the fibre length is comparable to both 𝐿𝐷  and 𝐿𝑁𝐿 

(𝐿~𝐿𝐷 , 𝐿~ 𝐿𝑁𝐿), dispersive and nonlinear effects make influences on the pulse 

propagation at the same time. The interaction between the dispersion and the 

nonlinearities can give rise to interesting phenomena such as fibre solitons and 

supercontinuum generation [59].  

GVD parameter and nonlinear refractive index of thulium doped fibres can vary 

with the fibre design and fibre composition. Kharitonov et al. have characterised 

the dispersion and Kerr nonlinearity of the commercial TmDF200 fibre [74]. A GVD 

parameter of -18.74 𝑝𝑠2 ∙ 𝑘𝑚−1
 was measured at 1980 nm and a nonlinear refractive 

index was estimated to be 3.25– 3.55 × 10−20
 𝑚2 ∙ 𝑊−1

 at 2 µm. These numbers can 

be used for a rough estimation of the fibre behaviour despite the variability of GVD 

parameter and nonlinear refractive index in different fibres. The dispersion length 

𝐿𝐷 is estimated to be >100 km for 50-ps pulses, so the impact of dispersion on 
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TDFAs with “metre-scale” device lengths is small. Nonlinear parameters for 

different thulium doped fibres used in this thesis are calculated and summarised 

in table 2.1, using Eq. 2.36 and 𝑛2 =  3.55 × 10−20 𝑚2 ∙ 𝑊−1
. 

Fibre 𝑀𝐹𝐷 (µm) 𝐴𝑒𝑓𝑓 (µm2) 𝛾 (𝑊−1 ∙ 𝑘𝑚−1) 𝐿𝑁𝐿 @ 𝑃0  (m) 

TmDF200 6 30 3.8 26.3 @10 W 

B0155_L10146 8.6 59 1.94 5.2 @100 W 

ORC_DCF 12.4 121 0.95 1.1 @1 kW 

LMA-TDF-25/250 22 387 0.29 3.5 @1 kW 

Table 2.1. Estimated nonlinear parameters for different thulium doped fibres 

used in this thesis (ʎ=1.95 µm). 

 

2.3.2 Self-phase modulation 

Self-phase modulation (SPM) is a widely studied elastic nonlinear effect caused by 

nonlinear refraction, namely the intensity dependence of the refractive index. It 

generally leads to the spectral broadening. 

When the fibre length is much shorter than the dispersion length (𝐿 ≪ 𝐿𝐷) and 

SPM plays a dominant role in the pulse propagation, normalised amplitude 𝑈(𝑧, T) 

satisfies Eq. 2.44 and Eq. 2.45 [59]. 

∂𝑈

∂z
=

𝑖𝑒−𝛼𝑧

𝐿𝑁𝐿
|𝑈|2𝑈                                          (2.44) 

𝑈(𝐿, T) = 𝑈(0, 𝑇)exp [𝑖𝜙𝑁𝐿(𝐿, 𝑇)]                             (2.45) 

SPM causes a nonlinear phase shift that can be defined as [59]: 

𝜙𝑁𝐿(𝐿, 𝑇) = |𝑈(0, 𝑇)|2(𝐿𝑒𝑓𝑓/𝐿𝑁𝐿)                           (2.46) 

with the effective length defined as [59]: 

𝐿𝑒𝑓𝑓 = [1 − 𝑒𝑥𝑝(−𝛼𝐿)]/𝛼                                 (2.47) 

The nonlinear phase shift can be equally expressed as the second term on the right 

in Eq. 2.48. 

𝜙 = (𝑛 + 𝑛2|𝐸|2)𝑘0𝐿                                    (2.48) 
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As shown by the above equations (Eq. 2.46 and Eq. 2.48), the SPM-induced phase 

shift is intensity dependent and increases with the fibre length. The spectral 

broadening by SPM derives from the temporally varying nonlinear phase shift, 

which implies instantaneous frequency differences across the pulse [59]. 

𝛿𝜔(𝑇) = −
𝜕𝜙𝑁𝐿

𝜕𝑇
= −(

𝐿𝑒𝑓𝑓

𝐿𝑁𝐿
)

𝜕

𝜕𝑇
|𝑈(0, 𝑇)|2

                    (2.49) 

The time dependence of 𝛿𝜔, also known as frequency chirping, manifests as the 

generation of new frequency components, thereby broadening the initial spectrum. 

The SPM-broadened spectrum strongly depends on the input pulse shape and the 

initial chirp. However, it becomes necessary to take the GVD into consideration for 

ultrashort pulses. The interplay between SPM and GVD can either assist the 

formation of optical solitons in the anomalous-dispersion regime or compress the 

pulse width in the normal-dispersion regime [59]. 

In a fibre amplifier, the input field can suffer from severe SPM-induced spectral 

broadening, since pulses are amplified rather than attenuated along the fibre. Thus, 

the gain coefficient 𝑔 will substitute for the loss parameter α in Eq. 2.47, resulting 

in an effective length defined as 𝐿𝑒𝑓𝑓 = [𝑒𝑥𝑝(𝑔𝐿) − 1]/𝑔, which can become much 

larger than the amplifier length 𝐿 [59].  

Consider that an unchirped Gaussian pulse with a peak power of 𝑃0 is injected into 

an LMA-fibre-based TDFA for amplification. Assuming that 20-dB gain is achieved 

at the output of 1-m-long TDF, the effective length would be ~21.5 m. An input 

peak power of ~1 kW is required to achieve 2π nonlinear phase shift in this fibre 

(𝛾 = 0.29 𝑊−1 ∙ 𝑘𝑚−1
).  

 

2.3.3 Four-wave mixing 

Four-wave mixing (FWM) is a parametric process which involves nonlinear 

interaction among four optical waves. This phase-sensitive, polarisation-dependent 

process can be described as [59]: 

𝜔3 + 𝜔4 = 𝜔1 + 𝜔2                                       (2.50) 

Δ𝑘 =  𝜑3 + 𝜑4 − 𝜑1 − 𝜑2                                  (2.51) 

where 𝜑𝑖(𝑖 = 1, 2, 3, 4)  is the propagation constant of an optical wave and Δ𝑘 

represents the phase mismatch among the interacting waves. 
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When FWM occurs, two photons at frequencies 𝜔1  and 𝜔2  are annihilated with 

simultaneous creation of two new photons at frequencies 𝜔3  and 𝜔4 . Phase-

matching (Δ𝑘 = 0) is required to achieve efficient FWM in fibres.  

In a general case, the frequencies of the two pump photons are different (𝜔1 ≠ 𝜔2). 

However, FWM can also be initiated in fibres with two pump photons at the same 

frequency (𝜔1 = 𝜔2), which is referred to as degenerate FWM [59]. 

Hence the Stokes and anti-Stokes waves at frequencies 𝜔3 and 𝜔4 can be generated 

from noise, when a pump beam is injected into the fibre and the phase-matching 

condition is satisfied. Furthermore, if a weak signal at frequency 𝜔3 is launched 

into the fibre along with the pump beam, the signal (𝜔3) is amplified while an idler 

(𝜔4) is created to conserve the photon energy [59].  

The gain responsible for this amplification is called the parametric gain and defined 

as [59]: 

𝑔 = √(𝛾𝑃0𝑟)2 − (𝜅/2)2
                                    (2.52) 

κ = Δ𝑘 + 𝛾(𝑃1 + 𝑃2)                                       (2.53) 

where κ is the effective phase mismatch incorporating the nonlinear phase shifts 

induced by SPM, 𝑃1 and 𝑃2 are the incident peak powers of pump waves 𝜔1 and 𝜔2. 

The parameter 𝑟 and 𝑃0 are introduced as [59]: 

𝑟 = 2(𝑃1𝑃2)1/2/𝑃0                                        (2.54) 

𝑃0 = 𝑃1 + 𝑃2                                            (2.55) 

 

2.3.4 Modulation instability 

Many nonlinear systems exhibit an instability that can be interpreted as modulation 

of the steady state which results from the interaction between the nonlinearities 

and the dispersion. The following deduction considers the propagation of CW light 

instead of pulses in fibres, but the conclusions are also applicable to the quasi-CW 

situation that the pulse duration is much longer than the modulation period (~1 ps) 

[75]. 
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The amplitude 𝐴 (𝑧, 𝑇) is time independent if fibre loss is overlooked and it is given 

by [59]: 

𝐴 = √𝑃0exp (𝑖𝜙𝑁𝐿)                                         (2.56) 

A small perturbation term 𝑎 is exerted on the propagation of CW light in fibres to 

examine with linear stability analysis whether the steady state remains stable [59]. 

𝐴 = (√𝑃0 + 𝑎)exp (𝑖𝜙𝑁𝐿)                                   (2.57) 

With the nonlinear Schrödinger equation, we can obtain 

𝑖
∂𝑎

∂z
=

𝛽2

2

∂2𝑎

∂T2
− 𝛾𝑃0(𝑎 + 𝑎∗)                                (2.58) 

The solution of Eq. 2.58 is [59]: 

𝑎(𝑧, 𝑇) = 𝑎1 exp[𝑖(𝐾𝑧 − Ω𝑇)] + 𝑎2exp [−𝑖(𝐾𝑧 − Ω𝑇)]               (2.59) 

where 𝐾 and Ω are the wave number and the perturbation frequency respectively. 

𝐾 = ±
1

2
|𝛽2Ω|[Ω2 + 𝑠𝑔𝑛(𝛽2)Ω𝑐

2]1/2
                           (2.60) 

Ω𝑐
2 =

4𝛾𝑃0

|𝛽2|
=

4

|𝛽2|𝐿𝑁𝐿
                                      (2.61) 

In the normal dispersion regime where 𝛽2 > 0, the wave number 𝐾 is real in all 

conditions and therefore the steady state maintains the stability against small 

perturbations. In contrast, the perturbation term 𝑎 could grow exponentially with 

𝑧  when 𝐾  becomes imaginary for |Ω| < Ω𝑐  in the anomalous dispersion regime 

(𝛽2 < 0), so the steady-state situation is no longer stable and modulation instability 

(MI) appears [59].  

Note that the actual wave number and the frequency of perturbation are 𝛽0 ± 𝐾 

and 𝜔0 ± Ω. The manifestations of MI are creating two spectral sidebands (𝜔0 + Ω 

and 𝜔0 − Ω) in the frequency domain and breaking up the CW or quasi-CW radiation 

into a train of ultrashort pulses in the time domain [59]. 

When MI occurs, frequency components within the gain spectrum of MI can be 

amplified. The gain is expressed as [59]: 

𝑔(Ω) = |𝛽2Ω|√Ω𝑐
2 − Ω2

                                   (2.62) 
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The gain exists only when the frequency of perturbation meets the condition |Ω| ≤

|Ω𝑐|. It reaches maximum when Ω = ±
Ω𝑐

√2
 [59]. 

𝑔𝑚𝑎𝑥 =
1

2
|𝛽2|Ω𝑐

2 = 2𝛾𝑃0                                    (2.63) 

It can be concluded from Eq. 2.61 and Eq. 2.62 that the locations of MI peaks 

change with the incident peak power.  

Thulium doped fibre sources are prone to the modulation instability as a result of 

the inherent anomalous fibre dispersion at 2 µm. Figure 2.10 plots the MI gain 

spectrum of LMA thulium doped fibres with a 25-µm core diameter and a nonlinear 

parameter of 0.29 𝑊−1 ∙ 𝑘𝑚−1
, assuming a laser wavelength at 1950 nm. 

 

Figure 2.10. Calculated MI gain spectrum for an LMA thulium doped fibre. 

 

MI can be interpreted as an FWM process that is phase-matched by SPM. When the 

spectral broadening induced by SPM is large enough, the SPM-generated frequency 

components within the MI gain bandwidth can act as a probe that is amplified by 

MI [59], as indicated in figure 2.10. 

 

2.3.5 Stimulated Raman scattering 

Stimulated Raman scattering (SRS) is an inelastic nonlinear process associated with 

optical phonons. Two optical fields, termed pump and Stokes, are involved in this 

process. A pump photon is annihilated to create a photon at a lower frequency 

(Stoke wave) and a phonon, the combined energy and momentum of which have to 

abide by the conservation law. Likewise, a higher-frequency photon (anti-Stoke 
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wave) can be created if a phonon and a pump photon are annihilated. Thus, new 

spectral components are generated in these two processes [59].  

The SRS process can be described by the following equations [59]: 

𝑑𝐼𝑠

𝑑𝑧
= 𝑔𝑅𝐼𝑝𝐼𝑠 − 𝛼𝑠𝐼𝑠                                   (2.64) 

𝑑𝐼𝑝

𝑑𝑧
= −

𝜔𝑝

𝜔𝑠
𝑔𝑅𝐼𝑝𝐼𝑠 − 𝛼𝑝𝐼𝑝                               (2.65) 

where the intensities of pump and the Stokes are represented by 𝐼𝑝 and 𝐼𝑠, 𝑔𝑅 is 

the Raman gain coefficient, and 𝛼𝑝 and 𝛼𝑠 account for fibre losses at the pump and 

the Stokes frequencies. 

The Raman gain coefficient 𝑔𝑅  depends on the fibre composition and can vary 

significantly with different dopants. For fused silica fibres, 𝑔𝑅 ≈ 6 × 10−14 m/W at 

2 µm. Typical Raman gain spectrum measured in silica fibres is shown in figure 

2.11, with an example pump wavelength at 1950 nm. Raman scattering in fused 

silica has a distinct feature that the whole gain bandwidth extends over a large 

frequency range, reaching up to 40 THz. The Raman gain peaks at a Stoke 

frequency downshifted from the pump frequency by about 13 THz [59].  

 

Figure 2.11. Normalised Raman gain in fused silica for a pump wavelength 

of 1950 nm. 

 

A solution to Eq. 2.64 can be expressed as [59]: 

𝐼𝑠 (𝐿) =  𝐼𝑠 (0) exp (𝑔𝑅𝐼0𝐿𝑒𝑓𝑓 − 𝛼𝑠𝐿)                                (2.66) 
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There exists a pump intensity threshold for the Raman effect. It is defined as the 

input pump power at which the Stokes power becomes equal to the pump power 

at the output [59]: 

𝑃𝑠 (𝐿) = 𝑃𝑝 (𝐿) =  𝑃0 𝑒𝑥𝑝(−𝛼𝑝𝐿)                           (2.67) 

where 𝑃0 is the incident peak power. 

An empirical rule to estimate the pump threshold is given by [76]: 

𝑃𝑡ℎ =  
16∙𝐴𝑒𝑓𝑓

𝑔𝑅𝐿𝑒𝑓𝑓
                                        (2.68) 

According to Eq. 2.68, the critical pump threshold for a TDFA can be estimated. 

Table 2.2 summarises the estimated critical pump thresholds for the TDFAs 

demonstrated in this thesis. For example, SRS is expected in the LMA TDFA with a 

device length of 1.3 m, when the peak power 𝑃0 of incident pulses exceeds a critical 

value of ~2.3 kW. 

Fibre 𝐴𝑒𝑓𝑓 (µm2) Gain (dB) 𝑔 (m-1) 𝐿 (m) 𝐿𝑒𝑓𝑓 (m) 𝑃𝑡ℎ (W) 

TmDF200 30 ~40 0.76 12 ~12020 0.66 

B0155_L10146 59 ~16 3.0 1.2 11.8 1300 

ORC_DCF 121 10.6 0.97 2.5 10.6 ~3000 

LMA-TDF-25/250 387 22.6 4.0 1.3 45.0 ~2300 

Table 2.2. Estimated critical SRS thresholds for the TDFAs presented in this 

thesis. 

 

2.3.6 Supercontinuum generation 

Supercontinuum generation is a nonlinear process which yields light with a broad 

spectral bandwidth. This phenomenon was first observed in bulk materials around 

1970 [77] and then widely studied in optical fibres since the first demonstration of 

SCG in fibres in 1976 [78]. A brief introduction to supercontinuum generation in 

fibres is provided here, including the underlying physical mechanism and the 

general design concern for making a supercontinuum source. Comprehensive 

discussions about SC generation can be found in ref. [59] and ref. [79].  
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Multiple nonlinear effects can be involved in supercontinuum generation and the 

dominant processes include SPM, MI, FWM and SRS. Pump condition divides SC 

generation into two different regimes, femtosecond-pumped and long-pulse-

pumped (picosecond, nanosecond and even CW). On the other hand, fibre 

dispersion and its wavelength dependence should also be considered due to the 

broad spectral coverage of SC generation. 

When a fibre is pumped by femtosecond pulses in the anomalous dispersion regime, 

pulse propagation is perturbed by high-order dispersive and nonlinear effects, 

which leads to high-order solitons breaking up into fundamental solitons. This 

phenomenon is referred to as soliton fission [59]. A characteristic length called 

‘fission length’ is introduced to describe the fission point after which the breakup 

of the input pulse starts. Fission length can be expressed approximately as 

𝐿𝑓𝑖𝑠𝑠~𝐿𝐷/𝑁, where 𝑁2 = 𝐿𝐷/𝐿𝑁𝐿 is the soliton order of the input pulse [79]. Hence 

in this case, supercontinuum generation is initiated by soliton fission, followed by 

Raman soliton self-frequency shift (SSFS) to longer wavelengths [79]. The soliton 

has such a wide spectrum that its low-frequency components can amplify its high-

frequency components through Raman effect. Meanwhile, soliton inside the fibre 

can shed a part of its energy to a dispersive wave (DW) if the dispersive wave has 

the same phase velocity as that of the soliton [59]. 

Femtosecond-pumped SC generation in the normal dispersion regime is different 

from that in the anomalous dispersion regime. Since no soliton is formed in the 

normal dispersion regime, supercontinuum generation is dominated by the high-

peak-power-induced SPM effect in the fibre [79]. However, if the initial broadening 

from SPM generates new spectral contents in the anomalous dispersion regime, 

these new frequency components can undergo similar soliton dynamics [79]. 

Soliton fission will not happen in SC generation pumped by high-peak-power pulses 

with longer duration in the anomalous dispersion regime, due to a very large 

soliton order (𝑁 ≫ 10) as well as an increased fission length [79]. Take picosecond-

pumping a fluoroindate fibre as an example. The fluoroindate fibre has a core 

diameter of 9 µm and core NA of 0.26. The pump pulse has a duration of 35 ps 

with 100-kW peak power. Relevant parameters are calculated and summarised in 

table 2.3. It can be seen from the calculation that the soliton order is extremely 

large with a fission length of more than 20 m. Consequently, the initial phase of 

pulse propagation inside the fibre will be dominated by MI or FWM rather than 

soliton fission. But the initial MI dynamics will also lead to the breakup of pump 

pulses and formation of a lot of sub-pulses. These sub-pulses subsequently evolve 
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into solitons in the fibre, after which the previously mentioned soliton dynamics 

(SSFS, DW) can engage in the supercontinuum generation [79].  

𝝀𝒑 (nm) 𝒏𝟐(𝒎𝟐 ∙ 𝑾−𝟏
) 𝑨𝒆𝒇𝒇 (µm

2

) 𝜸 (𝑾−𝟏 ∙ 𝒎−𝟏
) 𝑳𝑵𝑳 @ 𝑷𝟎 (m) 

1950 3.2 × 10−20
 [80] 48 2.13 × 10−3

 4.7 × 10−3
 

𝑫(𝒑𝒔/(𝒏𝒎 ∙ 𝒌𝒎)) 𝛽2(𝑝𝑠2/𝑘𝑚)) 𝐿𝐷(m) N 𝐿𝑓𝑖𝑠𝑠 (m) 

5 -10.1 1.2 × 105
 5053 23.7 

Table 2.3. An example of picosecond-pumped SC generation in fluoride 

fibres and its relevant parameters. 

 

With long pump pulses in the normal dispersion regime, spectral broadening arises 

primarily from either FWM or Raman scattering. When the pump resides in the deep 

normal dispersion regime, Raman effect dominates over FWM because of the great 

difficulty in satisfying the phase-matching condition. When the pump wavelength 

is tuned closer to the ZDW, FWM plays an increasingly important role in SC 

generation owing to a higher parametric gain than the Raman gain [79]. 

