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Abstract 

 This thesis presents the development of Tm3+-doped sesquioxide laser sources in the 

2–2.1 µm spectral region. The primary focus of this development has been aimed 

towards high power diode-pumped mode-locked laser sources capable of femtosecond 

pulse generation. In addition to this, the early development of a compact and low 

threshold ultrafast laser inscribed waveguide laser has also been realised.  

Continuous wave characterisation of bulk solid-state crystalline Tm:LuScO3 and 

ceramic Tm:Lu2O3 lasers has been completed using ~795 nm multimode single emitter 

laser diode pump sources. Average output powers of 660 mW and 901 mW, and 

emission wavelengths of 2.1 µm and 2.06 µm were achieved from the Tm:LuScO3 and 

Tm:Lu2O3 lasers, respectively. In addition, both lasers demonstrated smooth and 

continuous tuning ranges spanning more than 160 nm in the ~2–2.1 µm spectral region.  

In the mode-locked regime, pulse durations as short as 170 fs were recorded at an 

average output power of 113 mW and an emission wavelength of 2094 nm from a 

diode-pumped mode-locked Tm:LuScO3 laser through the use of an ion-implanted 

InGaAsSb quantum-well-based semiconductor saturable absorber mirror. A diode-

pumped Tm:Lu2O3 laser, utilising the same semiconductor saturable absorber mirror, 

was able to generate pulses as short as 278 fs at an average output power of 555 mW 

and a wavelength of 2081 nm through the use of a steeply diving optic axis birefringent 

filter. This same filter was also used to demonstrate broadly tunable femtosecond pulses 

in both laser configurations. Subsequent amplification of the ultrashort pulse laser 

sources realised maximum amplified average output powers of 540 mW and 855 mW, 

respectively.   

The results presented in this thesis demonstrate the potential for diode-pumped Tm3+-

doped sesquioxide laser sources to be developed into an enabler technology for the 

advancement of a number of photonics applications and techniques in the mid-infrared 

region.  
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1 Introduction 

“The laser is a solution seeking a problem” – this is how Theodore Maiman referred 

to his development of the first laser in 1960 [1,2]. Since then the laser has become a 

household recognised technology and a staple device of the 21st century, aiding in the 

advancement of techniques and technologies in many fields, including medical research 

and healthcare, environmental sensing and spectroscopy, manufacturing and industrial 

processing, and telecommunications. This thesis will discuss a much more specialised 

and advanced form of laser source than the flashlamp pumped ruby laser constructed by 

Maiman nearly 60 years ago, presenting the development of diode-pumped solid-state 

ultrashort pulse lasers in the 2–2.1 µm spectral region based on Tm3+-doped sesquioxide 

gain media.  

1.1  Laser applications in the mid-infrared spectral region 

The mid-IR spectral region of approximately 2–20 µm offers many beneficial features 

for applications and techniques currently undertaken in the visible or, more commonly, 

the near-IR. The most prevalent of these features is what is referred to as the “molecular 

fingerprint region” and can be exploited in various forms of optical spectroscopy. 

Within this spectral region a large number of molecules experience strong vibrational 

transitions, including molecules important in the study of pollution and climate change 

such as carbon dioxide, sulphur dioxide, nitrogen dioxide, and methane (Fig. 1) [3]. 

This same region is also occupied by the molecular resonances of many common 

explosives [3,4] and drugs [5], allowing for non-intrusive study and stand-off threat 

detection of such molecules. Detection of these absorption features in the mid-IR band 

is also aided by two relatively transparent windows in the Earth’s atmosphere, around 

3.5–5 µm and 8–13 µm, which means that the trace gas detection of environmental 

pollutants and toxins can be performed using relatively straight forward techniques such 

as direct absorption spectroscopy [6]. The medical sciences have also found use of 

optical spectroscopy in the mid-IR in diagnosis procedures. Breath samples can be 

analysed to detect molecular species associated with diseases, providing important 

information without the need for invasive and complex blood sample testing [7]. 

Furthermore, the use of spectroscopy could be implemented to detect and identify 
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various molecular markers existing in breath samples to diagnose different lung 

diseases, cancers, and diabetes [8].  