Below discusses the general design concern for supercontinuum generation in 

terms of pump wavelength, fibre length, output bandwidth and spectral flatness. It 

is favourable to pump in the vicinity of the fibre ZDW for the maximum spectral 

broadening due to the combined nonlinear effects such as SSFS and DW. On the 

other hand, a pump wavelength which is close to the desirable output wavelengths 

is preferred for a better power conversion efficiency. Powerful pump source at a 

particular wavelength might also be useful for producing supercontinuum with high 

output power. 

Femtosecond pumping allows the usage of a short piece of nonlinear fibre while 

long-pulse pumping usually demands a longer fibre length. The fundamental 

limitation on the output spectral bandwidth of a supercontinuum is the intrinsic 

loss of the fibre material, but the pump wavelength and fibre dispersion also have 

a significant impact on the spectral broadening. As for spectral flatness, it is largely 

dependent on the fibre dispersion profile. By modifying the waveguide dispersion, 

it is possible to shift the fibre ZDW and engineer the dispersion profile (e.g. tapered 

fibres) so as to achieve the wanted supercontinuum generation.  
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2.4 Nonlinear frequency conversion in crystals 

2.4.1 χ (2)

 nonlinearity basics 

As mentioned in section 2.3.1, 𝑷 is the induced polarisation when light is applied 

to a medium. The total induced polarisation has a linear part 𝑷𝑳 and a nonlinear 

part 𝑷𝑵𝑳. When the applied electric field is weak, the nonlinear part can be ignored 

and the polarisation 𝑷 can be described as [81]: 

𝑷(𝑡) =  𝜖0𝜒(1)𝑬(𝑡)                                        (2.69) 

Where 𝜖0 is the vacuum permittivity and 𝜒(1)
 is the linear susceptibility. 

However, the nonlinear part becomes progressively important in the contribution 

to the total induced polarisation when the applied electric field is getting intense. 

Thus, 𝑷 is written in a more general form as [81]: 

𝑷 =  𝜖0[𝜒(1)𝑬(𝑡) + 𝜒(2)𝑬2(𝑡) + 𝜒(3)𝑬3(𝑡) + ⋯ ]               (2.70) 

where 𝜒(𝑗)
 is the 𝑗th order susceptibility. 

In non-centrosymmetric crystal materials, the second order susceptibility 𝜒(2)
 is 

responsible for nonlinear effects such as second-harmonic generation, sum-

frequency generation (SFG) and difference-frequency generation (DFG) [81, 82]. 

These frequency-mixing processes are diagrammatically illustrated by figure 2.12 

[83]. 

 

Figure 2.12. Diagrammatic representations of second-harmonic generation, 

sum-frequency generation and difference-frequency generation [83]. 
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As a result of photon energy conservation, the frequency-mixing processes can be 

represented by a simple relationship [82]: 

𝑓1 + 𝑓2 =  𝑓3                                        (2.71) 

At the photon level, SHG can be regarded as the annihilation of two photons having 

the same frequency (𝑓1 = 𝑓2 = 𝑓𝑝), accompanied with instantaneous creation of a 

frequency-doubled photon (𝑓𝑆𝐻𝐺 = 𝑓3 = 2𝑓𝑝 ). In SFG, two photons with different 

frequencies ( 𝑓1 = 𝑓𝑠 , 𝑓2 = 𝑓𝑝 ) are annihilated to generate a new photon with 

frequency at 𝑓𝑆𝐹𝐺 = 𝑓3. The opposite situation occurs in DFG, where the energy of a 

single pump photon (𝑓3 =  𝑓𝑝) is divide into two portions, one for a signal photon 

with frequency at 𝑓1 =  𝑓𝑠, the other for an idler photon with frequency at 𝑓2 =  𝑓𝑖. 

Therefore, frequency-mixing process is particularly attractive to laser generation at 

exotic wavelengths due to its ability to generate new frequency components [82]. 

The efficiency of such nonlinear frequency conversion largely depends on the phase 

relationship among the interacting waves. Phase-matching (Δ𝑘 =  𝑘3 − 𝑘2 − 𝑘1 = 0) 

is required to realise efficient frequency-mixing. 

 

2.4.2 Second harmonic generation 

In the following discussion about SHG, the fundamental and the second-harmonic 

waves are labelled by 𝑛 = 1 and 𝑛 = 2, respectively. 

𝜔1 = 𝜔                                              (2.72) 

𝜔2 = 2𝜔                                             (2.73) 

Δ𝑘 = 𝑘2 − 2𝑘1 = 2𝜔(𝑛2 − 𝑛1)/𝑐                        (2.74) 

In the low-depletion regime where the fundamental beam remains essentially un-

depleted, the second-harmonic intensity can be obtained by solving the wave 

equations [82]: 

𝐼2(𝑧) =
(𝜔2𝜒(2)𝐼1)2

8𝜀0𝑐3𝑛2𝑛1
2

𝑠𝑖𝑛𝑐2 {
Δ𝑘𝑧

2
}                           (2.75) 
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It can be seen from Eq. 2.75 that 𝐼2 grows as the square of both the second order 

susceptibility and the fundamental intensity 𝐼1 . When phase-matching, the sinc 

function goes to unity and 𝐼2 increases as the square of the distance. When Δ𝑘 ≠ 0, 

Eq. 2.75 is rewritten as [82]: 

𝐼2(𝑧) =
(𝜔2𝜒(2)𝐼1)2

2𝜀0𝑐3𝑛2𝑛1
2

𝑠𝑖𝑛2{Δ𝑘𝑧/2}

Δ𝑘2
                       (2.76) 

In this case, the second-harmonic intensity oscillates with the propagation distance, 

as shown in figure 2.13. The intensity reaches the maximum for the first time at a 

distance where 

𝑧 =  𝐿𝑐𝑜ℎ =
𝜋

|Δk|
                                        (2.77) 

which is known as the coherence length [82]. 

 

Figure 2.13. Second-harmonic intensity as a function of distance under 

phase-matching (PM) and two non-phase-matching (non-PM) conditions. The 

dotted line has a coherence length 1.5 times larger than the solid line. [82]. 

 

However, Eq. 2.75 and Eq. 2.76 do not apply to the case where significant energy 

is transferred from the fundamental wave to the second-harmonic wave. In the 

high-depletion regime, Manley-Rowe relations must be included in solving the wave 

equations. Manley-Rowe relation is a statement of photon energy conservation and 

expressed as [82]: 

𝑑𝜙1

𝑑𝑧
= −2

𝑑𝜙2

𝑑𝑧
                                             (2.78) 
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The inclusion of Manley-Rowe relation complicates the coupled-wave equations and 

their solutions, discussion of which is beyond the scope of this thesis. But a detailed 

deduction can be found in the literatures [81, 82].  

The conversion efficiency of SHG is defined as the ratio of the second-harmonic 

output power to the fundamental input power. 

𝜂𝑒𝑓𝑓 =
𝑃2(𝑧=𝐿)

𝑃1(𝑧=0)
                                           (2.79) 

where 𝐿 is the length of a nonlinear crystal [81]. 

It can be inferred from the equations (Eq. 2.75 and Eq. 2.76) that the conversion 

efficiency depends on the intensity of the fundamental beam. Therefore, an 

optimally focused beam should yield a maximum conversion efficiency. To achieve 

this, there are two basic rules to follow.  First of all, the focused beam should always 

have a maximum intensity below the damage threshold of the crystal, which means 

a minimum limitation on the focal spot size 𝑟0. Second, the focal spot size is chosen 

so that the confocal parameter 𝑏 of the beam equals to the crystal length 𝐿 [81]. 

𝑏 =  
2𝜋𝑟0

2

𝜆1/𝑛1
= 𝐿                                          (2.80) 

where 𝜆1 and 𝑛1 are the wavelength of the fundamental beam in vacuum and the 

refractive index of the nonlinear crystal, respectively. 

 

2.4.3 Optical parametric generation and amplification 

Optical parametric generation and amplification can be considered as the special 

cases of DFG, which involve the interaction among the pump, signal and idler waves. 

The frequency relationship is written as [82]: 

𝑓𝑝 = 𝑓𝑠 + 𝑓𝑖                                            (2.81) 

Schematics of an OPG and an OPA are depicted in figure 2.14. As shown in the 

figure, the structure of an OPG is simple that just requires an input pump wave. A 

large combination of signal and idler wavelengths can satisfy the frequency 

relationship in Eq. 2.81. However, the emission wavelengths of signal and idler are 

never random in an OPG and they are always determined by the phase-matching 

condition. There are broadband background noises when the pump is launched 
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into the OPG and these noises could initiate the frequency conversion as long as 

phase-matching condition is satisfied [82]. As a result, the spectral bandwidths of 

the signal and idler from an OPG are broad, with the most efficient conversion at 

the central wavelengths.  

As compared to the OPG, an OPA requires a pump beam and a signal beam as the 

seed. Because of the seed injection, the output bandwidths of the OPA signal and 

idler are often much narrower in comparison with the OPG case [82]. Due to their 

dependence on phase-matching, OPG and OPA exhibit wavelength tunability, which 

is usually enabled by birefringent phase-matching or quasi phase-matching (QPM) 

in crystals [82]. 

 

Figure 2.14. Schematics of an (a) optical parametric generator and (b) optical 

parametric amplifier. 

 

In optical parametric process, the pump, signal and idler waves can be described 

by the following equations [81]: 

𝑑𝐸𝑝

𝑑𝑧
= 𝑗

𝜔𝑝𝑑

𝑛𝑝𝑐
𝐸𝑠𝐸𝑖𝑒−𝑗Δ𝑘𝑧

                                 (2.82) 

𝑑𝐸𝑠

𝑑𝑧
= 𝑗

𝜔𝑠𝑑

𝑛𝑠𝑐
𝐸𝑝𝐸𝑖

∗𝑒𝑗Δ𝑘𝑧
                                  (2.83) 

𝑑𝐸𝑖

𝑑𝑧
= 𝑗

𝜔𝑖𝑑

𝑛𝑖𝑐
𝐸𝑝𝐸𝑠

∗𝑒𝑗Δ𝑘𝑧
                                  (2.84) 

where 𝑑 is the effective nonlinear coefficient of a crystal. 

When the pump is assumed un-depleted, the above coupled equations can be 

solved for the signal and idler [81]: 

𝐸𝑠(𝑧) ∝ cosh (𝑔𝑧)                                           (2.85) 

𝐸𝑖(𝑧) ∝ sinh (𝑔𝑧)                                            (2.86) 

𝑔 = √Γ2 − (
Δ𝑘

2
)2

                                            (2.87) 
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Γ =
8𝜋2𝑑2

𝑛𝑝𝑛𝑠𝑛𝑖𝜀0𝑐𝜆𝑠𝜆𝑖
𝐼𝑝                                            (2.88) 

where 𝑔  is the parametric gain coefficient. When Δk ≠ 0 , the gain is reduced 

according to Eq. 2.87.  

Consider an OP-GaAs OPA pumped by 1952-nm light, producing signal at 2650 nm 

and corresponding idler at 7440 nm. The refractive indexes of GaAs are 3.3408, 

3.3187 and 3.2864 at the pump, signal and idler wavelengths, respectively [84]. 

The effective nonlinear coefficient 𝑑 is ~59 pm/V for small-signal amplification [85]. 

Assuming a pump intensity of ~230 MW/cm
2

, the small-signal gain is expected to 

be ~55 dB. 

 

2.5 Conclusion 

This chapter discusses the theoretical background knowledge which underpins the 

experimental work presented in this thesis. I have first reviewed the fundamentals 

of thulium doped fibres and the amplification theory, which provide guidance for 

developing high-power thulium doped fibre MOPA in chapter 3. I have also briefly 

discussed the nonlinear effects in fibres, which help illustrate the experimental 

results in the following chapters. Nonlinearities based on 𝜒(2)
 susceptibility such 

as SHG and DFG are also included, which form the basis for the work in chapter 5 

and chapter 6. 
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Chapter 3 High power gain-switched diode-

seeded picosecond thulium doped fibre 

MOPA system 

3.1 Introduction 

A wide range of applications such as gas sensing, material processing and 

nonlinear frequency conversion have growing demands for powerful and versatile 

2-µm lasers. Thulium doped fibre lasers prove to be outstanding candidates for a 

wide wavelength-tuning range covering 1.65-2.05 µm, with flexible configurations 

and exceptional stability.  

Thulium doped fibre lasers delivering nanosecond pulses with high average output 

powers are desirable for laser processing of polymers and could be easily 

implemented by cascaded amplifications. A nanosecond-pulsed thulium-doped 

LMA-fibre MOPA system with peak power of 12.1 kW is recently reported producing 

an average output power scalable from 150 W to 238 W [19]. However, scaling the 

peak power of nanosecond-pulsed TDFLs has proved to be challenging because of 

energy saturation as well as limitation imposed by fibre nonlinearities. Peak power 

up to MW level at a very low repetition rate is demonstrated using a large-core PCF 

rod as the gain medium. For instance, 6.5-ns pulses with a peak power of ~1 MW 

at 1-kHz repetition rate was demonstrated from a thulium-doped photonic-crystal-

fibre amplifier with an 80-µm core diameter [22].  

In contrast, TDFLs which generate femtosecond pulses with low average power but 

exceptionally high peak power are usually achieved from more complicated 

structures incorporating dispersion management and pulse compression. 

Femtosecond pulses with a peak power in excess of 200 MW were generated from 

a CPA system based on a thulium-doped large-pitch rod fibre with a mode field 

diameter (MFD) of 65 µm [86]. Picosecond-pulsed TDFLs with simpler system 

architectures appear as a good alternative if one wants a trade-off between average 

power and peak power. A thulium-doped PCF-rod-type amplifier with an 80-µm core 

diameter produced 520-ps pulses with an average power of 6 W and a record peak 

power of 230 kW without external pulse compression [31]. However, this record 

peak power is substantially lower than the power level achieved in thulium-doped 

PCF-based amplifiers operating in the nanosecond or femtosecond regime. 
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Flexible, high-peak-power thulium doped fibre lasers are of great interests to 

nonlinear frequency conversion applications. In this chapter, we present the work 

of the generation of high power picosecond pulses from a gain-switched diode-

seeded thulium doped fibre MOPA system. Although similar technique has been 

investigated in literatures ([30, 87]) before, there existed limitations in these works. 

In ref. [87], 100 kW of peak power was demonstrated from a thulium doped fibre 

MOPA with a gain-switched seed at 2008 nm. However, the signal OSNR was just 

28 dB at the output of the final-stage amplifier, with ASE peak at ~1970 nm. The 

build-up of ASE was pronounced in this case because the seed wavelength was 

close to the edge of the fibre gain bandwidth.  

Ref. [30] reported peak power scaling to 130 kW of another thulium doped fibre 

MOPA which had similar architecture as that in ref. [87] but a different signal 

wavelength at 1952 nm. Despite a better output OSNR of 40 dB in this work, the 

MOPA exhibited strong nonlinearities at the maximum output power. Its measured 

autocorrelation trace showed temporal beating atop the trace envelope, which the 

author attributed to the presence of MI at the highest output power of the MOPA.  

However, it is known that sometimes intensity autocorrelation can be ambiguous. 

Two different pulse shape can yield a same autocorrelation and moreover, 

complicated and noisy pulses can generate an autocorrelation which has a 

coherence-spike-on-a-pedestal shape. Therefore, the results presented in ref. [30] 

were unreliable. The coherence spike on top of the autocorrelation trace can be an 

indication that the 1952-nm pulses were already broken into small pulses at a pulse 

energy of 4.8 µJ and a corresponding estimated peak power of ~126 kW. Hence, 

the performance of gain-switched diode-seeded thulium doped fibre MOPAs are 

still far from satisfactory and more efforts should be given to improve such systems. 

Note that the setups I present in this chapter are similar to those in literatures([30, 

87]) but the seed and each stage of the MOPA were completely rebuilt and 

characterised by myself. Section 3.2 illustrates picosecond pulse generation by 

gain-switching a 2-µm laser diode. A three-stage thulium doped fibre MOPA 

producing 76-kW peak power picosecond pulses is presented in section 3.3 with 

detailed characterisation of the in-band pumped preamplifiers. To satisfy the peak 

power requirement of mid-infrared SC generation, the three-stage thulium doped 

fibre MOPA was further optimised into a four-stage structure for higher peak power 

(up to 295 kW) along with excellent OSNR (~40 dB), which is discussed in section 

3.4. To the best of our knowledge, this is the current highest peak power reported 
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from a picosecond-pulsed LMA-fibre-based TDFL. A brief summary of this chapter 

is given in section 3.5. 

 

3.2 Gain-switched seed laser 

3.2.1 Theory of gain-switching 

Mode-lock techniques are commonly used to generate stable picosecond pulses. 

However, the major disadvantages of mode-locked lasers are the requirement of 

more components which adds to the system complexity, and a fixed pulse 

repetition rate determined by the cavity length. On the other hand, gain-switching 

a laser diode provides an easier route to picosecond pulse generation because of 

a much simplified structure and allowing adjustable repetition rate. Typical gain-

switch operation of a laser diode is essentially to apply a bias direct current (DC) 

below the laser threshold, which is then superimposed with a train of short 

electrical pulses from a pulse generator. Figure 3.1 describes how optical pulses 

are produced from a gain-switched laser diode [88].  

The electron density inside the diode maintains a very low level at the beginning 

and starts increasing only when the electrical pulse is injected into the active region 

of the diode. Lasing does not occur until the electron density has reached the lasing 

threshold. Accordingly, the photon density rises rapidly, forming the leading edge 

of the optical pulse in the time domain and leading to a depletion of electron 

density [88, 89]. Laser emission stops with a declining photon density when the 

electron density falls below the lasing threshold. However, the electron density 

could continue building up and reach the laser threshold again if the driving 

electrical pulse continues to pump the active region. A single optical pulse can be 

obtained if the electrical pump pulse terminates in time before reaching the lasing 

threshold for a second time. Otherwise, more spikes with decreasing amplitude 

could be generated [88, 89]. Hence the optical pulse is much shorter in duration 

than the driving pump pulse.  
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Figure 3.1. Physical process of gain-switching a laser diode [88]. 

 

The gain-switching method induces an inherent negative frequency chirp to the 

optical pulses, which can be inferred from the change in electron density in figure 

3.1 [88]. When the injection current is switched on abruptly, the sudden increase 

in charge density leads to a temporary reduction of the refractive index of the laser 

active region. Consequently, the optical path length of the laser cavity is shortened, 

thereby shifting the lasing mode to shorter wavelength. Likewise, laser wavelength 

redshifts when switching off the injection current and reducing the charge density 

in the active region. Therefore, optical pulses generated by gain-switching a laser 

diode have an intrinsic frequency down-chirp [88]. 

 

3.2.2 Results and discussion 

An InGaAs/InP discrete-mode laser diode at 1952 nm (Eblana Photonics, P/N: 

EP1948-DM-PM) was gain-switched to produce sub-hundred picosecond pulses and 

used as a seed of the thulium doped fibre MOPA. This laser diode had a ridge 

waveguide Fabry-Perot (FP) structure with etched slot features, which enabled 

discrete mode operation by strengthening one FP mode and suppressing the others 

[83]. The lasing threshold of the diode is 20 mA. The diode generates an average 

output power of ~1 mW at the maximum driving current of 100 mA.  
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Figure 3.2 shows an image of the gain-switched seed laser. A biased current of 16 

mA was directly applied to the laser diode, using a Newport laser diode driver. A 

pulse generator (HP 8131A) delivered rectangular electrical pulses with a 420-ps 

duration and 5-V amplitude at variable repetition rates from 1 MHz to 500 MHz 

into the diode through the RF cable. The temperature of the laser diode was 

monitored and stabilised at 21 C with a Thorlabs temperature controller (TC200). 

 

Figure 3.2. Photo of the gain-switched seed laser. 