 

Fig. 1. Resonances of selected molecular species in the mid-IR spectral region [9]. 

Atmospheric transmission data is shown by the grey line [10].  

Medical research has also utilised laser technology in a more direct approach with the 

development of laser scalpels. While visible and near-IR laser sources based on 

Nd:YAG and ruby gain media are more widely known for cosmetic procedures in hair 

and tattoo removal [11,12], a move to the mid-IR opens up the use of laser tools to be 

used in surgery as precise cutting implements. In general, the cells present in every type 

of soft tissue consist of water (~65%) and protein strands (~35%). CW laser sources that 

target the absorption peaks of water and proteins around 2–3 µm and 6–8 µm, 

respectively, have been used in the past to demonstrate less invasive, high precision 

laser surgery [13], with a significant reduction in blood loss and dissection time over 

conventionally used mechanical devices [14]. By targeting the absorption peaks of the 

water and proteins present in cells in the IR region, effective tissue ablation can be 

achieved whilst reducing the risk of photochemically damaging the nucleobases found 

in DNA. This is a considerable drawback of short wavelength ultraviolet (UV) excimer 

laser sources used in laser refractive surgery, where the tissue molecules that experience 

high absorption in the UV spectral region are proteins, DNA, and melanin [13]. 

In the field of manufacturing and industrial processing, the CO2 laser, emitting between 

9 and 10 µm, still dominates sheet metal cutting despite growing competition from other 

laser sources such as high power fibre lasers and disk lasers [15]. This domination is not 

so much due to any significant advantage from the emission wavelength but is more 

thanks to the generations of development that have gone into the gas laser source and 

the understanding of their performance that has been gained as a result. The advantages 

provided by high power fibre lasers and disk lasers in energy efficiency, footprint size, 
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and beam delivery flexibility have made the cutting market more competitive in recent 

years. However, the lack of understanding surrounding cutting and beam-material 

interactions have meant that CO2 lasers still outperform when cutting thick metallic 

materials [15]. The industrial processing of transparent and brittle materials such as 

glass are becoming more relevant as the use of intricate touchscreens on smartphones 

and tablets continues to expand. Specialised near-IR laser sources offer a benefit over 

CO2 lasers in that the lower absorption coefficient of near-IR radiation allows for a 

volumetric absorption and cuts without chips. This is compared with the surface 

absorption interaction found with CO2 lasers due to a higher absorption 

coefficient [15,16].  

2 µm laser sources provide a particularly unique advantage when it comes to the 

additive free, clear-to-clear welding of plastics. The absorption spectra of many 

common plastics (e.g., PMMA, PET, and polycarbonate) show that the 2 µm 

wavelength sits between two significant absorption peaks around 1700 nm and 2200 

nm. This places 2 µm laser radiation in a “goldilocks” region in-between very little 

absorption found in the visible region and very strong absorption where UV lasers 

around 355 nm and CO2 lasers at 10 µm are used. The moderate absorption experienced 

in plastics around 2 µm means the light can penetrate through the sample whilst being 

attenuated and heating up the local region. This is in contrast to the surface heating 

found with UV and CO2 lasers and the limited modifications found when using visible 

laser sources [17,18]. Welding of plastics without the need for additional chemical 

additives is particularly relevant to the medical industry as it simplifies biocompatibility 

testing [19]. The use of 2 µm laser radiation has also been studied for the fabrication of 

laser induced periodical surface structuring of semiconductor materials. This universal 

phenomena can be used as a method of surface texturing on almost any material and 

has been shown to produce diffraction grating like structures on steel and 

superhydrophobic surfaces on silicon wafers [20]. The phenomena can also be exploited 

as a time and cost effective method of surface texturing of photovoltaic cells, providing 

a significant increase in the light harvesting efficiency of the semiconductor 

substrate [21].  

The generation of extreme UV (XUV) and soft X-ray radiation has driven development 

in many areas of science. High resolution X-ray microscopy means it is possible to 

image buried nanostructures [22] and begin to probe primary atomic element 

resonances [23]. Structural information of complex protein molecules can also be 

retrieved, modelled, and investigated through exposure to these ultrashort 

wavelengths [24–26]. Moreover, with the generation of XUV and X-ray radiation 
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comes the possibility to produce pulses with durations in the order of tens to hundreds 

of attoseconds. These pulses can then be used in the study of electron dynamics [27–29], 

investigating processes that take place within electron shells. The sources used to 

generate these extremely short wavelengths (~2–100 nm) in the first place, however, 

tend to be purpose built national synchrotron or free electron laser facilities providing 

limited access to researchers. Laser frequency conversion based on nonlinear crystals is 

a proven method of extending the wavelength range of laser sources and accessing 

spectral regions from the UV to the mid-IR, but even this approach is prevented from 

generating sources below ~200 nm by strong absorption in the crystals for wavelengths 

in the deep-UV.  

An alternative method of accessing the XUV and soft X-ray spectral regions is that of 

high harmonic generation (HHG) [30–32]. This highly nonlinear process is driven by 

ultrashort pulse lasers with incredibly high peak intensities focused onto gas targets. 

Intensities in the range of ~1013–1014 W/cm2 are needed to achieve the necessary up 

conversion required to drive the laser frequency to its higher harmonics. HHG makes it 

possible to generate XUV and X-ray wavelengths on a table-top scale, moving away 

from the requirement of very large and expensive facilities and allowing individual 

research groups access to their own sources for small-scale experiments and 

investigations. The current driving laser source behind HHG is the femtosecond 

Ti:sapphire laser. Through chirped pulse amplification [33], sub-15 fs pulse systems 

with petawatt peak powers at few Hz repetition frequency are commercially available. 

Moving away from the near-IR though, HHG from the mid-IR spectral region offers 

potential to generate ultrahigh harmonics and much wider spanning emission, realising 

transform-limited pulse durations of 0.035 fs [34], and theoretically allowing for the 

generation of pulses as short as 0.0025 fs [35]. And while the use of multiple frequency 

conversion and amplification stages allow fundamental Ti:sapphire sources to reach 

into the mid-IR, high power mode-locked sources emitting around and beyond 2 µm 

would be well placed to satisfy to requirements of a driving source for XUV and X-ray 

emission.  

In recent years the area of optical telecoms has also had a growing interest to move 

towards the 2 µm region. Whilst the current optical telecommunications network, the 

underpinning technology that facilitates the Internet of Things lifestyle enjoyed by the 

majority of the developed world, is dominated by the 1550 nm telecom band utilising 

the high performance of Er3+-doped fibre amplifiers and low transmission loss in silica 

fibres, there is a call to open up a new 2 µm telecom band as an alternative or additional 

avenue of research with the aim of increasing the transmission bandwidth of the 
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existing telecommunications network [36]. New technologies and techniques have 

allowed the current demand in bandwidth to be met with the existing telecom bands, 

but the capacity of current fibre technology is quickly approaching the nonlinear 

Shannon limit (a limit imposed on the maximum amount of information that can be 

transported for each wavelength division multiplex channel) [37]. If the growth in 

demand continues without a major change in technology then a “capacity crunch” is 

anticipated in the coming years [38]. This new 2 µm telecom band would be able to 

make use of developments in hollow-core photonic bandgap fibres [39,40] and 

wideband Tm3+-doped fibre amplifiers [41,42], as well as occupying a so-called “sweet 

spot” between 1.8 and 2.1 µm for the emerging field of silicon photonics where the 

development of silicon-photonics-based devices has begun [43]. However, questions still 

remain about the development of suitable compact semiconductor 2 µm sources that are 

able to operate in the demanding environment of high temperature telecom racks. InP 

can be extended to 2 µm by induced compressive strain but suffers from a limited 

operating temperature range restricting it use to the very edge of server racks. GaSb-

based devices are more promising for high temperature operation but face challenges in 

fabrication [36]. Research in this area is ongoing but sources capable of driving this 

push into a new telecom band need to be found before the window can be opened.  

1.2  State-of-the-art laser source development in the mid-IR 

The previous section has detailed a few examples of novel applications and benefits 

to existing techniques that can be achieved by moving to the mid-IR spectral region. 