 

Figure 3.3(a) compares the output spectra of the seed diode operating in the CW 

mode and the gain-switching mode. In the CW regime, the seed diode emitted a 

single longitudinal mode at 1952.8 nm with a narrow 3-dB spectral bandwidth of 

less than 0.1 nm (blue line), an excellent side mode suppression ratio (SMSR) of up 

to 45 dB, and a mode spacing of ~1.5 nm.  

The exact cavity length of this diode is unknown, but we try to estimate it from the 

free spectral range (FSR), compared with another Eblana laser diode, which is well 

illustrated in ref. [90]. In this literature, the 2008-nm discrete-mode laser diode was 

also fabricated in the InGaAs/InP multiple quantum-well system and had a similar 

FP cavity as compared to our 1952-nm diode. The 2008-nm diode is said to have a 

cavity length of 600 µm and a refractive index of 3.48 [90], so its FSR is calculated 

to be 71.8 GHz, corresponding to a longitudinal mode spacing of 0.97 nm. In our 

case, the measured mode spacing (~1.5 nm) corresponds to a free spectral range 

of 118.3 GHz. Thus, we obtain an estimated cavity length of ~365 µm for our 1952-

nm diode. Given the discrepancy in fabrication between the two diodes, we think 

that the estimated cavity length (~365 µm) is reasonable in respect to that reported 

in ref. [90]. 
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Figure 3.3. (a) Spectra of the seed diode at CW/gain-switching mode (0.05 

nm resolution); (b) Temporal profile of the seed pulses at 1MHz repetition 

rate. 

 

However, the output spectrum changed noticeably in gain-switching operation (e.g. 

at 1 MHz repetition rate). As depicted by the red line in figure 3.3(a), the two local 

peaks were at 1950.9 nm and 1952.3 nm respectively. The spacing of these two 

peaks (1.4 nm) was very close to the measured FSR (~1.5 nm), so it is believed that 

two longitudinal modes were emitted during the gain-switch operation of the diode. 

As a result, the 3-dB spectral bandwidth was broadened to 0.9 nm and the relative 

intensity ratio of these two adjacent modes degraded to ~3 dB, in comparison with 

the CW operation. 

The temporal output of the gain-switched seed diode was characterised by a >9 

GHz extended InGaAs photodetector (EOT, ET-5000F) and a 50-GHz Tektronix 

communication signal analyser (CSA), and shown in figure 3.3(b). Note that the 

intensity offset was caused by the dark current of the photodetector. The measured 

temporal trace had a Gaussian-shape profile with a full width half maximum (FWHM) 

of ~100 ps. It is to be noted here that the pulses might be shorter than 100 ps in 

time but cannot be resolved because of the bandwidth limit of the detector. 

Autocorrelation measurement was not feasible due to the low output power from 

the seed diode (µW level). 

Sub-hundred picosecond pulses at repetition rate up to 500 MHz (limited by the 

pulse generator) could be generated in this case. The gain-switched laser diode 

driven at a higher repetition rate would have resulted in a higher average output 

power from the seed but the scope for peak-power scaling in the subsequent 

amplifier chain would be limited. Therefore, a moderate repetition rate of 1 MHz 
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was determined that offered the best compromise between average output power 

from the seed diode and power scaling in the thulium doped fibre MOPA system. 

The average output power of the 1-MHz gain-switched pulse train was ~1 µW. 

 

3.3 Three-stage thulium doped fibre MOPA 

3.3.1 In-band pumped preamplifiers 

The low average power of the gain-switched seed pulses necessitated core-pumped 

preamplifiers to boost the signal power for the final amplification, prior to the 

development of a high power picosecond thulium doped fibre MOPA system. 

 

3.3.1.1 Pump laser characterisation 

An erbium/ytterbium co-doped fibre laser (EYFL) was built to in-band core-pump 

the preamplifiers at 1564 nm, where thulium doped fibres have decent absorption 

(e.g. ~30dB/m). Figure 3.4 shows the schematic of an FBG-stabilised EYFL. This 

pump laser had a 5-m-long double-clad Er/Yb co-doped fibre (Nufern) with a 

core/cladding diameter of 12/130 µm and core/first cladding NA of 0.2/0.46. The 

gain fibre was forward pumped by two 915-nm multimode laser diodes using a 

(2+1) × 1 pump and signal combiner. The HR grating had a very high reflectivity of 

over 99% at 1564 nm with a FWHM of 2 nm whereas the OC grating had a reflectivity 

as low as 6% at 1564 nm with a FWHM of 1.2 nm. The laser output power was 

coupled out through the SMF-28 fibre pigtail of the OC grating.  

 

Figure 3.4. Schematic of the Er/Yb co-doped fibre laser. 
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Figure 3.5 plots the output power as a function of launched pump power and the 

spectrum of the laser output. A maximum output power of 2.9 W with a slope 

efficiency of 26% was achieved. This pump laser can provide adequate pump power 

for small-signal TDFAs. The spectrum shows a centre wavelength of 1564 nm with 

an OSNR of ~40 dB. An image of the pump laser is shown in figure 3.6. 

 

Figure 3.5. (a) Output power of the EYFL; (b) output spectrum of the EYFL 

(0.1 nm resolution). 

 

 

Figure 3.6. Image of the EYFL. 

 

3.3.1.2 First-stage amplification 

The average power of the seed laser was so low (~1 µW) that small-core thulium 

doped fibre was requested as the gain medium for the first-stage amplifier. A 

commercially available single-mode fibre from OFS (TmDF200) was used, with a 5-

µm MFD at 1700 nm, a 125-µm cladding and NA of 0.26. This fibre had a peak 

absorption of 200 dB/m at 790 nm and a measured absorption of ~30 dB/m at 
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1564 nm. The quantum efficiency of pumping a thulium doped fibre at 1564 nm 

for signal amplification at 2 µm is about 80%. A free running laser efficiency test of 

this fibre was conducted in ref. [91]. The results of the test showed 75% and 71% 

slope efficiency for an 8-m and a 10-m length of TDF respectively, indicating a high 

efficiency of this OFS fibre. The results also suggested that 8 to 15 m long TDF 

“naturally” lases at ~1970–1990 nm as the lasing wavelength redshifts with an 

increasing fibre length due to signal reabsorption [91]. 

Since the target wavelength is 1952 nm, a fibre length of 8 m or less is a good 

starting point for the test. Figure 3.7 depicts two different structures that have 

been tested for the first small signal amplifier. In scheme 1, an 8-m-long TDF was 

forward pumped by the EYFL through a filter-based WDM (AFR). The pigtail of this 

WDM is SMF-28 fibre, which has a calculated MFD of 11.2 µm at a signal wavelength 

of 1.95 µm. The MFD of TmDF200 fibre at the same operation wavelength is 

estimated to be 6.1 µm. Irrespective of the mismatched MFDs, the splice loss 

between these two fibres can be reduced to less than 0.2 dB with an optimised 

splice recipe. Dual-stage isolators (AFR) were employed at both the input and 

output of the amplifier to prevent reflections and backward ASE from coupling back 

into the seed laser.  

 

Figure 3.7. Schematics of the first preamplifier: (1) 8 m TDF scheme; (2) 4 m 

+ 8 m TDF scheme. 

 

This configuration obtained a total output power of 6.8 mW at a launched pump 

power of 0.6 W. However, a huge amount of ASE was created in between the pulses 

due to the short pulse duration (~100 ps) and comparatively long period (1 µs), 

leading to a poor in-band optical signal-to-noise ratio (OSNR) of ~11 dB, as shown 

in figure 3.8. The in-band signal power was calculated to be ~1.4 mW by integrating 
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the spectrum and excluding the noise. A further increase in pump power would not 

enhance the in-band signal power by much but would generate more ASE instead. 

 

Figure 3.8. Spectra of the outputs of the first preamplifier in two 

configurations (1 nm resolution). 

 

An electro-optic modulator (EOM) could be used after the first-stage amplifier to 

remove the excess ASE in between the pulses. However, the EOM was polarisation 

sensitive while all the components in the amplifier were polarisation insensitive 

except the PM-pigtailed seed diode, which had a linearly polarised output. As a 

result, the polarisation extinction ratio (PER) of the signal experienced degradation 

along the non-PM fibre inside the first preamplifier. Hence an in-line polarisation 

controller (PC) and a fast-axis-blocked polariser would have been needed before 

the EOM. The EOM itself had a loss of 6 dB and with the additional loss of the PC 

(~0.7 dB) and the polariser (~1 dB), the total loss would add up to ~9.7 dB for the 

signal. With the use of PC, the signal polarisation could be optimised so that the 

signal power had a minimum loss after the polariser. Nevertheless, the 9.7-dB total 

loss was still so large that a signal power of only 1.4 mW from the first preamplifier 

would not have been adequate for seeding the second-stage amplifier. 
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Consequently, the second structure in figure 3.7 was investigated whereby another 

4-m-long TDF was inserted between the input isolator and the WDM, which helps 

improve the power conversion efficiency [92]. This additional fibre was indirectly 

pumped by the backward ASE generated from the forward-pumped 8-m-long TDF. 

In this case, the thulium doped fibre was more efficiently utilised by virtue of 

recycling the backward ASE, which produced a total output power of 36 mW at a 

pump power of 0.6 W. Increasing the pump power to ~0.95 W, which was just below 

the 1-W damage threshold of the WDM, a maximum total output power of 86 mW 

was achieved. Despite a worse in-band OSNR of ~6 dB in comparison with scheme 

1 in figure 3.9, the second configuration generated an in-band signal power of ~11 

mW out of a total output power of 86 mW. Therefore, scheme 2 was more 

favourable as the first preamplifier, because it provided a signal power of almost 

ten times higher than that of scheme 1, which could overcome the ~10-dB excess 

loss of the following EOM and the polarising components. The pulse profile of the 

first preamplifier (scheme 2) output is plotted in figure 3.9, which shows an 

unchanged pulse width of ~100 ps. 

 

Figure 3.9. Output of the first preamplifier (scheme 2) in time domain. 

 

Before developing the second-stage amplifier, the EOM (Photline, MPX2000-LN-01) 

was set up as a time gate to remove the excess ASE from the first preamplifier. The 

EOM was driven by a DC power supply providing a biased voltage of 8.7 V while a 

pulse generator synchronised to the seed diode delivered electrical pulses (7 V 

amplitude) to open and close the time gate. The minimum width of the time gate 

was 2.4 ns, limited by the settings of the pulse generator (HP 8110A). Hence the 

signal pulses passed the time gate with only a small fraction of ASE while the rest 

of the ASE was blocked by the time gate, thereby greatly improving the in-band 

OSNR from ~6 dB to ~25 dB as shown in figure 3.10. The signal power at the output 

of the EOM was 1.2 mW. 
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Figure 3.10. Spectra of signal output before and after the EOM (1 nm 

resolution). 

 

Note that the EOM could also be operated as a pulse picker which could reduce the 

repetition rate of the signal pulses. Signal pulses running at a higher repetition rate 

(e.g. 10 MHz) had more average power from the seed, which helped extracting 

more output power from the first preamplifier with a better OSNR at the same time. 

However, when the EOM worked as a pulse picker to reduce the repetition rate to 

1 MHz, the resulting output power turned out to be lower primarily due to the 

pump power limit sets by the WDM.  

 

3.3.1.3 Second-stage amplification 

The choice of thulium doped fibre becomes critical when it comes to the second 

preamplifier, as nonlinearities are expected to appear at higher signal power levels. 

In order to minimise the nonlinearities, it is preferable that the second preamplifier 

uses a short length of TDF with stronger pump absorption and a larger core. 

Figure 3.11 illustrates the basic structure of the second-stage amplifier, which was 

also a core-pumped TDFA incorporating a short gain fibre and two isolators to 

prohibit back-reflections. Note that this preamplifier was pumped by another in-

house built EYFL, which had a similar configuration as the pump laser described in 

section 3.3.1.1 but provided more output power of up to 5 W. Two different 

homemade fibres have been tested for the second preamplifier. Fibre TYPE-1 (part 

number: A0269_L10164) had a core/clad diameter of 8.5/100 µm and NA of 0.21. 

This fibre showed an extremely strong absorption of ~240 dB/m at 1560 nm but 

also a considerable absorption of ~10 dB/m at the signal wavelength. The fibre 



 

55 

length had to be very short due to the noticeable signal reabsorption of this 

particular fibre. The doped fibre was wrapped in small coils (5-cm diameter) to 

attenuate the high order mode so as to ensure single mode operation. The gain 

fibre was shortened to an optimum length of 0.4 m and produced an output power 

of 8.3 mW at 1-W pump power. It was observed that ESA was strong near the splice 

point where the pump was coupled into the doped fibre, turning the fibre “purplish”. 

Excess heat was also generated during the amplification process because of the 

poor efficiency of this fibre. Thus, it can be concluded that fibre TYPE-1 was not 

ideal for the second-stage amplifier. 

 

Figure 3.11. Schematic of the second preamplifier. 

 

To improve the power performance of the second preamplifier, fibre TYPE-1 was 

replaced by fibre TYPE-2 (part number: B0155_L10146), which had less pump 

absorption (~95 dB/m at 1560 nm) and less signal reabsorption (~3 dB/m). This 

fibre also had an 8.5-µm core, a 100-µm cladding and 0.2 NA. Forward pumping a 

1.2-m length of fibre TYPE-2, the second-stage amplifier amplified the 1-MHz signal 

pulses from 1.2 mW to 48 mW at 1-W pump power before the onset of MI. As 

indicated by figure 3.12(a), this amplifier had low noise and the signal maintained 

a good in-band OSNR of ~21 dB. 

 

Figure 3.12. (a) Spectra at the outputs of the second preamplifier and after 

the band pass filter (1 nm resolution); (b) Temporal profile of the output of 

the second preamplifier. 
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An autocorrelator (APE pulsecheck) instead of a photodetector was used to measure 

the pulse width at the output of the second preamplifier, for now the amplified 

signal should have enough peak power for SHG in the crystal of the autocorrelator. 

The FWHM of the measured Gaussian-shape autocorrelation (AC) trace was 74 ps 

as shown in figure 3.12 (b). This corresponded to a Gaussian pulse width of 52 ps. 

The peak power of the pulses was calculated to be ~0.92 kW. 

A pigtailed etalon-based tuneable filter (Agiltron, FOTF-020121131) was placed 

after the second-stage amplifier to improve the out-of-band signal OSNR ready for 

coupling into the final power amplifier. This band pass filter had a -3 dB bandwidth 

of 3.6 nm, a -20 dB bandwidth of 10 nm and a tuneable wavelength range from 

1860 nm to 2030 nm.  It can be seen from figure 3.12(a) that this filter cleaned up 

most ASE and enabled an out-of-band OSNR of at least 60 dB with two sidelobes 

peaking at 1946 nm and 1959 nm. These two sidelobes originated from the filter 

spectral response, which can be confirmed by figure 3.13. An ASE source generated 

from a TDFA was used to measure the transmission response of the filter. The two 

sidelobes situating at 1946 nm and 1959 nm were ~20 dB below the main peak at 

1953 nm. The insertion loss of this filter was ~3.3 dB at the signal wavelength, 

resulting in a reduced signal power of 22 mW at the output of the filter. A photo of 

the first and second preamplifiers as well as the EOM is shown in figure 3.14. 

 

Figure 3.13. Spectral response of the band pass filter with 1 nm resolution. 

The inset shows the photo of the filter in use. 
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Figure 3.14. Setup photo of the in-band pumped preamplifiers. 

 

3.3.2 Third-stage power amplifier 

Figure 3.15 provides the schematic of the complete three-stage MOPA system and 

the structure of the third-stage amplifier. Detailed characterisation of the gain-

switched seed laser and two preamplifiers have been provided in previous sections, 

but a brief summary is given here for reference only. 1-MHz picosecond pulses with 

1-µW output power and ~100-ps pulse duration was generated by gain-switching a 

seed diode at 1952 nm. The signal power was enhanced to 11 mW by the first 

preamplifier but was impaired by the excess ASE in between the pulses which was 

removed by using a lossy EOM. The output of the EOM had a power of 1.2 mW with 

an OSNR of ~25 dB. The second preamplifier increased the signal power to 48 mW 

and the following band pass filter eliminated the out-of-band ASE, leading to an 

output power of 22 mW with a 60-dB out-of-band OSNR.  

To scale up the energy and peak power of the picosecond pulses, a third-stage 

amplifier based on an LMA thulium doped fibre was proposed in figure 3.15(b). The 

input signal and the pump were arranged in a counter-propagating configuration 

in this final-stage amplification. The input of this power amplifier had a standard 

APC pigtailed SMF-28 fibre taper-spliced to an LMA double-clad thulium doped fibre, 

which facilitated the detachable connection between the second and the third 

amplifiers. This 2-m-long LMA fibre had a 25-µm core diameter with 0.09 NA, a 

250-µm cladding diameter with 0.46 NA and a cladding absorption of ~9.5 dB/m 

at 793 nm. The output end of the active fibre was terminated with an angle-polished 

end cap. This helped in avoiding any back-reflections and optical damage to the 

fibre end facet due to high signal intensity. 
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Figure 3.15. Schematics of (a) the three-stage thulium-doped fibre MOPA 

system and (b) the final-stage amplifier (PC: polarisation controller; PG: pulse 

generator; BPF: band pass filter; DM: dichroic mirror). 

 

The fibre-coupled pump diode (P/N: JOLD-75-CPXF-2P iTEC), mounted on a water-

cooled aluminium base and monitored by a thermoelectric cooler (TEC), can provide 

a pump power of up to 50 W. The output fibre has a core diameter of 400 µm and 

core NA of 0.22. Spectral and power characteristics of the pump diode are plotted 

in figure 3.16. The pump laser emitted at 797 nm with a FWHM of 1.8 nm. A pair 

of lenses were used to collimate and focus the pump laser beam into the doped 

fibre. Focal lengths of Lens1 and Lens2 were 12 mm and 25 mm respectively. An 

800 nm/2000 nm dichroic mirror (DM) was placed in between the lenses to 

separate the output signal beam and the residual pump laser beam.  
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Figure 3.16. (a) Power and (b) spectral characteristics of the pump diode (1 

nm resolution). 

 

Figure 3.17 shows the photo of the final-stage amplifier. The coil of the thulium 

doped fibre was mounted on another powerful TEC which could bring the 

temperature down to 5 C. The output fibre end was firmly mounted on a water-

cooled translation stage. A chiller which had a lower temperature limit of 10 C was 

used to take away heat from the translation stage. However, a small section of the 

doped fibre had to be suspended in air due to the difference in height between the 

stage and the TEC. A thin slice of copper tape was closely clung to the suspended 

fibre to help in dissipating the generated heat. In this experiment, the TEC and the 

chiller were operating at 15 C, since dew was noticed on all the metallic surfaces 

when operating at lower temperatures (e.g. 10 C). 

 

Figure 3.17. Photo of the final-stage amplifier. 
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Figure 3.18 plots the power and temporal characteristics of the MOPA output. In 

the third-stage amplifier, the output power was scaled up to 3.94 W at a slope 

efficiency of 17.4%. Note that the output power reported here was the in-band 

(1950.5-1952.8 nm) signal power calculated from the measured spectrum and the 

measured total output power. Figure 3.18(b) shows the autocorrelation trace 

having a FWHM of 74 ps, which indicates a Gaussian pulse width of 52 ps. We 

observed no change in pulse duration with output powers of the third-stage 

amplifier.  

 

Figure 3.18. (a) Power and efficiency of the third-stage amplifier; (b) 

Autocorrelation trace of the MOPA output. 

 

As illustrated by the broadband spectra in figure 3.19(a), the input signal was 

amplified with increased pump power while the ASE also built up very quickly. 

Because of the SPM and FWM, the -20 dB bandwidth of the output spectrum 

broadened from 2.7 nm at the input of the third-stage amplifier to 3.4 nm at the 

maximum output power of 3.94 W. MI started to appear when the signal power 

reached 3.94 W, which can be seen from the small hump near 1980 nm of the green 

line plot. The symmetric MI sidebands peaked around 1920/1980 nm but the one 

at ~1920 nm was masked by the ASE. Figure 3.19(b) plots a high-resolution 

spectrum at 3-W output power, which better illustrates the nonlinearities-induced 

spectral change experienced by the amplified pulses. It can be clearly seen that 

more frequency components were generated as small peaks around the input 

signal, highlighted by the red circles in the figure. This was due to the fact that 

FWM led to an energy transfer from the signal pulses to the out-of-band noises at 

high peak powers. The additional frequency components resulted from SPM and 

FWM can be further amplified if they fall within the gain bandwidth of MI. 