The laser sources required to take advantage of such benefits, i.e. those that emit at and 

beyond 2 µm, do exist and are available to researchers. However, these sources are 

generally bulky, expensive, and limited in power when operating in the ultrashort pulse 

regime. This ultimately restricts their applications. In order to become a true enabler 

technology, mid-IR laser sources need to become more widely available to a larger 

portion of the research community. This means making them more compact, robust, 

and affordable. 

The mid-IR spectral region can be accessed directly using laser sources that naturally 

emit in the mid-IR, e.g., quantum cascade lasers (QCL), Tm3+- and Ho3+-doped 

amorphous and crystalline materials, Cr2+- and Fe2+-doped chalcogenides or CO2 lasers, 

or via stages of nonlinear frequency conversion techniques and amplification from a 

near-IR laser source [44]. Some examples of these approaches are shown in Fig. 2. 

Whilst reliable and commercially available near-IR lasers sources are well established, 
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using them as a fundamental source to access the mid-IR through frequency conversion 

ultimately results in a complex and expensive laboratory configuration. However, this 

approach of reaching the mid-IR has been taken by numerous commercial 

manufacturers (Chromacity Ltd, Toptica Photonics AG, and Menlo Systems GmbH, to 

name a select few) and has been used in the demonstration of remote stand-off and 

open-path detection and identification of hydrocarbon gases [45,46], and chemical 

aerosols and solids in free space [47] and on surfaces [48]. For example, in [45], Kara et 

al. employed a commercial ultrashort pulse optical parametric oscillator (OPO) based 

on a MgO-doped periodically poled lithium niobate (LNB) nonlinear crystal pumped by 

a passively mode-locked Yb:fibre laser. The source could be tuned from 2.8–3.9 µm 

and, by selecting a particular grating position, provided instantaneous coverage of the 

strongest absorption bands in methane and ethane from 3.1–3.5 µm. It should be noted 

that whilst this source was used in more of a quasi-CW spectroscopy approach, the 

development of mid-IR broadband sources is closely related to the development of mid-

IR mode-locked lasers as they can act as the preliminary source of high peak power 

pulses for further frequency up-conversion to the mid-IR spectral region.  

The second order nonlinear spectral shifting processes of OPO and difference frequency 

generation (DFG) require the use of highly nonlinear optical materials to work 

effectively. Nonlinear oxide crystals such as LNB or potassium titanyl phosphate (KTP) 

are commonly used. However, the transparency of these crystals is a main limiting 

factor in how far a spectrum can be moved into the mid-IR spectral region. Multi-

phonon absorption limits the output to wavelengths of ≤5 µm. Advances in nonlinear 

crystal development has meant that crystals with transparencies extending beyond 10 

µm are now available [49]. These nonlinear crystals have been used to generate usable 

laser emission at wavelengths reaching far into the molecular fingerprint region. For 

example, OPOs constructed from the nonlinear crystals CdSiP2 and orientation 

patterned GaP have been reported to have demonstrated long wavelength tuning ranges 

of ~6.5–7.2 µm [50] and 5.5–13 µm [51], respectively, when pumped by 1 µm 

femtosecond pulse laser sources. Similarly, a 2 µm pumped ultrafast OPO constructed 

from orientation patterned GaAs has demonstrated a tuning range spanning from 2.6 

µm to 6.1 µm [52].   
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Fig. 2. Quantum cascade lasers (QCL) offer direct access to the mid-IR region. These 

laser sources can be designed to operate at desired set wavelengths or with single-mode 

tuning ranges over approximately 150 nm [53–56]. Select transition and lanthanide 

doped laser sources, e.g., Fe, Cr, Ho, and Tm, are able to naturally emit at the shorter 

end of the mid-IR spectral region and bring with them impressive average output 

powers. These present themselves as useful seed sources for further spectral broadening 

deeper into the mid-IR [57–60]. Supercontinuum generation (SCG) sources provide 

instantaneous access to wide regions of the mid-IR from an initial near-IR or mid-IR 

pump source using highly nonlinear fibres and waveguides [61–67]. Optical parametric 

oscillators (OPO) can be tuned over wide ranges in the mid-IR spectral region and are 

predominantly only limited by the transparency of the nonlinear crystals used in the 

oscillator. Additionally, this method can utilised using both CW or pulsed 

sources [51,68]. Difference frequency generation (DFG) offers a relatively more robust 

approach to frequency conversion compared with OPOs. However, direct pumping at 

longer wavelengths has proved unattractive due to a lack of laser sources with 

sufficiently high average power or high pulse energy sources with megahertz repetition 

frequencies [69]. 