Consequently, nonlinearities including SPM, FWM and MI inhibited scaling the 
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output power of the MOPA to beyond 4 W. Besides, the in-band OSNR of the MOPA 

output was degraded to ~15 dB by the combined effects of nonlinearities and the 

ASE. The beam quality of the MOPA output was measured by an Ophir Nanoscan at 

the maximum output power. As shown in figure 3.20, the output of the MOPA had 

a beam quality of M
2

~1.5 and M
2

~1.6 at the x and y axis respectively.   

 

Figure 3.19. (a) Broadband spectra of the MOPA output (1 nm resolution); (b) 

high resolution spectrum of the MOPA output at 3 W (0.1 nm resolution). 

 

 

Figure 3.20. Beam quality of the MOPA output. 

 

To conclude section 3.3, a three-stage thulium doped fibre MOPA system seeded 

by a gain-switched laser diode was demonstrated producing 52-ps pulses with an 

average output power of 3.94 W, a peak power of 76 kW and a good beam quality 

of 1.6. This MOPA system was used to pump a ZBLAN fibre for supercontinuum 

generation up to ~4 µm, which will be discussed in detail in section 4.2. 
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3.4 Four-stage thulium doped fibre MOPA 

Picosecond pulses with a peak power of up to 76 kW have been achieved from a 

simple fiberised structure comprising only a gain-switched seed diode and three 

amplification stages. This three-stage thulium doped fibre MOPA system is very 

useful for applications where moderate peak powers are required, such as sensing 

and tissue ablation [33, 35]. It is also advantageous in terms of compactness and 

cost. However, strong nonlinear effects that occurred at a relatively low power level 

and accumulated rapidly in the third-stage amplifier, hindered the signal 

amplification with much degraded OSNR. It merits special attention that the gain-

switched seed laser with only two longitudinal modes can act as a seed for 

nonlinearities such as FWM and MI, significantly lowering the nonlinear threshold. 

Careful management of fibre nonlinearity and the signal purity have to be taken 

into considerations to overcome the limitations exerting on the MOPA performance. 

Hence a new configuration of the high-power picosecond thulium doped fibre 

MOPA is proposed for nonlinear mitigation in the MOPA chain and addressing 

applications that demand higher peak power.  

Figure 3.21 depicts the schematic of the four-stage thulium doped fibre MOPA 

system. The seed, the first and the second preamplifier were maintained in the 

four-stage MOPA. After the second preamplifier, an FBG-based filter was used to 

substitute the band pass filter, which removed the ASE and the sidebands from the 

seed at the same time. A new third-stage preamplifier was added to the amplifier 

chain to compensate the high insertion loss of the FBG-based filter. The final-stage 

amplifier employed the same type of LMA thulium doped fibre but was adapted to 

make it more efficient as well as to manage the nonlinear effects. New mechanics 

were also designed to optimise the fibre cooling in the four-stage thulium doped 

fibre MOPA system. All the optimisations mentioned above enabled us to 

accomplish peak power scaling to ~300 kW. The following subsections discuss how 

these optimisations improved the performance of the gain-switched diode-seeded 

thulium doped fibre MOPA system. 
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Figure 3.21. Schematic of the four-stage thulium-doped fibre MOPA system 

(PC: polarisation controller; PG: pulse generator). 

 

3.4.1 FBG-based filter 

As shown in figure 3.21, the FBG-based filter was composed of a pair of circulators 

and customised FBGs. Before utilising the grating filter, the FBGs were tested with 

a 2-µm ASE source and a circulator to measure their transmission and reflection 

characteristics. Figure 3.22 sketches the setup and figure 3.23 illustrates the 

features of the FBGs. Both gratings had a centre wavelength of 1952.2 nm and a 

high reflectivity of more than 99%. The bandwidths of the first and the second 

gratings were 0.8 nm and 0.5 nm respectively. Small reflection peaks in the short 

wavelength region were due to the cladding modes. The two gratings, each of 

which was spliced to a circulator, were connected in series to form a narrow 

passband filter.  

 

Figure 3.22. Setup sketch of the FBG test (CIR: circulator). 
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Figure 3.23. Transmission and reflection characteristics of FBGs (0.05 nm 

resolution). 

 

Spectra at the outputs of the seed and preamplifiers are replotted in figure 3.24(a) 

to compare the spectral outputs before and after the FBG-based filter. The spectra 

were measured with 0.05 nm resolution bandwidth of the OSA so as to distinguish 

the fine structures. In contrast to the single longitudinal mode operation in the CW 

regime (blue line), gain-switching the seed diode (red line) resulted in the emission 

of two longitudinal modes which had comparable spectral intensities. The two 

longitudinal modes centred at 1950.9 nm and 1952.3 nm respectively. Note that 

the spectrum at the output of the EOM exhibited multi-peak structure owing to the 

spectral response of the EOM rather than strong nonlinear effects. It can be seen 

by comparing the cyan line in figure 3.24(a) and the blue line in figure 3.24(b) that 

the signal was amplified to 48 mW in the second-stage amplifier without significant 

nonlinear distortion but the intensities of the sidebands (e.g. at 1950.1 nm and 

1953 nm) grew very quickly.  

The band pass filter used in the three-stage thulium doped fibre MOPA system 

could not eliminate these sidebands effectively because of its bandwidth limitations. 

However, these undesirable sidebands and the dual longitudinal modes from the 

gain-switched diode were potential seeds for FWM and MI, which would deteriorate 

the signal spectrum in the following amplification stages as evidenced in figure 

3.19(b). In order to minimise the signal impairment due to nonlinearities in the 

cascaded amplification stages, only the strongest longitudinal mode (at 1952.3 nm) 

was picked out by means of the narrow-band gratings to seed the follow-on 

amplifiers. As illustrated in figure 3.24(b), the first grating effectively removed the 

majority of the unwanted spectral components and obtained a greatly improved 

SMSR of ~40 dB, which was later enhanced to 55 dB by the second grating. 
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Meanwhile, output power was largely reduced as a result of the insertion losses of 

the circulators and the slicing of the signal spectrum with the grating filter. The 

power at the output of the first and second grating were 13 mW and 5 mW 

respectively. Note that the typical loss of the 2-µm circulators from AFR is about 2 

dB and that the total loss of this FBG-based filter reached ~9.8 dB. 

 

Figure 3.24. (a) Spectra of the seed diode in CW and pulsed operations as 

well as the outputs of the TDFA1 and EOM (0.05 nm resolution); (b) Spectra 

at the outputs of TDFA2, FBG1 and FBG2 (0.05 nm resolution). 

 

Figure 3.25 depicts the autocorrelation traces measured at the outputs of the first 

and second grating filters. After the first grating, the autocorrelation trace had a 

FWHM of 37 ps, which corresponded to a Gaussian pulse width of 26 ps. However, 

the second grating stretched the pulse width to ~35 ps, which could be inferred 

from a broader autocorrelation trace with a FWHM of ~49 ps. Note that the 

autocorrelation trace measured after the second grating was much noisier due to 

a lower signal power of 5 mW. 
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Figure 3.25. Autocorrelation traces measured at the outputs of (a) FBG1 and 

(b) FBG2. 

 

3.4.2 Third-stage preamplifier 

Remarkable signal purity with SMSR of 55 dB was achieved by the grating-based 

filter but at the price of high transmission loss of the signal. Therefore, a third 

preamplifier stage was incorporated to compensate the loss introduced by the 

grating filter and boost the signal power into the final stage amplifier. Figure 3.26 

presents the schematic of the third-stage amplifier. Both the first and second 

preamplifiers were core-pumped amplifiers, but the third preamplifier was 

designed as a cladding-pumped configuration based on an in-house fabricated 

fibre with a larger core to further enhance the nonlinear threshold. The gain fibre 

in this preamplifier was a double-clad thulium doped fibre having a core/clad 

diameter of 11/127 µm and a cladding absorption of ~6 dB/m at 790 nm. This 

fibre was cladding pumped by a multimode laser diode at 790 nm which could 

provide a maximum pump power of 9 W. The active fibre length was chosen as 2.5 

m long to ensure adequate pump absorption of ~15 dB. A small amount of residual 

pump power was stripped off by the high-index-coated splice to the output isolator. 

Isolators were put at both the input and output of the amplifier to prevent parasitic 

lasing. Note that the fibre pigtail of the output isolator was shortened to an 

optimum length to avoid nonlinearities. A photo of the third-stage amplifier is 

shown in figure 3.27. The pump diode and the fibre were cooled by a TEC 

constantly running at 15 C. 
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Figure 3.26. Schematic of the third-stage preamplifier. 

 

 

Figure 3.27. Photo of the third-stage amplifier. 

 

As illustrated in figure 3.28, the third-stage amplifier could scale the output power 

to ~0.3 W at a slope efficiency of 22.3% before the onset of MI with the two 

noticeable sidebands at ~1935 nm and ~1970 nm. As expected, the peak of the MI 

sidebands shifted outward from the central signal peak with growing output power. 

Frequency components caused by FWM manifested as a bunch of small peaks 

superimposed on the MI sidebands along with a broadband ASE as indicated by the 

green line in figure 3.28(b). Although a higher input power to the final (fourth) 

stage amplifier was preferred, taking nonlinearity management into consideration, 

it was concluded to operate the third preamplifier at an output power of less than 

0.274 W to seed the final-stage amplifier. The temporal profile of the third-stage 

amplifier was measured by an autocorrelator, as shown in figure 3.29 with a FWHM 

of 49 ps. The corresponding Gaussian pulse width was 35 ps, which remains same 

at all output powers. 
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Briefly, a cladding-pumped third-stage amplifier was demonstrated to generate a 

nonlinearity-free maximum output power of 0.274 W with an in-band OSNR of 50 

dB. This power level and signal purity were crucial to energy scaling of picosecond 

pulses in the final-stage amplifier. 

 

 

Figure 3.28. (a) Power and (b)spectral characteristics of the third preamplifier. 

 

 

Figure 3.29. Autocorrelation trace of the output of the third preamplifier (57 

mW). 
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3.4.3 Fourth-stage power amplifier 

In addition to the new FBG-based filter and third-stage preamplifier, the final-stage 

amplifier of the MOPA system was also modified for better optical performances, 

including a shortened gain fibre length, a new pump laser and a homemade mode 

adaptor (MA) at the amplifier input. Figure 3.30 illustrates the new schematic of 

the final-stage amplifier of the four-stage thulium doped fibre MOPA system.  

 

Figure 3.30. Schematic of the final-stage amplifier of the four-stage thulium 

doped fibre MOPA system (MA: mode adaptor; DM: dichroic mirror). 

 

Signal from the third-stage amplifier was launched into the final-stage amplifier 

through the mode adaptor, which was made of a 0.3-mm-long graded-index fibre 

with a core/cladding diameter of 50/125 µm. The mode adaptor was designed and 

made by Dr. Yongmin Jung. The input pigtail of the mode adaptor was a 20-cm-

long SMF-28 fibre whereas a 15-cm-long passive double-clad fibre was spliced to 

the graded-index fibre as the output of the mode adaptor. The passive double-clad 

fibre had the same parameters as the gain fibre (25/250 µm core/clad diameter, 

0.09 NA). Acting like an imaging lens, this mode adaptor helped in matching the 

fundamental mode of the two dissimilar fibres and reducing the coupling loss to 

just 1dB.  

In the four-stage thulium doped fibre MOPA system, the gain fibre of the final stage 

amplifier was reduced from 2 m to 1.3 m so as to decrease the nonlinear interaction 

length and increase the nonlinear threshold. The final-stage amplifier was free-

space counter-pumped by two 790-nm multimode pump laser diodes, which were 

combined by a (2+1) ×1 pump and signal combiner. The pump beam was collimated 

by a B-coated aspheric lens (f = 8 mm) and then coupled into the doped fibre with 

an uncoated plano-convex lens (f = 12 mm). Two 800/2000 nm dichroic mirrors 

were used to extract the output signal beam from the fibre and remove the 

background pump light.  
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The combined pump diodes could deliver a maximum pump power of up to 50 W 

as shown in figure 3.31. The pump diodes were water-cooled to stabilise the 

emission wavelength at ~790 nm, where the absorption peak of thulium doped 

fibres lies. The pump diodes had a 3-dB spectral bandwidth of 2 nm. Irrespective 

of a short gain fibre length of 1.3 m, more than 92% of the launched pump power 

could be absorbed. Residual pump power was stripped off by high-index gel at the 

splice point between the doped fibre and the passive fibre pigtail of the mode 

adaptor. The doped fibre output had an angle-polished core-less end cap, which 

reduced the optical intensity at the glass-air interface and prevented optical 

damage to the fibre end facet. 

 

Figure 3.31. (a) Power and (b) spectral characteristics of the pump diodes at 

790 nm. 

 

Figure 3.32 and figure 3.33 provide an image of the fourth-stage amplifier and a 

close shot of the mechanics designed to improve the fibre-cooling efficiency. In the 

three-stage thulium doped fibre MOPA system, a small section of the LMA thulium 

doped fibre, inside which pump absorption was very strong, could not be mounted 

on any heat sink, resulting in heavy thermal load. The coating of this fibre section 

would gradually degenerate after continuous operation for many hours, which 

could lead to a worse pump confinement in the fibre cladding and hence a lower 

efficiency of the amplifier.  

In order to protect this section of gain fibre and enhance the efficiency, new fibre 

mounts were designed and fabricated in house. The output fibre section was 

sandwiched in the V-groove between the two aluminium plates, which were 

constantly cooled by the circulating cold water at 15 C. The bottom aluminium 

plate had a specially-designed cut with a radius of 7.5 cm so that the rest of the 
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doped fibre could be mounted on the adjoining water-cooled metallic mandrel 

without any gaps. The fibre surface was covered by thin graphite with excellent 

thermal conductance. 

 

Figure 3.32. Image of the final-stage amplifier in the four-stage thulium 

doped fibre MOPA. 

 

 

Figure 3.33. Close shot of the designed fibre-cooling system. 

 

A moderate output power of 130 mW from the third-stage amplifier was chosen to 

seed the final-stage amplifier to enhance signal gain and to mitigate nonlinear 

effects even further. Results are plotted in figure 3.34. The average output power 

of the final-stage amplifier was successfully scaled up to 9.08 W at a pump power 

of 40.8 W, with a slope efficiency of 27.8%. However, it can be seen from the spectra 

that strong nonlinear effects arose in the amplifier with multiple sidebands at the 
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maximum output power of 9.08 W. The two symmetrical sidebands peaking at 

~1943 nm and ~1961 nm started to appear at a lower output power of 7.09 W. 

In fact, these two sidebands originated from the MI in the third-stage amplifier, as 

the positions of both peaks coincided with the MI sidebands shown in figure 3.28(b). 

It meant that these two sidebands (1943/1961 nm) were amplified together with 

the signal in the final-stage amplifier but could only be distinguished at a relatively 

high output power. It also showed that the peaks of the MI sidebands were masked 

by the ASE in the third preamplifier with 130 mW of output power because at this 

power level, the intensity of MI-induced noise was weak as compared to the 

intensity of ASE in the amplifier. Two more MI sidebands emerged at ~1920 nm 

and ~1980 nm when the output power reached 9.08 W. It can be inferred that these 

two sidebands (1920/1980 nm) were indeed caused by the MI in the final-stage 

amplifier, because the positions of the MI gain peaks were in good agreement with 

the calculated value determined by the nonlinear parameter γ, the group-velocity 

dispersion β2 and the peak power of the signal (see figure 2.10).  

 

Figure 3.34. (a) Amplified output power as a function of pump power and (b) 

spectral plots at different output powers of the final-stage amplifier seeded 

with an input power of 130 mW. 

 

So far, noteworthy improvements in nonlinearity management and power scaling 

were achieved in the final-stage amplifier seeded with an input power of 130 mW. 

However, the concealed MI sidebands from the third-stage amplifier were launched 

together with the signal into the fourth-stage amplifier, which resulted in nonlinear 

effects to become apparent at a lower power than expected. In order to avoid 

seeding MI sidebands into the final stage, the input power was reduced from 130 

mW to only 57 mW.  
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Figure 3.35(a) showed that the final-stage amplifier managed to scale up the signal 

output power to 10.34 W at a slope efficiency of 29.5% without any power roll-off. 

A maximum signal gain of 22.5 dB was obtained from this amplification stage at a 

pump power of 45.6 W. Figure 3.35(b) depicts the autocorrelation trace measured 

at the output of the final-stage amplifier. The trace had a FWHM of 49 ps so that 

the corresponding FWHM of the Gaussian pulse width was 35 ps. The maximum 

peak power of the signal pulses was calculated to be 295 kW. The autocorrelation 

measurement showed a constant pulse width before and after the final-stage 

amplifier at different output powers.  

 

Figure 3.35. (a) Power scaling of the final stage amplifier; (b) Autocorrelation 

trace measured at the output of the final amplifier (4.5 W) and the 

corresponding Gaussian fit. 

 

Figure 3.36 presents the spectral evolution with increasing signal output power. 

The signal maintained an extraordinary out-of-band OSNR of at least 40 dB. The 

onset of MI only became noticeable at the highest output power of 10.34 W with 

two symmetrical sidebands around 1920 nm and 1980 nm respectively. The 

seeding and amplification of the concealed MI sidebands from the third-stage 

amplifier was successfully inhibited in the final-stage amplifier by reducing the 

input power, as suggested by the green line in figure 3.36(a). Severe spectral 

broadening due to SPM in figure 3.36(b) was also an indication of the high peak 

power of signal pulses inside the fibre amplifier. The 10-dB spectral bandwidth 

broadened from 0.6 nm at 1.024 W to 1.7 nm at 10.34 W. In this case, SPM was 

inevitable because pulses with high peak power were propagating along the fibre 

but was significantly reduced by using a short device length.  
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Because of the choice of a counter-pumping scheme in conjunction with high gain 

operation, the effective nonlinear length was considerably reduced, thereby 

inhibiting the appearance of MI in the amplifier. A lower input power of 57 mW into 

the final-stage amplifier enabled an enhancement in output power from 9.08 W to 

10.34 W with a less noisy spectrum, as compared to the output when seeding the 

amplifier with 130-mW input power. Figure 3.37 shows the output beam profile of 

the four-stage thulium doped fibre MOPA. The system had a near-diffraction-limited 

output with a beam quality of M
2

~1.2 at 4.5 W of average output power, which 

degraded slightly to M
2

~1.3 at the highest output power of 10.34 W. 

 

Figure 3.36. (a) Broadband spectra (1.0 nm resolution) and (b)high resolution 

spectra (0.05 nm resolution) of the MOPA system at 1.024 W, 4.387 W and 

10.34 W average output powers. 

 

Figure 3.37. Beam quality of the MOPA output measured at the power of (a) 

4.5 W and (b) 10.34 W. 
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3.4.4 Peak power demonstration 

An excellent improvement in optical performance was achieved with the optimized 

four-stage thulium doped fibre MOPA system incorporating a new narrowband 

grating-based filter and an optimised LMA-fibre-based final-stage amplifier, 

enhancing the signal peak power from 76 kW to 295 kW.  

An InGaAs photodetector was used to examine the peak power of the signal pulses 

based on two-photon absorption (TPA) process in order to verify the accuracy of 

the MOPA output. Note that the InGaAs photodetector had a very low and negligible 

responsivity at 2 µm but high responsivity in the near-infrared. The experimental 

setup is sketched in figure 3.38. A mirror with a reflectivity of 12% was placed at 

the output of the MOPA to attenuate the average power for the photodetector. An 

uncoated plano-convex lens with a focal length of 20 mm was used to focus the 

MOPA output onto the small aperture of the photodetector, electrical output of 

which was connected to an oscilloscope for power analysis. The residual output of 

the MOPA system was terminated by a beam block. It can be seen from figure 3.39 

that the amplitude of the TPA-induced signal read from the oscilloscope increased 

quadratically with the output power of the MOPA. But the data started to roll off at 

output powers beyond 6.5 W, which was attributed to the power saturation of the 

photodetector. Note that this could be addressed by further attenuating the MOPA 

output. However, we did not have a suitable filter at the time to improve the test 

results. In spite of a slight roll-off, the results of the test confirmed the generation 

of picosecond pulses with high peak powers from the four-stage thulium doped 

fibre MOPA system. 

 

Figure 3.38. Schematic of the peak power demonstration test. 
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Figure 3.39. Results of the peak power demonstration test. 

 

3.5 Conclusion 

In this chapter, I discuss the high-peak-power picosecond pulse generation from a 

gain-switched diode-seeded thulium doped fibre MOPA system. Gain-switching a 

laser diode offers an easy approach to produce short picosecond pulses with a 

simple configuration. A 1952-nm discrete-mode laser diode was gain-switched to 

generate sub-hundred picosecond pulses at 1-MHz repetition rate with an average 

output power of ~1 µW. I have built a three-stage thulium doped fibre MOPA, 

comprising two core-pumped preamplifiers and a final-stage amplifier based on 

LMA fibre, which yielded picosecond pulses with 52-ps pulse duration, 3.94-W 

average output power, 76-kW peak power and a beam quality of M
2

~1.6.  

Further peak power scaling of the three-stage thulium doped fibre MOPA system 

was inhibited by nonlinearities observed in the final-stage amplifier, among which 

MI was the primary constraint due to the innate anomalous dispersion of silica-

based fibres. From this perspective, MI cannot be thoroughly eliminated in thulium 

doped fibre amplifiers but increasing the nonlinear threshold of the amplifier could 

suppress the emergence of MI at a higher power. On the other hand, SPM and FWM 

can initiate and promote the growth of MI if the frequency components generated 

from these two processes fall within the MI gain spectrum.  

Consequently, I proposed a four-stage MOPA structure to address the deleterious 

nonlinearities and enhance the power scalability. The four-stage thulium doped 

fibre MOPA featured an FBG-based filter to improve the signal purity, a new 

cladding-pumped preamplifier as a power compensator, and an optimised final-

stage power amplifier using a very short piece of LMA thulium doped fibre. The 
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grating filter narrowed the signal spectrum down to 0.5 nm, removing the 

additional longitudinal mode from the seed and the extra spectral contents from 

the preamplifiers. A clean signal output with an OSNR of 55 dB was obtained after 

the filter. To make up for the high insertion loss of the grating filter, I built another 

cladding-pumped TDFA to boost the signal power to 57 mW. In the final-stage 

amplifier, I accomplished power scaling to 10.34 W with a slope efficiency of 29.5% 

and an excellent output OSNR of at least 40 dB. The output of this four-stage MOPA 

had a pulse width of 35 ps, a record-breaking peak power of 295 kW and a near-

diffraction-limited beam quality of M
2

~1.3. The attainment of high-peak-power 

pulses suggests effective nonlinearities management in our system. In comparison 

with the previous works [30, 87], considerable improvement has been achieved in 

terms of the MOPA output performance.
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Chapter 4 High power ultra-broadband 

supercontinuum generation in fluoride 

fibres 

4.1 Introduction 

As compared to silica fibres which possess exponentially growing propagation loss 

beyond 2 µm, fluoride fibres such as ZBLAN fibres and fluoroindate fibres are 

particularly attractive for mid-infrared laser sources because of their low-loss 

transmission in the 3-5 µm region. Therefore, both fibres can be considered as 

potential candidates for mid-infrared SC generation and are worth further 

investigations. Typical transparency ranges of ZBLAN fibres and fluoroindate fibres 

are 0.5-4 µm and 0.5-5.5 µm, respectively (Figure 4.1).  

Rapid development in the power scaling of Tm-doped 2-µm fibre lasers make them 

ideal pump sources for broadband SC generation over their counterpart 1.5-µm 

fibre lasers. Furthermore, pumping fluoride fibres with 2-µm fibre lasers can assist 

spectral broadening deep into the mid-infrared and enhance the power conversion 

efficiency, while maintaining the inherent advantages of fibre lasers such as high 

brightness and good compactness. 

Table 4.1 compares the commercial single mode fluoride fibres from three popular 

companies. ZBLAN fibres exhibit a cost-effective solution to high power SC sources 

owing to more mature fabrication techniques. Low-loss ZBLAN fibres are available 

at a reasonable price. The general attenuation of commercial ZBLAN fibres is no 

more than 0.15 dB/m for 2-3 µm region. The-state-of-the-art fabrication technique 

has enabled ultra-low attenuation ZBLAN fibres with a record transmission loss of 

0.00104 dB/m at 2560 nm [93]. However, only two companies (Le Verre Fluoré and 

Thorlabs) provide in-stock fluoroindate fibres. Research studies and fabrication 

techniques of indium fluoride fibres seriously lag behind that of ZBLAN fibres. 

The SC generation from a ZBLAN fibre can be extended to ~4.5 µm with a complex 

configuration such as cascaded SC generation in combined active silica fibres and 

ZBLAN fibres [46]. However, it remains difficult to access beyond 5 µm for a ZBLAN 

fibre having strong attenuation from 5 µm and onwards. On the other hand, 

fluoroindate fibres have not been fully exploited as potential mid-infrared lasers 
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from 3 µm to 5.5 µm, because of the unavailability of high-quality fibres and 

powerful pump sources.  

This chapter discusses SC generation in both ZBLAN fibres and fluoroindate fibres. 

In section 4.2, I demonstrated SC generation spanning from 800 nm to 4 µm in a 

small core (8.5-µm core diameter) ZBLAN fibre pumped by our three-stage thulium 

doped fibre MOPA. I achieved further SC generation into the mid-infrared by 

pumping a fluoroindate fibre with higher-peak-power picosecond pulses from the 

four-stage thulium doped fibre MOPA, which is detailed in section 4.3. A conclusion 

of this chapter is provided in section 4.4. 

 

Figure 4.1. Transparency limit of ZBLAN fibres and fluoroindate fibres (data 

from Thorlabs). 

 

 Le Verre Fluoré Thorlabs FiberLabs 

Single mode 

ZBLAN 

Fibre 

8.5/125 µm 

NA = 0.23 

9/125 µm 

NA = 0.19 

9/125 µm 

NA = 0.20 

<0.005 dB/m for 2000 

– 2400 nm 

≤0.15 dB/m for 2.3 – 

3.6 µm 

<0.1 dB/m for 1-2 µm 

€110/m fibre £199.67/m cable $160/m fibre 

Single mode 

Fluoroindate 

Fibre 

7.5/125 µm 9/125 µm 

NA = 0.26 

Fibre not available 

<0.02 dB/m for 2 - 4.5 

µm 

≤0.45 dB/m for 3.2 – 

4.6 µm 

 €200/m fibre  £226.44/m cable 

Table 4.1. Summary of fluoride fibres available from three popular 

companies. 
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4.2 Supercontinuum generation in ZBLAN fibres 

4.2.1 Experimental setup 

Figure 4.2 depicts the schematic of SC generation in a ZBLAN fibre. Pump pulses 

from the three-stage thulium doped fibre MOPA system were coupled into the 

ZBLAN fibre through a C-coated aspheric lens. A focal length of 4.5 mm was chosen 

to best match the fundamental MFD of the ZBLAN fibre. A polarisation sensitive 

isolator was put before the focusing lens to protect the MOPA system from any 

back-reflections. The half-wave plate (HWP) before the isolator was meant to 

provide the maximum output pump power while the other HWP was supposed to 

optimise the pump polarisation for the ZBLAN fibre. A 7-m-long ZBLAN fibre with 

flat-cleaved ends was used in this experiment. The output of the ZBLAN fibre was 

butt-coupled to a multimode fluoride fibre, which was connected to an OSA or a 

monochromator for beam diagnosis. 

The tested ZBLAN fibre from Le Verre Fluoré has a core/cladding diameter of 

8.5/125 µm and NA of 0.23. As shown in figure 4.3(a), this fibre had a low 

attenuation of less than 0.05 dB/m across the whole wavelength range from 1 µm 

to 3.5 µm whereas the attenuation increased rapidly beyond 3.5 µm, reaching more 

than 1 dB/m at 4.5 µm.  The single mode cut-off wavelength of this ZBLAN fibre is 

2.55 µm. Figure 4.3(b) plots the dispersion profile of the fundamental mode. The 

zero-dispersion wavelength located at ~1.6 µm. Therefore, the dispersion was 

anomalous (D ≈ 6 ps/(nm*km)) at the pump wavelength of 1952 nm. 

 

 

Figure 4.2. Schematic of the picosecond pumped SC generation in the ZBLAN 

fibre (DM: dichroic mirror; MMF: multimode fluoride fibre). 
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Figure 4.3. (a) Attenuation and (b) dispersion profile of the ZBLAN fibre (data 

provided by Le Verre Fluoré). 

 

4.2.2 Results and discussion 

Figure 4.4 describes how the spectral broadening developed in the ZBLAN fibre at 

different pump power levels. The full-span supercontinuum spectra were measured 

by a Yokogawa AQ6370 OSA (800–1600 nm), a Yokogawa AQ6375 OSA (1600–

2400 nm) and a Bentham TMc300V monochromator with a liquid-nitrogen-cooled 

PbS detector for wavelengths above 2400 nm. The spectral resolutions of the two 

OSAs and the monochromator were set to 2 nm and 10 nm, respectively. Note that 

the OSAs and the monochromator have different noise floors.  

In order to ensure an accurate synthesis of the spectra, a spectral overlap of at least 

100 nm was recorded between the OSAs and the monochromator to calibrate the 

relative spectral intensities between the instruments. The monochromator was 

continuously purged with nitrogen to minimise the effects of water vapour and 

carbon dioxide on the measurement. 

Since the MOPA did not have a linearly polarised output, the maximum available 

power for pumping the ZBLAN fibre became 2.52 W after the first HWP and the 

isolator. The pump coupling efficiency of the ZBLAN fibre was ~60%. The generated 

supercontinuum was typical of picosecond pumping a nonlinear fibre in the 

anomalous dispersion regime [94]. It can be seen from figure 4.4 that the residual 

pump peak was always ~20 dB above the supercontinuum at different pump powers. 

The supercontinuum generation broadened bidirectionally to both the near- and 

mid-infrared wavelengths as a result of dispersive wave and soliton self-frequency 

shift effects [94-97].  
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Initiated by modulation instability, pump pulses broke up into a large number of 

solitons at the beginning of the propagation inside the ZBLAN fibre. The solitons 

experienced a subsequent self-frequency shift and generated longer wavelengths 

[94, 95]. The redshift solitons transferred some energy to the blueshift radiation 

modes in the form of dispersive wave, when the short and long spectral contents 

propagated at the same group-velocity in a fibre [96, 97]. 

 

Figure 4.4. Full-span spectra of SC generation in the ZBLAN fibre at different 

launched pump powers. 

 

The launched pump power was gradually increased from 0.93 W to 2.52 W, so the 

corresponding coupled average/peak power was increased from 0.56 W/10.7 kW 

to 1.51 W/29.1 kW. The supercontinuum spanned from 990 nm to 3480 nm in 

terms of a 20-dB bandwidth at a relatively low coupled peak power of 10.7 kW, 

thanks to a long interaction fibre length (7 m) and a small core diameter of 8.5 µm. 

The long-wavelength edge of the supercontinuum extended to 3750 nm at the 

highest coupled peak power of 29.1 kW while the short-wavelength edge also 

shifted to 925 nm accordingly with stronger spectral intensities.  

It is obvious in figure 4.4 that as the coupled peak power increased, the strength 

of SSFS effect became weaker than that of dispersive wave due to continuous 

energy transfer, thereby inhibiting further frequency conversion into the mid-

infrared. The fast-growing fibre attenuation beyond 3.5 µm is another reason for 

the slow-down in generation of longer wavelengths. Figure 4.5 presents a higher-

resolution (2 nm) spectrum of the supercontinuum measured by a 3-µm OSA 

(Yokogawa AQ6376). The generated supercontinuum exhibited a remarkable 1.5-

dB spectral flatness from 2200 nm to 3000 nm.  
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Figure 4.5. SC generation spectrum measured by a 3-µm OSA at 1.75-W of 

pump power. 

 

Output power of the supercontinuum was measured by a thermal power meter 

(Ophir). As shown in figure 4.6, the maximum pump power yielded a total average 

output power of 0.746 W. Figure 4.7 characterises the distributed power and power 

conversion efficiency of selected mid-infrared wavelength regions (above 2500 nm 

and 3000 nm). Here, the power conversion efficiency is defined as the ratio of 

regional power to total output power. The regional power was calculated from the 

measured output power and measured power spectral densities. Maximum output 

powers of 95.8 mW and 51.1 mW were achieved for wavelengths beyond 2500 nm 

and 3000 nm, respectively. The power conversion efficiency for wavelengths above 

2500/3000 nm reached the peak value of 19%/7.5% and then gradually decreased 

to 12.8%/5.3%. This was in accordance with the observed weakened SSFS effect at 

higher pump power. 

 

Figure 4.6.  Total output power of ZBLAN-based SC generation as a function 

of launched pump power. 
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Figure 4.7. Power and conversion efficiency for wavelengths above (a) 

2500nm and (b) 3000 nm. 

 

4.3 Supercontinuum generation in fluoroindate fibres 

4.3.1 Experimental setup 

It can be inferred from the results of ZBLAN-fibre-based SC generation that an even 

powerful pump and a more transparent fluoride fibre into the mid-infrared are 

required to achieve high brightness SC generation extending beyond 4 µm. Hence 

this was accomplished by the high-power four-stage thulium doped fibre MOPA 

system and fluoroindate fibres. 

The proposed experimental schematic is presented in figure 4.8, which is similar 

to that presented in figure 4.2. High-peak-power pulses from the four-stage 

thulium doped fibre MOPA system was launched into a fluoroindate fibre (Thorlabs) 

with an uncoated aspheric lens (f = 6.24 mm), which induced 0.5 dB loss. Both the 

input and output ends of this fibre were flat-cleaved. A polarisation-insensitive 

isolator (0.8 dB loss) was used in this case to maximise the attainable pump power 

as well as to protect the pump laser. A half-wave plate was employed to provide a 

variable input polarisation state. The multimode fluoride fibre, which was butt-

coupled to the indium fluoride fibre, served as a delivery fibre and coupled light 

into optical instruments for spectral analysis. 
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Figure 4.8. Schematic of the four-stage MOPA pumping a fluoroindate fibre 

(MMF: multimode fluoride fibre). 

 

In this experiment, a shorter piece of indium fluoride fibre (4.5 m long) was first 

tested as a trial and another longer piece of fibre (10 m long) was used to compare 

the performance of SC generation in fluoroindate fibres. Both fibres under test have 

a core/cladding diameter of 9/125 µm, NA of 0.26 and a single-mode cut-off 

wavelength of 3.2 µm. As shown in figure 4.9(a), this fibre had a wide transmission 

window from 0.5 µm to 5.5 µm with low attenuation (<0.5 dB/m) over 1.7-4.7 µm 

region. Fibre attenuation increased exponentially beyond 5 µm, reaching up to ~3 

dB/m at 5.5 µm. Figure 4.9 (b) depicts the dispersion profile of the fibre, indicating 

that it had flat dispersion over a wavelength range from 2.5 µm to 4.5 µm with a 

ZDW of ~1.7 µm. Therefore, the pump wavelength resided in the anomalous 

dispersion region with D ≈ 5 ps/(nm*km). 

 

Figure 4.9. (a) Attenuation and (b) dispersion profile of the fluoroindate fibre. 
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4.3.2 Results and discussion 

Figure 4.10 and figure 4.11 plot the spectra of the supercontinuum generated from 

the 4.5-m-long and the 10-m-long indium fluoride fibres, respectively. Note that 

the spectra were measured in the same way that mentioned in section 4.2 with an 

Ando AQ6317 OSA (700–1600 nm), a Yokogawa A6375 OSA (1600–2400 nm) and 

a Bentham TMc300V monochromator (above 2400 nm). Calibrations of relative 

power levels between instruments were conducted with a minimum 100-nm-wide 

spectral overlap during data acquisition. 

The coupling efficiency was measured to be ~55% with a 1-m-long fluoroindate 

fibre tested under the same launching condition. It can be seen from figure 4.10 

that as the coupled peak power increased from 34.6 kW to 94.3 kW, the SC 

generation had the bidirectional spectral broadening driven by the same physical 

mechanism described in the previous section. Since the employed fluoroindate 

fibre (0.26 dB/m) had a higher loss than the ZBLAN fibre (0.004 dB/m) at the same 

pump wavelength, the SC generation in fluoroindate fibres had a higher pump 

depletion. The residual pump peak was sitting ~15 dB above the supercontinuum.  

 

Figure 4.10. SC generation in a 4.5-m-long indium fluoride fibre. 

 

The 20-dB supercontinuum bandwidth broadened from 3220 nm to 4150 nm at the 

long wavelength edge with increased pump power. However, the applicable pump 

power was limited to 6 W of average power due to fibre end-facet damage observed 

at a coupled peak power of ~100 kW. A similar damage threshold (~128 kW) was 

reported in the literature [55]. Compared to SC generation in the 7-m-long ZBLAN 

fibre (figure 4.4), this 4.5-m-long fluoroindate fibre required a higher peak power 

(34.6 kW) to produce supercontinuum up to 3 µm, due to a shorter interaction 
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length and a higher fibre attenuation at the pump wavelength. But the fluoroindate 

fibre outperformed the ZBLAN fibre in generating longer wavelengths at higher 

pump power because of its essentially lower loss at the 4-5 µm region.  

Nevertheless, the long-wavelength edge of the SC spectrum generated by the 4.5-

m-long fibre (4150 nm) was still far from the transparency limit of fluoroindate 

fibres (5.5 µm). Consequently, a longer indium fluoride fibre (10 m) was used to 

enhance the nonlinear effects and thus the bandwidth of SC generation. As 

indicated by the blue line in figure 4.11, the 10-m interaction length halved the 

required pump power for SC generation up to 3500 nm.  

 

Figure 4.11. SC generation in a 10-m-long indium fluoride fibre. 

 

When the injected peak power increased from 18.9 kW to 34.6 kW, 62.9 kW and 

94.3 kW, the long-wavelength edge of the SC stretched from 3690 nm to 4160 nm, 

4620 nm and 5000 nm with a benchmark of 30-dB bandwidth. Accordingly, the 

short-wavelength side of the SC generation extended down to 860 nm, 800 nm and 

750 nm respectively. Note that at the maximum coupled peak power of 94.3 kW, 

the intensities of the short-wavelength spectral components did not continue to 

increase as expected. This was due to the fact that alignment was re-optimised at 

the highest pump power with the monochromator for stronger intensity at 4800 

nm and preferential excitation of the fundamental mode, since the fluoroindate 

fibre was few-mode at the pump wavelength and single mode at wavelengths above 

3.2 µm.  
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When the solitons redshifted from the multimode region to the single mode region, 

the high-order modes would be attenuated in the fibre and hence less solitons and 

energy would be transferred to the longer wavelengths. Therefore, better excitation 

of the fundamental mode in fluoroindate fibres benefited the spectral broadening 

into the mid-infrared at the expense of less effective energy transfer to the high-

order modes in the near-infrared spectral components via dispersive wave. 

Further spectral broadening to beyond 5 µm was limited by the noticeable fibre 

attenuation at long wavelengths and the maximum damage-free launched pump 

power (6W). At the highest coupled peak power, the generated supercontinuum 

had a 3-dB spectral flatness over an 1870-nm span from 2500 nm to 4370 nm. A 

slight drop in spectral intensity at ~4.2 µm could be observed in the full-span 

spectra (figure 4.11), which was caused by carbon dioxide absorption inside the 

monochromator. In this case, the monochromator was not purged due to lack of 

nitrogen. As shown in figure 4.12, the spectral intensity dip coincided with the 

absorption band of carbon dioxide. 