In addition to providing high peak powers for efficient frequency conversion, mode-

locked ultrashort pulse laser sources can also act as an important tool in the generation 

of frequency combs. Since their first emergence in the 1990s, these frequency combs 

have profoundly transformed the precision of measurements of frequency and time. 

While combs have had an impact in the visible and near-IR regions, with use in 

developing ultraprecise optical atomic clocks [70–72] and precision 

spectroscopy [72,73], the mid-IR region is still under development [74]. Simply put, a 

frequency comb is an optical spectrum consisting of evenly spaced peaks or “teeth”. 

Given that the frequencies of the teeth are known, the spacing between them is so exact 

that unknown frequencies can be measured using them, in a way creating an optical 
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ruler. Traditionally, frequency combs are generated using ultrashort pulse mode-locked 

lasers with pulse durations in the range of tens of femtoseconds to a few picoseconds. 

An alternative approach in the generation of frequency combs is to use a tunable single 

frequency CW source and a whispering gallery mode micro-resonator to produce what 

are referred to as Kerr combs [44,75,76]. By this process the pump laser forms part of 

the comb and the additional teeth are generated through cascade degenerate and non-

degenerate four wave mixing. Whilst these micro-resonators offer a compact method for 

generating frequency combs, it was mode-locked laser systems that acted as the tool that 

allowed John Hall and Theodor Hänsch, joint winners of a half of the 2005 Nobel Prize 

in Physics, to make their developments in laser based precision spectroscopy.  

The pulses of ultrashort pulse lasers contain many frequencies as a result of the mode-

locking process (quite what this entails will be discussed in the Chapter 2) which 

establishes a fixed phase relationship between different oscillating modes. A periodic 

train of these pulses produces a frequency spectrum consisting of discreet lines with a 

constant spacing equal to the pulse repetition frequency, frep, thus giving you a frequency 

comb [44]. The span of the comb is determined by the laser gain bandwidth achievable 

from the gain medium, in that a shorter pulse duration will produce a frequency comb 

with a larger bandwidth. The frequency comb can then be shifted to different spectral 

regions through the use of techniques such as DFG, OPO, as used by Kara et al., or 

supercontinuum generation (SCG). A particularly attractive form of DFG, known as 

intrapulse difference frequency generation, provides a way to generate inherently 

stabilised pulses with a carrier envelope offset frequency fixed at zero [44]. Through this 

approach the difference frequencies are generated between the teeth of a single comb, 

i.e. the frequency components originate from the same pulse. Moreover, this technique 

offers additional advantages in simplicity and compactness, and has been shown to 

deliver sources capable of reaching into the deep mid-IR >10 µm from fundamental 

near-IR [77] and 2 µm [69,78] laser sources. 

Beyond acting as compact laser sources for direct access to the mid-IR, QCLs have been 

shown to generate frequency combs through various techniques. In single frequency 

operation they can be used to pump microresonators and generate Kerr combs around 

the central emission frequency, demonstrating combs around 4.5 µm from 

commercially available laser sources [79,80]. Direct modulation of the injection current 

and hence the gain can be used in an active mode-locked regime to produce picosecond 

ultrashort pulses and combs from the laser sources [81,82]. Passive mode-locking of 

QCLs has also recently been demonstrated [83], with reported pulse durations of 750 fs 

at a central emission wavelength of 3.6 µm. The most success, however, has been found 
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in specially engineered multi-mode broad-gain QCLs which have been shown to emit 

phase-locked continuous wave frequency combs via four wave mixing within the 

QCL [84–86]. These sources have been used to demonstrate broadband dual-comb 

spectroscopy in the mid-IR spectral region [87,88]. Low output powers on the order of a 

few miliwatts restrict their use in real-world applications though, meaning that, while 

QCLs provide a means to produce compact and efficient frequency comb generators, 

their use has been mainly limited to tunable CW spectroscopy.   