 

Figure 4.12. Observed CO2 absorption in the measurement of SC generation. 

 

A straightforward comparison of SC generation in different lengths of fluoroindate 

fibres at the same pump power is provided in figure 4.13. It can be seen that the 

nonlinear interaction length played a crucial role in mid-infrared SC generation by 

picosecond pumping a fluoride fibre in the anomalous dispersion regime. Under 

such circumstance, the soliton order is so large (𝑁 ≫ 10) that MI dominates the 

initial propagation phase [79]. The nonlinear evolution of picosecond pulses inside 

the fluoride fibre is much slower than that of femtosecond pumping in the 

anomalous dispersion regime.  
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In the case of femtosecond pumping, fission length is much shorter so that soliton 

fission and subsequent soliton dynamics set in more promptly. Moreover, at the 

initial stage of nonlinear evolution, the high-order pump solitons compress in the 

time domain, resulting in the maximum spectral bandwidth before soliton fission, 

which contributes significantly to the ultimate supercontinuum bandwidth. Hence 

only a short length (usually centimetre scale) of nonlinear fibre is required to 

accomplish efficient femtosecond-pumped mid-infrared SC generation [79].  

 

Figure 4.13. Comparison of outputs between 4.5-m-long fluoroindate fibre 

and 10-m-long fluoroindate fibre. 

 

Comparatively speaking, generation of mid-infrared wavelengths by picosecond 

pumping a fluoride fibre principally relies on SSFS effect, as the picosecond pump 

normally has a narrow input bandwidth (less than several nanometre) which is not 

adequate for intrapulse Raman scattering. But driven by MI, the pump pulse breaks 

up into a large number of sub-pulses that could evolve into solitons prior to the 

SSFS effect. This is a slower process as compared to soliton fission, so picosecond-

pumped SC generation demands a long fibre length (usually metre scale) [79].  

Here for picosecond pumping the fluoroindate fibre, the additional fibre length (5.5 

m) has obviously strengthened the Raman effects, indicated by the noticeable 

increase in both the output bandwidth and the spectral intensity. There exists an 

optimum fibre length for SC generation when the total fibre attenuation has just 

exceeded the strength of nonlinearities. However, with the available fluoroindate 

fibre (~10 m), further optimisation in fibre length could not be performed. But a 

simple conclusion could still be drawn from figure 4.13 that lengthening the 

fluoride fibre can help fostering the growth of long-wavelength spectral contents 

until the fibre attenuation becomes predominant over the nonlinearities. 
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Figure 4.14 shows the power scaling characteristics of the mid-infrared SC 

generation in the 10-m-long fluoroindate fibre. The total average output power was 

scaled up to 1.76 W at the maximum pump power of 6 W. Output power remained 

stable in the measurement for at least half an hour. A slight power roll-off was later 

observed in experiments. This was due to thermally induced misalignment of the 

setup, but same output power could be retrieved by optimising the pump coupling. 

 

Figure 4.14. Power scaling of the SC generation in the 10-m-long indium 

fluoride fibre. 

 

Figure 4.15 illustrates the power level and power conversion efficiency of 

wavelengths beyond 2500 nm and 3500 nm, respectively. Power for wavelengths 

above 2500 nm increased steadily from 63 mW to 744 mW with a maximum power 

conversion efficiency of 42.3%. At the maximum pump power of 6 W, up to 333 

mW of power was achieved over the spectral window from 3500 nm and above. The 

corresponding power conversion efficiency continued to increase and reached the 

maximum of 18.9%.  
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Figure 4.15. Power and conversion efficiency for wavelengths above (a) 

2500nm and (b) 3500 nm. 

 

4.4 Conclusion 

In this chapter, I presented the work on mid-infrared SC generation in fluoride 

fibres pumped by high-power picosecond pulses at 2 µm. By pumping a 7-m-long 

ZBLAN fibre with the three-stage thulium doped fibre MOPA system, SC generation 

spanning from 925 nm to 3750 nm was achieved with a total output power of 

0.746 W and an excellent 1.5-dB spectral flatness from 2200 nm to 3000 nm. 

However, the power conversion efficiencies for wavelengths above 2500 and 3000 

nm were merely 12.8% and 5.3% due to continuous energy transfer from the long 

wavelengths to the short wavelengths by means of dispersive wave. 

Fluoroindate fibres were then used to replace ZBLAN fibres for more efficient 

spectral broadening into the mid-infrared. A 4.5-m-long indium fluoride fibre 

pumped by the four-stage thulium doped fibre MOPA has demonstrated 20-dB SC 

bandwidth extending from 880 nm to 4150 nm, which suggests the potential of 

fluoroindate fibres for generating mid-infrared laser sources beyond 4 µm. The 

employment of a 10-m-long indium fluoride fibre has successfully produced ultra-

broadband SC generation from 750 nm to 5 µm with a remarkable 3-dB spectral 

flatness covering 2500–4370 nm. The maximum pump power yielded a total 

average output power of 1.76 W with 0.74 W and 0.33 W obtained for wavelengths 

above 2500 nm and 3500 nm, respectively. The power conversion efficiencies were 

42.3% (≥2500 nm) and 18.9% (≥3500 nm), respectively.  
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Figure 4.16. Comparison between ZBLAN-fibre- and fluoroindate-fibre-based 

SC generations. 

 

Output spectra achieved from the ZBLAN fibre and the fluoroindate fibre are plotted 

in figure 4.16 for direct comparison between the two. ZBLAN fibres remain a strong 

competitor on the market for SC generation up to 4 µm because of low cost, mature 

fabrication technology and satisfactory performance. However, fluoroindate fibres 

would be a better choice for applications which demand >4-µm sources with decent 

output power. 
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Chapter 5 Frequency up-conversion of the 

picosecond thulium doped fibre MOPA 

5.1 Introduction 

Nonlinear optics is also extensively studied in transparent crystal materials which 

exhibit many kinds of optical nonlinearities. For example, 𝜒(2)
 nonlinearity which 

does not exist in silica fibres can be utilised in crystal materials lacking inversion 

symmetry for parametric nonlinear frequency conversion. Nonlinear frequency 

conversion offers a convenient route to generate coherent radiation where direct 

laser sources are not available or existing laser sources are complicated and 

inefficient.  

Frequency doubling, also known as second-harmonic generation, is a frequently 

used technique to produce light emission at shorter wavelengths. Since thulium 

doped fibre amplifiers and lasers have a broad gain bandwidth covering 1.65–2.1 

µm, frequency doubling of such systems can generate laser wavelengths ranging 

from 825 nm to 1050 nm, which traditional solid-state lasers may find hard to 

achieve [98, 99]. Ti:sapphire laser can be tuneable from 650 nm to 1100 nm, but 

it usually requires changing the mirror sets or employing ultrabroadband chirped 

mirrors in order to cover the wide wavelength range, which complicates the system 

operation [100]. InGaAs-based near-infrared laser diodes operating between 900 

nm and 1100 nm are either power limited or with poor beam quality. However, 

short-pulsed 9xx-nm laser is appealing to many applications such as remote 

sensing and bioimaging [101-103].  

Several solutions have been proposed to meet the demand of such laser systems. 

A ridge waveguide power amplifier seeded by a distributed Bragg reflector (DBR) 

laser was demonstrated to generate nanosecond pulses at 976 nm but with only 

watt-level peak power [104]. Ytterbium doped fibre laser is another option since it 

presents high emission cross-section around 976–980 nm when pumped at 

~915 nm [105]. Nevertheless, it proves challenging for laser operation on this zero-

phonon line because pure three-level transition around 975 nm competes for gain 

against quasi-four-level transition at longer wavelengths. To overcome this 

problem, ytterbium doped fibres with specially designed geometries are required 

[105,106]. However, ytterbium doped fibre lasers cannot be operated at 

wavelengths much lower than 970 nm due to very low emission cross-sections. 
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On the other hand, frequency quadrupling of thulium doped fibre laser, which is 

also referred to as fourth harmonic generation (FHG), can be achieved by cascading 

the frequency doubling process. Hence power from the thulium doped fibre lasers 

can be converted into the visible wavelengths from 415 nm to 525 nm. Laser 

emitting in the blue and violet spectral region is useful for data recording, laser 

microscopy, laser printing and so on [107]. Argon ion lasers can generate blue light 

at discrete wavelengths like 458 nm and 477 nm, but such lasers require high 

voltage supply and additional cooling system, resulting in a very poor power 

efficiency [108]. Blue laser diodes, typically based on InGaN, can emit around 400–

480 nm but they are relatively low power and have a narrow spectral bandwidth of 

a few nanometres [109]. In terms of wavelength tunability, frequency quadrupling 

of thulium doped fibre lasers is superior to gas lasers and blue laser diodes with 

added benefits such as robustness. 

Chapter 5 demonstrates the frequency up-conversion of the gain-switched diode-

seeded thulium doped fibre MOPA system. Periodically poled lithium niobate was 

chosen as the nonlinear medium for frequency doubling and quadrupling. An 

overview of the PPLN crystal is first given in section 5.2. Section 5.3 discusses the 

frequency doubling process of thulium doped fibre MOPA in a single PPLN crystal, 

followed by demonstration of frequency quadrupling in cascaded PPLN crystals in 

section 5.4. Note that Dr. Lin Xu did the calculation for SHG and FHG, and I 

conducted the experiments with him. A short summary in section 5.5 concludes 

this chapter. 

 

5.2 Overview of PPLN 

The concept of phase-matching is revisited here for better illustration of the QPM 

material – periodically poled lithium niobate. For efficient parametric nonlinear 

frequency conversion, the interacting waves must be phase-matched (Δ𝑘 = 0). 

Figure 5.1 illustrates nonlinear interaction in a crystal under different conditions. 

When the interacting waves are not phase-matched (Δ𝑘 ≠ 0 ), power oscillates 

between the waves during propagation along the crystal. At each coherence length, 

the accumulated phase mismatch equals π and the power flow reverses direction 

[110, 111]. In a perfect phase-matching case, the intensity of the generated wave 

increases exponentially with high efficiency. However, the inherent dispersion of 

crystal materials leads to frequency-dependent phase velocity and thus a varying 
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phase relationship inside the crystal. Although dispersion-induced phase mismatch 

could be offset by utilising the birefringence of the material, the rigid phase-

matching requirement limits the number of crystal materials that can be explored 

for most nonlinear interactions of interest [110, 111]. Interestingly, the QPM 

technique allows engineering the material properties so that the sign of the 

nonlinear susceptibility is reversed at every coherence length, as shown in figure 

5.1. This enables continuous constructive power contribution to the generated 

wave, albeit at a lower efficiency as compared to the true phase-matching case. 

Therefore, quasi phase-matching opens many attractive possibilities because 

efficient nonlinear frequency conversion can be obtained independent of the innate 

material properties by introducing periodic features [110, 111].  

 

Figure 5.1. Growth of generated wave for phase-matched, not phase-

matched, and QPM interactions [110]. 

 

The QPM technique was invented in 1962 [112], but it was not until the 1990s when 

periodic poling was successfully developed to engineer the crystal properties that 

lithium niobate has aroused research interests as an attractive QPM material [110, 

113]. Lithium niobate is a ferroelectric crystal with a transparency range spanning 

from 400 nm to 4500 nm. Applying an intense electric field (~21 kV/mm) to the 

lithium niobate can invert the crystal structure and hence reverse the sign of the 

nonlinear coefficient. In order to produce PPLN, a periodic electrode delivering high 

voltage is deposited on the lithium niobate wafer to flip the orientation of the 

crystal. After periodic poling, the PPLN crystal can provide the freedom of choosing 

any polarisation of the interacting waves and the access to nonlinear coefficients 

that are unavailable to conventional birefringently phase-matched process [110].  
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When the interacting waves have the same extraordinary polarisation, the PPLN 

crystal makes use of its maximum nonlinear coefficient (d33 = ~27 pm/V), which is 

much larger than other commonly used ferroelectric materials such as KTP and 

LiTaO3 [114]. The poling period of the PPLN crystal is determined by the 

wavelengths of light being used. The QPM wavelength can be tuned slightly by 

changing the temperature of the crystal [115]. 

Lithium niobate suffers from the photorefractive effect and green-induced infrared 

absorption, which can degrade the beam quality and conversion efficiency at high-

power operation [116–118]. In order to mitigate the photorefractive effect, it is 

recommended to operate the PPLN crystal at an elevated temperature between 

100 C and 200 C, thereby diffusing the free charge carriers that cause the 

refractive index perturbation [119]. Moreover, adding 5% of magnesium oxide 

(MgO) to the PPLN crystal during fabrication is another approach to increase the 

photorefractive resistance of the crystal while preserving its high nonlinear 

coefficient [120]. These measures also enhance the damage threshold of a PPLN 

crystal, making it more suitable for high-power operation. 

 

5.3 Frequency doubling in a single PPLN crystal 

5.3.1 Experimental setup 

Figure 5.2 shows the schematic of frequency doubling of the thulium doped fibre 

MOPA system. As illustrated in section 3.4, the MOPA using non-PM fibres and 

components did not have a linearly polarised output. Therefore, the output of the 

MOPA was passed through an HWP and a polarisation-sensitive isolator so as to 

prevent any feedback into the MOPA system and to ensure a well-defined linear 

polarisation for efficient frequency conversion. A second HWP was then used to 

further optimise the input polarisation state for second harmonic generation. The 

2-µm pump beam was focused into a PPLN crystal by an uncoated plano-convex 

lens. A focal length of 250 mm was experimentally determined to achieve the 

highest possible efficiency whilst avoiding beam quality degradation due to back-

conversion. This resulted in a beam waist of 200 µm at the focus (1/e
2

 radius of 

intensity).  
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The PPLN crystal (Covesion, Ltd.) was mounted inside an oven which allowed 

temperature tuning from 20 ℃ to 200 ℃ with a precision of 0.1 ℃. The PPLN under 

test was 20 mm long and had grating periods from 28.4 µm to 33.2 µm. Both end 

facets of the PPLN crystal were properly coated at the fundamental (1952 nm) and 

the second harmonic wavelengths (976 nm) with a reflectivity of less than 1%. A 

dichroic mirror which was highly transmissive at 1952 nm and highly reflective at 

976 nm was used to separate the fundamental pump beam and the second-

harmonic output beam. In this chapter, a poling period of 29 µm was chosen to 

demonstrate the efficient frequency doubling of the gain-switched diode-seeded 

thulium doped fibre MOPA. 

 

Figure 5.2. Schematic of frequency doubling of the four-stage thulium doped 

fibre MOPA. 

 

5.3.2 Results and discussion 

The four-stage thulium doped fibre MOPA delivered 35-ps pulses with a maximum 

average output power of 10.34 W and a corresponding peak power of 295 kW 

before the isolator. While the HWP and the polarisation-sensitive isolator turned the 

non-PM output of the MOPA into a linearly polarised beam, these two components 

introduced ~2 dB loss which led to a reduced average output power of ~6.5 W. Note 

that the isolator (Thorlabs, IO-4-2050-HP) in use could handle a maximum power 

density of 250 W/cm
2

 and had an aperture for a maximum beam diameter of 3.8 

mm. In order to reduce the beam intensity incident on the isolator, a pair of 

telescope lenses (D-coating) were used to expand the beam size, whilst silver 

mirrors were added to steer the beam before the HWP and the isolator which were 

not included in the schematic (Figure 5.2) for simplicity.  
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However, a reduction in output power before the isolator from 10.34 W to 8.2 W 

was found after hours of operation. This was attributed to the silver mirrors which 

was less endurable than the dichroic mirrors at high intensity. Consequently, the 

MOPA was operated at a lower output power (5.5 W) for long-term reliability and a 

maximum average output power of 3.2 W after the isolator was tested for the SHG. 

According to the Sellmeier equation [121], second harmonic generation at 976 nm 

required a temperature of 105 ℃ to achieve the type 0 (ee-e interaction) phase-

matching in PPLN with a poling period of 29 µm. In experiment, the SHG could be 

maximised when the PPLN crystal was heated to 100 ℃, which was consistent with 

the calculated temperature of 105 ℃. The output power of the SHG was measured 

as a function of output power from the thulium doped fibre MOPA system, which 

is shown in figure 5.3. At the highest pump power of 3.2 W, 1.6 W of frequency 

doubled power at 976 nm was generated and measured after the dichroic mirror, 

representing a single-pass power conversion efficiency of 50%. It was evident that 

the power conversion efficiency gradually increased with the increment of input 

pump (fundamental wave) power, reaching a peak of 67% at a pump power of 1.7 

W. The conversion efficiency was saturated and then decreased at higher pump 

power. This roll-off behaviour was likely to be associated with the SPM-induced 

spectral broadening of the fibre MOPA output. Figure 5.4 characterises the pump 

spectra measured after the isolator. It can be seen that the 10-dB spectral 

bandwidth of the pump, which contained about 90% of the power, increased from 

0.5 nm to 1.5 nm when the pump power was increased from 0.5 W to 3.2 W. 

 

Figure 5.3. Output power and conversion efficiency of SHG (pump pulse 

duration: 35ps). 
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Figure 5.4. Spectra of the pump beam measured after the polarisation-

sensitive isolator (pump pulse duration: 35ps). 

 

The pump acceptance bandwidth for the SHG was then calculated so as to 

understand the influence of the pump spectrum on the SHG conversion efficiency. 

Assuming an un-depleted pump, the Jacobi elliptic function of the SHG gain can be 

simplified to a sinc
2

 form in the low-conversion regime [122]. The pump acceptance 

bandwidth is defined as the bandwidth at which the second harmonic gain falls to 

one-half of the maximum. For frequency doubling of 1952-nm pump into 976 nm 

with a 20-mm-long PPLN, the pump acceptance bandwidth is 1.7 nm. Nevertheless, 

the simplification of the Jacobi elliptic function in the high-conversion regime 

becomes invalid because the width of the main lobe of the function rapidly narrows 

with increasing gain and thus narrows the pump acceptance bandwidth [123]. 

Based on a fuller calculation, the pump acceptance bandwidth for the PPLN crystal 

in the large-pump-depletion regime dropped to 0.5 nm for the maximum pump 

intensity used in the experiment. Compared to the calculated pump acceptance 

bandwidth of 0.5 nm, the 10-dB pump bandwidth of 1.5 nm at the highest pump 

power was large, which meant a less efficient utilisation of the pump power and 

explained the decrease in efficiency at higher pump power. 

Based on the achieved results, a narrower pump bandwidth of ≤0.5 nm is requested 

to improve the conversion efficiency in high-power operation. In this experiment, 

the narrowing of the pump bandwidth was enabled by the grating-based filter in 

the four-stage thulium doped fibre MOPA system. The filter comprising two 

cascaded FBGs with the same centre wavelength but a different bandwidth acted as 

a narrow band pass filter, removing the out-of-band noises (see section 3.4.1). 

Heating up one of the two FBGs can shift its spectral window, thereby altering the 
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combined transmission window of the filter. Figure 5.5(a) shows the spectra of the 

1952-nm beam measured at the output of the grating-based filter with two different 

settings. The filter operation used in section 3.4 to generate 35-ps pulses from the 

fibre MOPA is referred to as “filter setting-1”.It can be seen from the blue line in the 

figure that the 1952-nm pump beam had a double-peak structure with a 10-dB 

spectral bandwidth of 0.6 nm. 

 

Figure 5.5. (a) Spectra of the 1952-nm pump measured after the grating-

based filter with different settings; (b) Temporal profile of the pump MOPA 

with filter setting-2. 

 

By heating the FBG2 in the grating-based filter from room temperature (20 ℃) to 

60 ℃ , the centre wavelength of this grating was shifted towards a longer 

wavelength. This filter operation is referred to as “filter setting-2” in the following 

discussion. As a result, the combined transmission window of the two FBGs was 

narrowed down to 0.4 nm (10-dB bandwidth) with a single peak, as indicated by 

the red line in figure 5.5(a). Accompanied with a reduced transmission bandwidth 

of the grating-based filter, the power of the 1952-nm beam after the filter 

decreased from 5 mW to 2.2 mW. Consequently, the third preamplifier in the 

thulium doped fibre MOPA system required more pump power to boost the power 

of 1952-nm beam to 60 mW to seed the final-stage amplifier.  

The temporal profile of the 1952-nm beam changed due to the change in 

transmitted spectrum after passing through the grating-based filter. The pulse 

duration at the output of the third preamplifier was measured by a 50-GHz-

bandwidth digital communications analyser (DCA) and a fast extended InGaAs 

photodetector with a bandwidth of >12.5 GHz. Figure 5.5(b) depicts the pulse 

profile, which was Gaussian-shape with a FHWM of ~80 ps. The increase in pump 



 

103 

pulse width was due to the interplay between the filter response and the frequency 

chirp of the pulses. Note that the pulse duration (80 ps) maintained at all output 

powers measured after the final-stage amplifier. When operating the filter with the 

second setting, the thulium doped fibre MOPA system could scale the output power 

to a similar level before the onset of MI. Therefore, a maximum pump power of 3.2 

W after the isolator was still available for the SHG. The spectral evolution of the 

1952-nm pump beam was plotted in figure 5.6. The 10-dB spectral bandwidth of 

the pump beam broadened from 0.4 nm to 0.55 nm when the pump power after 

the isolator increased from 0.5 W to 3.2 W. 

 

Figure 5.6. Spectra of the pump beam measured after the polarisation-

sensitive isolator with filter setting-2. 

 

In comparison with pre-temperature-tuning of the FBG, the pump spectral 

bandwidth was effectively reduced from 1.5 nm to 0.55 nm. This optimised pump 

was then used to demonstrate second harmonic generation, results of which is 

presented in figure 5.7. It can be seen that the generated second-harmonic power 

increased quadratically at low pump power and linearly at high pump power with a 

slope efficiency of 78%. As expected, the conversion efficiency showed no roll-off 

and increased steadily to the maximum at 75%, when utilising the narrow pump 

linewidth. At the highest pump power of 3.2 W, a maximum power of 2.4 W at 976 

nm was obtained. 
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The spectral and temporal characteristics of the second-harmonic beam are 

provided in figure 5.8. The generated 976-nm beam had a 3-dB spectral bandwidth 

of 0.1 nm and a Gaussian pulse width of 70 ps, as measured by a 32-GHz-

bandwidth InGaAs photodetector and the 50-GHz-bandwidth DCA. The maximum 

peak power of the generated second-harmonic pulses was estimated to be 34 kW. 

 

Figure 5.7. Output power and conversion efficiency of SHG as a function of 

pump power (pump pulse duration: 80 ps). 

 

 

Figure 5.8. The output of SHG in the (a) spectral (0.05 nm resolution) and (b) 

temporal domain. 
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The influence of the PPLN temperature on the SHG was also studied by measuring 

the power of 976-nm light whilst tuning the crystal temperature. As shown in figure 

5.9, the solid curve was a sinc
2

 fit to the measured data points, confirming the 

expected temperature dependence of SHG. The FWHM of the curve is 7.5 ℃, which 

was in good agreement with the calculated value of 8 ℃  from the Sellmeier 

equation [124]. Figure 5.10 illustrates the beam quality of the second-harmonic 

beam measured by the Ophir Nanoscan. The 976-nm output had a beam quality of 

M
2

~1.7/1.8 at the x/y axis, which was slightly degraded as compared to the beam 

quality of the 1952-nm pump (M
2

~1.3). This degradation was most likely related to 

some back-conversion of the SHG at high-power operation with a peak pump 

intensity of 35 MW/cm
2

. 

 

Figure 5.9. Temperature dependence of the second harmonic output and the 

sinc
2

 fit. 

 

 

Figure 5.10. Beam profile of the SHG output. 
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5.4 Frequency quadrupling in cascaded PPLN crystals 

5.4.1 Experimental setup 

In order to achieve high-peak-power picosecond pulses at visible wavelengths for 

potential applications such as data storage, displays and spectroscopy [107], a 

frequency quadrupling stage was built by pumping another PPLN crystal with the 

obtained second-harmonic beam at 976 nm. The frequency quadrupling stage was 

highlighted in the schematic shown in figure 5.11.  

The 976-nm beam was collimated by a B-coated lens with a focal length of 150 mm 

and then focused into the PPLN crystal by another lens with a focal length of 100 

mm, resulting in a beam waist of 290 µm (1/e
2

 radius of intensity). The PPLN crystal 

(Covesion, Ltd.) was 10 mm long with poling periods varying from 5.17 µm to 5.29 

µm. The shorter PPLN crystal length gave a calculated acceptance bandwidth of 

0.14 nm in the low-depletion regime, which was broader than the FWHM bandwidth 

of the 976-nm beam (0.1 nm). Both end facets of the PPLN crystal were anti-

reflection (AR) coated at the fundamental (976 nm) and second-harmonic (488 nm) 

wavelengths. A dichroic mirror (DM3) with high transmission at 488 nm and high 

reflectivity at 976 nm was used to extract the fourth-harmonic beam (488 nm). 

Figure 5.12 shows the images of the experimental setups of frequency doubling 

and quadrupling. 

 

Figure 5.11. Schematic of frequency quadrupling of the four-stage thulium 

doped fibre MOPA. 
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Figure 5.12. Photos of the frequency doubling and quadrupling systems. 

 

5.4.2 Results and discussion 

With a PPLN phase-matching period of 5.26 µm, frequency quadrupled blue light 

was observed at low pump power at a temperature of 53.2 ℃. As depicted in figure 

5.13, the conversion efficiency increased rapidly to 30% at low pump powers, 

followed by a small drop to 27% at 0.9-W pump power, which was attributed to 

thermal loading via visible and induced near-infrared absorption [117, 118]. 

However, the downtrend could be solved by adjusting the temperature of the PPLN 

crystal when operating at higher pump power. By constant optimisation of the PPLN 

temperature, the conversion efficiency was then stabilised around 30%. The fourth-

harmonic power at 488 nm was scaled up to 689 mW at a slope efficiency of 31%, 

with the PPLN temperature set at 52.1 ℃ and a pump power of 2.3 W at 976 nm. 

The lower conversion efficiency of the frequency quadrupling stage resulted from 

a combination of the reduced beam quality of the second-harmonic beam and the 

PPLN absorption. 
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Figure 5.13. Power and conversion efficiency of frequency quadrupling. 

 

The frequency quadrupled out had a narrow 10-dB bandwidth of 0.1 nm at 488 nm 

with excellent OSNR of at least 30 dB, as shown in figure 5.14. The beam quality of 

the 488-nm beam was characterised in figure 5.15 and measured to be M
2

 ~2.1/2.0 

at x/y axis. The temporal characteristics of the fourth-harmonic beam was not 

available due to the unavailability of fast silicon photodetectors. Assuming pulse 

width to be similar to that of the 976-nm beam (70 ps), the 488-nm output would 

have a maximum peak power of 9.8 kW. 

 

Figure 5.14. Output spectrum of the fourth harmonic generation (measured 

by an Ando AQ6315A OSA at 0.05 nm resolution). 
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Figure 5.15. Beam profile of the frequency quadrupled output. 

 

5.5 Conclusion 

In this chapter, we have demonstrated frequency up-conversion of the picosecond 

thulium doped fibre MOPA system. Frequency doubling was first achieved in a 

single PPLN crystal with a grating period of 29 µm and a phase-matching 

temperature of 100 ℃. Pumped by 35-ps pulses with a highest average power of 

3.2 W, the crystal generated second-harmonic beam at 976 nm with a maximum 

output power of 1.6 W. However, the conversion efficiency saturated and decreased 

with increasing pump power. The roll-off in the conversion efficiency was due to 

the SPM-induced spectral broadening of the fundamental beam from the thulium 

doped fibre MOPA.  

In order to improve the conversion efficiency, the pump bandwidth was narrowed 

down to 0.4 nm by adjusting the transmission window of the grating-based filter 

in the MOPA system. As a result of a different filter response, the pump pulse 

duration changed from 35 ps to 80 ps with a decreased output power after the 

filter. Nevertheless, the thulium doped fibre MOPA system with the new filter 

setting could produce similar average output power for the SHG. The second-

harmonic output power was increased to 2.4 W with a maximum conversion 

efficiency of 75%. No roll-off in the conversion efficiency was observed because of 

a much narrower pump linewidth. The 976-nm output had a pulse width of 70 ps, 

a maximum peak power of 34 kW and a beam quality of M
2

~1.8. To the best of our 

knowledge, this is the highest efficiency ever achieved for a frequency-doubled 

thulium doped fibre laser. 
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Frequency quadrupling of the thulium doped fibre MOPA was realised by pumping 

a second PPLN crystal with the second-harmonic beam. Heated at 52.1℃, the 5.26-

µm grating period of the 10-mm-long PPLN crystal yielded a maximum output 

power of 689 mW at 488 nm with a launched pump power of 2.3 W at 976 nm. A 

maximum conversion efficiency of 30% was achieved. The fourth-harmonic beam 

had a beam quality of M
2

 ~2.1. Assuming a maintained pulse duration of 70 ps, the 

frequency quadrupled blue light would have a peak power of 9.8 kW. 
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Chapter 6 Optical parametric generation and 

amplification based on thulium-fibre-laser-

pumped orientation-patterned GaAs crystals 

6.1 Introduction 

In addition to frequency doubling, nonlinear crystal materials can also be useful for 

optical parametric generation and amplification, which is often used to generate 

coherent light in the mid-infrared. In contrast to silica fibres with active dopants 

which can fulfil laser emission in the near-infrared region (1–2 µm), crystal-based 

parametric frequency conversion is not constrained to a narrow wavelength range 

defined by the laser transitions between energy levels, consequently providing 

flexible operation in the mid-infrared region (2–20 µm). As compared to mid-

infrared SC generation in soft glass fibres which can also provide laser emission up 

to 10 µm, optical parametric frequency conversion based on crystals is more 

advantageous in terms of producing a narrow-linewidth output with high power 

spectral density. Furthermore, nonlinear crystal materials are suitable for high-

power long-term operation because of their high damage thresholds [125]. Mid-

infrared optical parametric sources with multiple merits are of great interest to a 

diverse range of applications such as gas detection and military countermeasures 

[126, 127]. 

Periodically poled crystals like PPLN, PPKTP and PPRTA can realise mid-infrared 

coherent light emission from 0.5 µm to 5 µm whilst QPM GaAs crystal is more 

promising for constructing long-wavelength light sources from 2 µm to beyond 10 

µm, as shown in figure 6.1 [128]. GaAs crystal is an isotropic optical material 

without birefringent phase-matching. However, by means of molecular beam 

epitaxy and hydride vapor phase epitaxy, GaAs crystal can be grown with 

periodically inverted (orientation-patterned) structures and tailored for QPM [85, 

125].  

Orientation-patterned GaAs crystals possess many attractive advantages, which 

include a wide transparency range covering 0.9–17 µm, good thermal conductivity 

and a large nonlinear coefficient (d14 = ~94 pm/V near 4 µm) [85]. However, a 

primary limitation of OP-GaAs crystal is that it can only be pumped at wavelengths 

above 1.7 µm due to the onset of two-photon absorption [125]. Therefore, thulium 
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doped fibre laser is regarded as a good candidate to directly pump the OP-GaAs 

crystal for nonlinear frequency conversion, offering the possibility of compact 

footprints with high efficiency. 

 

Figure 6.1. Typical operation wavelength range of various laser sources [128]. 

 

Mature fabrication and interesting characteristics of OP-GaAs crystals have driven 

research in this field over the past two decades, with fruitful results achieved. For 

instance, a nanosecond-pumped OPO using an all-epitaxially-grown OP-GaAs 

crystal as the parametric gain medium was demonstrated by K. L. Vodopyanov et 

al. in early 2004. Irrespective of a very low output power, the wide tuning range 

from 2.2 µm to 9 µm confirmed the OP-GaAs crystal as a potential material for mid-

infrared lasers [85]. Since then, OP-GaAs crystal has been demonstrated in different 

structures for a variety of applications. Very recently, 100-ns idler pulses at 10.6 

µm with a pulse energy of 16 µJ were successfully generated from an OP-GaAs OPO 

pumped by a thulium doped fibre laser. Average output power was as high as 800 

mW in this case. However, the output peak power was low (~160 W) with a short 

range of tunability, which restricted the number of potential applications [129]. 

Using a femtosecond thulium doped fibre laser to pump the OP-GaAs crystal, a 

singly resonant OPO demonstrated a tuning range from 3 µm to 6 µm. With this 

configuration, peak power was considerably enhanced to kW level. However, strong 

limitation on the average output power was highlighted in this work due to the high 

pump intensity leading to three-photon absorption [130]. 
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Compared to OPOs which have complex cavities and require more optical elements, 

optical parametric generator is an attractive alternative because of its simple single-

pass nature, which allows a compact configuration with reduced cost and enhanced 

stability. An optical parametric generator can be modified into an optical 

parametric amplifier seeded by an external laser, thereby taking advantages of the 

spectral and spatial characteristics of the seed laser in conjunction with high 

parametric gain.  

In 2010, G. Bloom et al. demonstrated the first high-gain (53 dB) OPA in OP-GaAs 

crystal which was seeded by a quantum-cascade laser at 4.5 µm and pumped by a 

Tm-fibre-laser-pumped Ho:YAG Q-switched laser. 30-ns pulses with a peak power 

of 580 W were obtained [131]. Another OP-GaAs OPA was lately reported to produce 

nanosecond pulses with a widely tuneable range in the long-wave-infrared from 8 

µm to 10 µm. However, the acquired peak power was low (~140 W) and the 

generated beam quality was poor (M
2

~3.4) [132].  

This chapter presents the mid-infrared OP-GaAs-based OPG and OPA pumped by 

our picosecond-pulsed thulium doped fibre MOPA system. This work was led by Dr. 

Lin Xu with my assistance in establishing and operating the pump laser. Section 

6.2 discusses the experimental setup and output results, with a brief conclusion 

given in section 6.3. 

 

6.2 Picosecond-pumped optical parametric generator and 

amplifier 

6.2.1 Experimental setup 

The configuration of the single-pass OPG and OPA is shown in figure 6.2. The pump 

source was the four-stage thulium doped fibre MOPA described in chapter 3. Note 

that the grating-based filter in the pump MOPA was set to generate ~80 ps pulses 

with a narrow 3-dB pump linewidth of 0.5 nm for the OPG and OPA. The pump 

power was fixed at 4.5 W and attenuated by the first HWP and the polarising beam 

splitter (PBS) to avoid variation in pump linewidth as the pump power was varied.  
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Figure 6.2. Experimental setup of the OPG (unseeded) and OPA (seeded). 

 

The second HWP was then used to rotate the pump polarisation so as to realise the 

best quasi phase-matching in the OP-GaAs crystal. The pump beam and the signal 

beam from a tuneable Cr:ZnSe laser were combined by a dichroic mirror (DM1). The 

pump and signal were focused into the OP-GaAs crystal by an uncoated CaF2 lens 

with a focal length of 100 mm. The beam waist at the focus was 80 µm (1/e
2

 radius 

of intensity). When the OP-GaAs crystal was operated as an OPG, the Cr:ZnSe laser 

was off and it was turned on to deliver CW signal light when the OP-GaAs crystal 

was running as an OPA. 

The 20-mm-long OP-GaAs crystal (BAE Systems) had five channels with different 

grating periods from 57 µm to 65 µm at an increment of 3 µm. Each grating had a 

dimension of 1-mm thickness (aligned to the [001] crystallographic axis), 5-mm 

width (aligned to [110]) and 20-mm length (aligned to [11̅0]). The pump beam 

propagated along the length of crystal. The crystal was mounted in an oven to allow 

temperature tuning. Both end facets of the crystal were AR-coated with low 

reflectivities at the pump (R < 1%) and signal (R < 6%) wavelengths. But the coatings 

had a reflection of up to 17% at the longest idler wavelength of ~8 µm.  

The signal output was extracted by two dichroic mirrors (DM2, DM3) which had 

high transmission at the pump and idler wavelengths but high reflection at the 

signal wavelength. A long pass filter (LPF) with a cut-off wavelength of 4.5 µm was 

placed after DM2 to block the residual pump beam and measure the idler power. 

After passing through the various optical elements, 3.7 W of average power was 

available to pump the OP-GaAs crystal. 
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6.2.2 Optical parametric generation 

With a maximum pump power of 3.7 W and a small beam waist of 80 µm, the peak 

intensity at the focal point inside the OP-GaAs crystal was about 230 MW/cm
2

. This 

was well below the reported crystal damage threshold in the literature [133]. 

However, a higher pump intensity would cause significant three-photon absorption 

effects, leading to pump loss and thermal issues [130].  

Results of the OP-GaAs-based OPG is first discussed. At a pump threshold of about 

1.6 W, generation of signal and idler was observed without seed laser injection. 

The pump polarisation was set to an angle of 58 ℃ with respect to the horizontal 

axis (e.g. at 58 ℃ to [110]), which produced the maximal QPM in the crystal. The 

output power of the generated idler was measured against the angle of the input 

pump polarisation to further investigate the influence of the pump polarisation on 

the nonlinear interactions inside the OP-GaAs crystal.  

As stated in literatures [85, 134, 135], the nonlinear frequency conversion is 

strongly dependent on the orientation of the crystallographic axes with respect to 

the polarisation direction of the pump, signal and idler waves. The effective 

nonlinear coefficient is predicted to reach the maximum value when the pump 

polarisation is aligned to the [111] direction (35 ℃ to the [110] axis), according to 

the theoretical model [134, 135].  

However, the measured results in figure 6.3 showed a global maximum idler output 

power when the polarisation was oriented at an angle of 58 ℃ to the [110] axis. 

This discrepancy in polarisation could be explained by the presence of stress or 

thermally induced birefringence in the OP-GaAs crystal or the non-optimal optical 

coating for the idler [129, 135]. 
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Figure 6.3. Idler average output power versus the angle of pump polarization 

angle and the corresponding crystal axis. 

 

When pumped at 3.5 W, the OP-GaAs OPG yielded a maximum signal (2930 nm) 

and idler (5860 nm) output power of 260 mW and 160 mW respectively, with a 

grating period of 57 µm and an oven temperature of 50 ℃. Note that the signal and 

idler power reported here and in the following discussions corresponded to the 

powers immediately after the crystal, taking into account the losses of the DMs and 

LPF.  

Considering the total output power of both signal and idler, the overall power 

conversion efficiency of the OPG was 12%. With 1-MHz repetition rate, the pulse 

energies were 0.26 µJ and 0.16 µJ for the signal and idler, respectively. Due to the 

lack of suitable equipment, the pulse durations of the signal and idler could not be 

measured. However, an equal or slightly shorter pulse width in comparison with 

the pump pulse (80 ps) was expected in the OPG process [133]. Therefore, the peak 

powers of the signal and idler pulses were at least 3 kW and 2 kW, respectively. 

The wavelength tunability of the OPG was achieved by switching the grating periods 

and operating the crystal at different temperatures. Figure 6.4 shows the spectral 

coverage of the signal and idler from the tuneable OPG, which was measured by a 

monochromator with a liquid-nitrogen-cooled HgCdTe photodetector.  
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Figure 6.4. Measured spectra for (a) signal and (b) idler from the OPG. 

 

The OPG signal wavelength could be tuned from 2550 nm to 2940 nm while the 

OPG idler had a much broader spectral coverage from 5800 nm to 8300 nm. The 

measured spectra exhibited multiple absorption lines, which was associated with 

strong water absorption at ~2.7 µm and 5–7 µm in air. The measured wavelengths 

of the OPG signal and idler matches well with our simulation data, which is depicted 

in figure 6.5. 

 

Figure 6.5. Simulated signal and idler wavelengths of an OP-GaAs OPA as a 

function of crystal temperature (blue lines: signal, red lines: idler). 



 

118 

Signal and idler wavelengths with their corresponding crystal temperatures were 

calculated for the shortest and longest grating periods, respectively. We can see 

from figure 6.5 that wavelengths of OPG signal and idler can be continuously tuned 

over a wide wavelength range, and that the idler wavelength is more temperature-

sensitive than the signal wavelength. 