Solid-state gain media, like Ti:sapphire or Cr:ZnSe, do not suffer from such limitations 

and can achieve ultrashort femtosecond pulses with average powers in excess of 100 

mW directly from the oscillator. Clearly, nonlinear frequency conversion processes can 

be applied to near-IR mode-locked sources to extend them into the mid-IR spectral 

region. However, this brings with it extra complications and cost. It would be beneficial 

to have a mode-locked source that already emits in the mid-IR. Thus reducing the 

quantum defect and implied inefficiencies whilst also potentially reducing the systems 

overall footprint. For example, a Ti:sapphire mode-locked laser, the workhorse of 

ultrashort pulses in the near-IR, would require a frequency conversion stage in order to 

access the mid-IR. Compare this to a Cr:ZnSe mode-locked source, which naturally 

emits around 2.4 µm and therefore already has access to the mid-IR without any 

frequency conversion, and the benefit in overall compactness and cost is clear.  

It is worth noting that near-IR fibre sources do offer a more compact fundamental laser 

source, but are restricted to low average output powers, <100 mW, due to tight mode 

confinement leading to detrimental nonlinearities. This means that an amplification 

stage with careful management of dispersion is required before any frequency 

conversion can take place, raising the overall system cost. While the fibre configuration 

has evolved to delve further into the mid-IR directly, the approach suffers from limited 

performance characteristics when mode-locked [89–95]. Ultrashort pulse Tm:fibre lasers 

emitting around 1.9–2 µm have been widely demonstrated and are now commercially 

available from companies such as AdValue Photonics and InnoLas Photonics GmbH. 

Ho:fibre, and Tm,Ho-codoped fibre lasers have also been demonstrated and are able to 

emit at slightly longer wavelengths further into the mid-IR, around 2–2.1 µm, making 

them more suited for frequency conversion techniques utilizing nonlinear crystals such 

as ZnGeP2 [96] and orientation-patterned GaAs [52] or SCG in highly nonlinear 

fibres [97]. However, these sources, much like the Tm:fibre lasers, generally exhibit 

relatively long pulse durations on the order of hundreds of femtoseconds to a few 

picoseconds. Shorter pulses can be achieved through compression after the oscillator 

but this adds additional complexity and cost. In the case of [92], the short pulse 
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duration of 190 fs is accompanied by an average power of only 1 mW (20 pJ pulse 

energy, 50 MHz repetition frequency). Whilst this low an output power is atypical of ~2 

µm fibre lasers, output powers ranging from approximately 5–150 mW mean that, 

much like their near-IR relatives, these laser sources require additional amplification 

stages to increase the average output power to “useful” levels.  

The Cr2+-doped gain media Cr:ZnSe and Cr:ZnS have been the focus of significant 

development since the first demonstration and investigation of laser action and 

performance in 1996 [98] and 1997 [99]. More recently, the broad gain spectrum of the 

Cr2+-doped chalcogenide laser sources have been exploited to demonstrate femtosecond 

pulse mode-locked operation around 2.4 µm [100]. Using a variety of mode-locking 

techniques, pulse durations as long as 11 ps and as short as 47 fs have been reported for 

Cr:ZnSe, with average output powers ranging from 40–400 mW. Whilst the 

demonstration of 47 fs long pulses have been the shortest reported from a Cr:ZnSe laser 

to date [101], the authors acknowledge that a Cr:ZnS laser has achieved shorter. 

Indeed, pulse durations of <29 fs with average output powers of 440 mW have been 

reported from a mode-locked Cr:ZnS laser [102]. The Cr:ZnS laser crystal is similar to 

Cr:ZnSe in terms of spectroscopic properties but has some important advantages, 

including a shift of approximately 100 nm to shorter wavelengths of both the absorption 

and emission bands. This means that the system can be more effectively pumped by 

widely commercially available Er:fibre lasers and that the laser emission bandwidth 

exists further into the atmospheric transmission window between 1.9 µm and 2.5 µm, 

making for a more stable ultrashort pulse operation [103]. Ultrashort pulse Cr:ZnS laser 

sources have gone on to be developed into pump sources for specially designed “double-

nanospike” chalcogenide waveguides for mid-IR SCG [104], demonstrating a 

supercontinuum spanning from ~1.2 µm to ~3.6 µm from only 0.2 nJ pump pulse 

energy [105].  