The gain bandwidth, defined by the bandwidth at which the gain falls to one half 

of the maximum, was calculated to be ~20 cm
-1

 for the signal and idler [136]. 

However, the measured FWHM spectral linewidth of the OPG was relatively broader, 

with a signal linewidth of 29 cm
-1

 (20 nm) and an idler linewidth of 33 cm
-1

 (200 

nm), as shown in figure 6.4. This linewidth broadening was possibly related to 

fabrication errors in gratings pitch, temperature variance along the crystal and 

focusing effects. 

The beam quality of the signal and idler generated from the OPG was measured by 

the Ophir Nanoscan and characterised in figure 6.6. As shown, the signal beam had 

a beam quality of Mx

2

~1.7 and My

2

~1.8, whereas the beam quality of the idler was 

measured to be Mx

2

~2.3 and My

2

~2.4. 

 

Figure 6.6. Beam quality of the OP-GaAs OPG. 

 

 

 



 

119 

6.2.3 Optical parametric amplification 

To cater for some sensing applications which demand high spectral resolution, the 

OP-GaAs crystal was operated as an OPA seeded by the CW Cr:ZnSe laser with a 

narrow linewidth of 0.6 cm
-1

. This seed laser was tuneable from 1.9 µm to 2.7 µm 

with an elliptical output beam, which resulted in a focusing spot size of 140 µm by 

80 µm in radius. However, the pump beam was circular with an 80-µm beam waist. 

Therefore, good spatial overlap between the pump and signal could only be 

achieved in one direction.  

Ideally, the conversion efficiency would be maximised when polarisations of both 

the pump and signal were aligned to an angle of 58 ℃ to [110]. However, the signal 

had a horizontally linearly polarised output (aligned to [110]), as measured directly 

from the seed laser output. Half-wave plates for signal wavelengths around 2.7 µm 

were not available in the lab at that time. Consequently, the pump polarisation was 

adjusted to be parallel to the seed for a maximum conversion efficiency.  

The seed wavelength was set to 2650 nm to demonstrate the maximum attainable 

output power from the OP-GaAs OPA. It can be seen from figure 6.7 that the pump 

threshold decreased to approximately 1 W when 280 mW of seed power (CW) was 

injected into the OP-GaAs crystal. 

 

Figure 6.7. (Left) Signal and idler output power as a function of pump power 

in OPA operation. (Right) Total power conversion efficiency versus pump 

power. 
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The output powers of the signal (CW background excluded) and idler increased 

linearly with slope efficiencies of 42% and 11%, respectively. At the highest pump 

power of 3.7 W, a maximum signal power of 1.07 W at 2650 nm and a maximum 

idler power of 0.26 W at 7440 nm were obtained from the OPA.  

The maximum overall power conversion efficiency was 36%. Considering a pump 

pulse duration of 80 ps and a 1-MHz repetition rate, only 22.4 µW out of the 280-

mW CW seed power can be effectively amplified by the OPA. Hence, the 1.07-W 

signal output power represented a gain of 46 dB. The maximum pulse energies for 

the signal and idler were 1.07 µJ and 0.26 µJ, respectively. This corresponded to 

highest peak powers of 13.3 kW and 3.2 kW for the signal and idler, assuming that 

they had the same pulse width as the pump (80 ps). 

Figure 6.8 compares the spectra of the signal and idler generated from the OPG 

and OPA respectively. As compared to the OPG operation, the OPA signal had a 

reduced spectral linewidth of 0.5 nm while the idler linewidth was also narrowed 

down to 8.5 nm. The OPA resulted in more than twenty times increase in spectral 

density. As expected, the frequency bandwidth was essentially transferred from the 

pump (1.3 cm
-1

) to the idler  (1.4 cm
-1

) in the OPA operation, with the narrower seed 

bandwidth  (0.56 cm
-1

)  being transferred to the amplified signal  (0.71 cm
-1

) [137]. 

 

Figure 6.8. Measured spectra for signal (left) and idler (right) in both OPG 

and OPA mode. 
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By tuning the seed wavelength and working with different grating periods and 

temperatures, the OPA demonstrated a tuneable output signal from 2557 nm to 

2684 nm and a tuneable idler from 7168 nm to 8267 nm. The wavelength tunability 

of the OPA was limited by the accessible wavelengths of the seed laser, which can 

be further improved to a spectral coverage as broad as that of the OPG by replacing 

the seed laser.  

Figure 6.9 illustrates the beam qualities of the signal and idler from the OP-GaAs 

OPA. In the OPA operation, the signal beam quality degraded to Mx

2

~2.8 and 

My

2

~2.7 as compared to that in the OPG case. This was most likely due to the poor 

spatial overlap between the circular pump beam and the elliptical seed beam. 

However, the idler beam quality was improved to Mx

2

~1.9 and My

2

~1.8. 

 

Figure 6.9. Beam quality of the OP-GaAs OPA. 

 

To explore the influence of the seed power on the parametric gain in the single-

pass OPA, signal output power and gain were measured as a function of the 

effective average seed power. Pump power was fixed at 3 W in this test. As 

illustrated by figure 6.10, a small-signal gain of up to 60 dB could be achieved. 

When the effective average seed power exceeded 10 µW, the extractable power 

from the OPA started to saturate and reached the maximum at ~0.75 W. 
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Figure 6.10. Signal output power and gain as a function of different seeding 

power in OPA. 

 

6.3 Conclusion 

This chapter has investigated optical parametric generation and amplification 

based on an OP-GaAs crystal pumped by the high-power gain-switched diode-

seeded thulium doped fibre MOPA. The picosecond-pumped OPG demonstrated a 

widely tuneable wavelength range of 2550–2940 nm (signal) and 5800–8300 nm 

(idler), owing to a combination of temperature tuning and the multi-grating-periods 

structure of the crystal. With 3.5 W of pump power, the OPG generated a maximum 

signal power of 260 mW at 2930 nm and a maximum idler power of 160 mW at 

5860 nm respectively, representing a total power conversion efficiency of 12%. The 

corresponding peak powers were 3 kW and 2 kW for the signal and idler, assuming 

a maintained pulse width of 80 ps during the nonlinear process. The generated 

signal and idler beam had a broad spectral linewidth of 20 nm (29 cm
-1

) and 200 

nm (33 cm
-1

), respectively.  

The OP-GaAs crystal was also demonstrated in an OPA configuration by employing 

a tuneable Cr:ZnSe laser as the seed laser. The OPA offered signal amplification for 

wavelengths between 2557 nm and 2684 nm, producing a corresponding idler 

from 7168 nm to 8267 nm. When the OPA was seeded with 280 mW of power (CW) 

and pumped at 3.7 W, the signal and idler powers were scaled up to 1.07 W and 

0.26 W respectively, with an overall power conversion efficiency of 36%. The peak 
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powers were calculated to be 13.3 kW (signal) and 3.2 kW (idler) respectively, which 

are record mid-infrared peak powers ever reported from an OP-GaAs crystal. Seed 

injection to the OPA successfully narrowed the spectral linewidth to 0.5 nm and 8.5 

nm for the signal and idler, leading to a pronounced enhancement of spectral 

density. Hence, the OPA generating tuneable signal and idler pulses with a narrow 

linewidth, high peak power and decent beam quality are potentially suitable for 

applications such as LIDAR and molecular fingerprinting. 
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Chapter 7 Conclusions and future work 

7.1 Introduction 

In this thesis, I present the development of high-power picosecond-pulsed thulium 

doped fibre lasers for those applications requiring high-peak-power pulses. To 

realise a compact device, gain-switching technique was used to generate short 

picosecond pulses in conjunction with power amplification in LMA thulium doped 

fibres. The high-power thulium doped fibre MOPAs I built were employed as a 

powerful pump source to demonstrate different nonlinear frequency conversion 

applications, which included mid-infrared SC generation, frequency up-conversion 

into the visible and near-infrared, and mid-infrared OPG and OPA. Experimental 

results of chapter 3–6 are summarised in section 7.2 and possible future areas of 

research are discussed in section 7.3. 

 

7.2 Summary of the thesis 

Chapter 3 elaborates the high-peak-power pulse generation from a gain-switched 

diode-seeded thulium doped fibre MOPA system. I have generated sub-hundred 

picosecond pulses by gain-switching a 1952-nm laser diode at 1-MHz repetition 

rate. I have also built and characterised the two core-pumped preamplifiers, which 

were carefully designed to provide high-gain amplification and suppress potential 

nonlinearities such as MI. In a three-stage MOPA structure, ASE in between 

amplifiers were effectively removed by a “time-gating” EOM and a commercial 

tuneable band pass filter, resulting in a signal power of 22 mW with a 20-dB in-

band OSNR to seed the third-stage amplifier. Finally, I obtained 52-ps pulses with 

a maximum average output power of 3.94 W, a maximum peak power of 76 kW 

and a beam quality of M
2

~1.6 from this three-stage thulium doped fibre MOPA. 

However, the signal OSNR was degraded to ~15 dB at the final output due to the 

rapid growth of ASE in the LMA amplifier as well as FWM, which was induced by the 

sidebands from the gain-switched seed. 

Later, I proposed a four-stage configuration to address the problems existing in 

the three-stage MOPA and further exploit the power scalability of LMA thulium 

doped fibres. A main feature of this configuration was an in-house built grating-
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based filter, which substituted for the commercial band pass filter in the three-

stage system. While removing the ASE generated from preamplifiers, this narrow-

band filter also eliminated the sidebands from the diode that could seed the 

nonlinearities (FWM, MI) in the subsequent amplifiers. As a result, the in-band OSNR 

of the signal measured after the second preamplifier was greatly improved to 55 

dB.  

I also added a new cladding-pumped third-stage amplifier to the system so as to 

boost the signal power after the grating-based filter. I reorganised the LMA-TDF-

based amplifier in a way that the nonlinear threshold of the system was significantly 

enhanced along with an improved slope efficiency. Thanks to the larger nonlinear 

threshold, the average output power was successfully scaled up to 10.34 W at a 

slope efficiency of 29.5% in the final-stage amplification of the four-stage MOPA. 

The corresponding maximum peak power was 295 kW for the generated 35-ps 

pulses, which is the current highest peak power achieved from a picosecond-pulsed 

thulium doped fibre laser based on an LMA fibre. The output of this four-stage had 

an excellent OSNR of at least 40 dB and a near-diffraction-limited beam quality of 

M
2 

~1.3.  

In chapter 4, I have demonstrated mid-infrared SC generation in ZBLAN fibres and 

fluoroindate fibres respectively. A two-octave-spanning supercontinuum from 925 

nm to 3750 nm was obtained from a 7-m-long ZBLAN fibre pumped by the three-

stage thulium doped fibre MOPA system, with a total output power of 0.746 W. 

Fluoroindate fibre was selected to extend mid-infrared SC generation to beyond 4 

µm, owing to its lower attenuation in the 4–5.5 µm region as compared to ZBLAN 

fibres.  

As requested by frequency conversion into longer wavelengths (>4µm), I used the 

high-peak-power four-stage thulium doped fibre MOPA to pump the fluoroindate 

fibres. With a 10-m-long fluoroindate fibre, I have demonstrated ultra-broadband 

SC generation from 750 nm to 5 µm with a 3-dB spectral flatness from 2500 nm to 

4370 nm. A total output power of 1.76 W was achieved, with 0.74 W and 0.33 W 

for wavelengths above 2500 nm and 3500 nm, respectively. The corresponding 

power conversion efficiencies were 42.3% (≥2500 nm) and 18.9% (≥3500 nm). To 

the best of our knowledge, this is the first reported watt-level SC generation in a 

fluoroindate fibre. 
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Chapter 5 investigates frequency doubling and quadrupling of the picosecond 

thulium doped fibre MOPA with PPLN crystals. When the four-stage thulium doped 

fibre MOPA operated at high output power, the pump spectrum experienced SPM-

induced spectral broadening, which became wider than the pump acceptance 

bandwidth of the SHG. The grating-based filter in the MOPA system was tuned to 

produce a narrower pump bandwidth of 0.4 nm for the SHG, resulting in a longer 

pump pulse duration of 80 ps. We have accomplished second harmonic generation 

by pumping a PPLN crystal with a grating period of 29 µm at 100 C, which 

produced a maximum output power of 2.4 W at 976 nm and a maximum conversion 

efficiency of 75%. To the best of our knowledge, this is the highest efficiency ever 

reported from a frequency-doubled TDFL. 

The second-harmonic output had a measured pulse width of 70 ps, a maximum 

peak power of 34 kW and a beam quality of M
2

~1.8. Then we used the 976-nm 

output to pump another PPLN crystal with a poling period of 5.26 µm so as to 

demonstrate fourth-harmonic generation. At a crystal temperature of 52.1 ℃, up 

to 0.69 W of 488 nm was generated with a maximum conversion efficiency of 30% 

and a beam quality of M
2

 ~2.1. A minimum peak power of 9 kW was obtained from 

the frequency quadrupled output. 

In chapter 6, optical parametric generation and amplification were achieved by 

pumping an OP-GaAs crystal with the high-power thulium doped fibre MOPA. By 

tuning the crystal temperature and changing the grating periods, the thulium-laser-

pumped OPG demonstrated excellent wavelength tunability, with a signal range 

from 2550 nm to 2940 nm and an idler range from 5800 nm to 8300 nm. With a 

total power conversion efficiency of 12%, a maximum signal power of 260 mW and 

a maximum idler power of 160 mW were generated, respectively.  

A picosecond-TDFL-pumped OPA was demonstrated to accommodate applications 

which require mid-infrared coherent sources with a narrow linewidth and high-

peak-power pulses. Seeded by a tuneable Cr:ZnSe laser, the OPA yielded a tuneable 

signal from 2557 nm to 2684 nm with a corresponding idler from 7168 nm to 8267 

nm. The output powers for the signal and idler were scaled up to 1.07 W and 0.26 

W respectively, with an overall conversion efficiency of 36%. This corresponded to 

maximum peak powers of 13.3 kW and 3.2 kW for the signal and idler, which are 

record peak powers reported from OP-GaAs-based OPAs. 
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Briefly, I have achieved peak power scaling to 295 kW in a picosecond thulium 

doped fibre MOPA seeded by a gain-switched laser diode, by virtue of effective 

measures to enhance the nonlinear threshold of the system. This high-peak-power 

thulium doped fibre MOPA was utilised to demonstrate different types of nonlinear 

frequency conversion, thereby creating laser sources at wavelengths inaccessible 

to conventional solid-state lasers. Pumped by our high-power 2-µm fibre laser, the 

obtained mid-infrared SC generation (0.75–5 µm), mid-infrared OPG and OPA (2.5-

8.3 µm), and frequency up-conversion (488 nm, 976 nm) can meet the demand of 

a wide range of applications such as spectroscopy, chemical sensing and data 

storage. 

 

7.3 Future work 

7.3.1 Further power scaling of thulium doped fibre lasers 

It is clear that nonlinear effects are the fundamental limitations on scaling up the 

peak power of pulsed thulium doped silica fibre lasers. Hence, thulium doped fibres 

with higher nonlinear thresholds are required to increase the power scaling 

capability. One common approach is using Tm-doped PCFs to reduce nonlinearities 

in high power systems, but very recently thulium doped germanate fibres [138-144] 

and normal dispersion thulium doped silica fibres [60, 61, 145] are also proposed 

to address the nonlinearity issue. 

As compared to silica glass, germanate glass can provide a much higher rare-earth 

ion solubility which is in the order of 10
21

 ions/cm
3

 [138]. Thulium doped 

germanate fibres with a doping concentration as high as 5.1 wt.% have been 

demonstrated by C. Yang et al. [139]. Such high concentration of thulium ions 

results in strong absorption and enables efficient cross relaxation. For example, C. 

Yang et al. reported a measured cladding absorption of >11.5 dB/m near 800 nm 

with their double-clad thulium doped germanate fibre, which is about twice as 

much as that of the commercial Nufern double-clad TDF (~5 dB/m at 793 nm) [139]. 

Thus, thulium doped germanate fibres with stronger absorption can significantly 

reduce the device length, thereby effectively suppressing the nonlinear effects. 
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Several demonstrations of cm-long thulium doped germanate fibre lasers have 

shown their great potential for power scaling [139-143]. In early 2007, J. Wu et al. 

successfully scaled the output power of a 40-cm-long thulium doped germanate 

fibre laser to 104 W at a slope efficiency of 52.5% [140]. Thulium doped germanate 

fibre was also lately demonstrated in MOPA structure. The germanate gain fibre 

was used throughout the MOPA, from the DBR seed laser to the two-stage 

amplifiers. The total gain fibre length used in this MOPA was less than 42 cm, which 

helps in obtaining a stable single-frequency output. C. Yang et al. reported an 

output power of 11.7 W at 1.95 µm and they suggested feasible power scaling 

to >100 W with optimised system configuration and careful thermal management 

[139]. At the moment, there are ongoing studies in LMA thulium doped germanate 

fibres in the Optoelectronics Research Centre (University of Southampton) [138]. 

Initial results show prospects of replacing the current LMA thulium doped silica 

fibre with an even shorter LMA thulium doped germanate fibre in the high-power 

2-µm MOPA, which should further increase the maximum attainable output peak 

power. 

On the other hand, normal dispersion thulium doped fibre has been recently 

developed to overcome the MI-induced pulse breakup in thulium doped fibre 

amplifiers and lasers [60, 61, 145]. Conventional thulium doped fibres have 

anomalous dispersion in the 2-µm region, where MI is inevitable in high power fibre 

lasers. Nevertheless, special fibre design can turn a fibre into normally dispersive 

at 2 µm. In 2018, Y. Chen et al. reported a W-type thulium doped silica fibre with 

normal dispersion at 2 µm. This fibre was used to demonstrate a mode-locked laser 

which yielded ultra-short pulses with a pulse width of 727 fs and a pulse energy of 

~0.6 nJ [60]. In 2013, C. Baskiotis et al. proposed an LMA fibre design in which the 

Tm-doped core was surrounded by a ring of highly-doped germanium rods. They 

have numerically proved that such fibre structure exhibits normal dispersion at 2 

µm [145]. With progressing studies in normal dispersion thulium doped fibre, it is 

believed that further power scaling of TDFLs can be realised in the future. 

 

7.3.2 Development of short-wavelength TDFL 

In addition to power scaling, more interesting characteristics of thulium doped 

fibre lasers can be investigated, such as the short-wavelength operation of a TDFL. 

Numerous lasers have been demonstrated in the central gain bandwidth of thulium 

doped fibres (1800–2000 nm) [13-18], but very few report laser operation at 
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wavelengths below 1750 nm [43, 98, 146, 147]. Thulium doped fibre lasers 

emitting around 1700 nm are very attractive for sensing, surgery and polymer 

processing applications since many chemical bonds (e.g. O-H, C-O, and C-H in 

particular) show strong absorption features in this spectral window [148, 149].  

Laser emission at shorter wavelengths from thulium doped fibres is difficult since 

a higher population inversion is required by the three-level nature of this transition. 

To date, several thulium doped fibre sources operating in the 1650–1750 nm 

waveband have been reported, with resorts to ASE filtering and wavelength locking 

by FBG [42, 98].  

By employing highly reflective FBGs, cavity loss at signal wavelength was minimised 

in a core-pumped TDFL demonstrated by J. M. O. Daniel et al. This TDFL was widely 

tuneable from 1660 nm to 1750 nm. At 1726 nm, a maximum output power of 

12.6 W was produced with a slope efficiency of >60% [98]. S. Chen et al. utilised a 

Tm/Ge co-doped silica fibre in conjunction with wavelength selective FBGs to 

demonstrate ultra-short wavelength operation in the 1620–1660 nm region, owing 

to a blue-shifted operation window in the Tm/Ge co-doped fibre [43]. Irrespective 

of the low output power (<22 dBm) and low efficiency (~6%) reported in this work, 

there shows scope for achieving higher output power in this waveband by 

optimising the fibre glass composition and the laser configuration. The scheme of 

our gain-switched diode-seeded MOPA at 1.95 µm can be easily transferred to this 

wavelength range (1.65–1.75 µm) by changing the seed wavelength and optimising 

the gain fibre length.
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