Fe2+-doped chalcogenide laser sources also offer a direct route to the mid-IR spectral 

region by exhibiting a natural emission wavelength of ~4.1 µm. The impact of 

Fe:ZnS/ZnSe has not been as profound as the likes of Cr, however, due to thermal 

quenching of the emission lifetime limiting room temperature operation [106,107]. A 

vast drop off in the emission lifetime around 150 K has meant that all published CW 

characterisation of the laser sources have been performed at cryogenic temperatures. A 

limited number of available pump laser sources around 3–3.5 µm, matching the peak 

absorption wavelength of the laser gain media, further compounded the challenges 

faced by the laser sources. The growing performance and availability of Cr:ZnSe (λ ≈ 

2.7 µm) and Er:YAG (λ ≈ 2.9 µm) lasers has helped in this regard. Recent developments 
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of the Fe2+-doped chalcogenide laser sources have realised low threshold laser action in 

an inscribed cladding waveguide [108], a 750 nm tuning range [109], and room 

temperature nanosecond pulse operation [110], but mode-locked ultrashort generation 

appears to still remain elusive. Amplification of femtosecond pulses in the 4 µm spectral 

region using Fe:ZnSe has been demonstrated, however [111,112].  

Alongside Cr:ZnSe and Cr:ZnS, other popular solid-state laser sources in the mid-IR 

spectral region include those built around Ho3+-doped, Tm3+-doped, and Tm, Ho-

codoped gain media [113]. These will be discussed in more detail in the next chapter. 

For now it is easier to repeat that the main advantage these rare earth doped sources 

offer, particularly Tm3+-doped and Tm, Ho-codoped, is their ability to emit around the 

2 µm spectral region under direct diode pumping. Widely available, high power 

AlGaAs laser diodes emitting around 800 nm offer a significant reduction in cost and 

physical size compared with Er:fibre and Tm:fibre pump sources commonly used by 

Cr:ZnS, and Cr:ZnSe and Ho3+-doped lasers, respectively. For example, a commercial 

Tm:fibre laser offers a £/W factor of 1300 (10 W, Bktel Photonics) while a high power 

laser diode offers considerably more power for the price with a £/W factor of only 44 

(10 W, Sheaumann Laser, Inc). Clearly this is not the only factor to consider; quantum 

defect and pump beam quality will also contribute to the efficiency of the pumping 

process. However, such high power laser diode pump sources, available in a small form 

factor and at a fraction of the price of fibre laser sources, offer an attractive alternative. 

Indeed, the first diode-pumped Kerr-lens mode-locked Cr:ZnSe laser has recently been 

reported [114]. Whilst the performance is impressive though, >500 mW average power 

and pulse durations as short as 45 fs, the high power InP laser diodes used are not yet as 

widely available as AlGaAs diodes.  

The development of mode-locked diode-pumped Tm3+-doped lasers would not just be 

limited to mid-IR spectroscopy and the generation of frequency combs. Ultrashort 

pulse, high average power 2 µm laser sources bring benefits to laser scalpel surgery by 

reducing the damage to surrounding tissue, forming smaller scars than those formed 

after the use of conventional surgical lasers or scalpels [115]. Reducing the overall cost 

of these systems by replacing complex and expensive frequency conversion modules 

and bulky pump modules with cheaper, more compact and robust diode-pumped 

systems naturally emitting in the required wavelength region, opens the technology up 

to the wider field allowing more to benefit from it. Compact and efficient ultrafast 2 µm 

lasers can also be used as seed sources for developing high-energy amplifier systems 

operating in the mid-IR 3–12 µm spectral region [116]. This would benefit many 
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applications in the areas of pulse laser deposition [117] and strong field physics [118], as 

well as the development of table top x-ray coherent sources [35].  

Whilst there are clearly many routes to access and generate ultrashort pulses in the mid-

IR spectral region around 2 µm, from well-established now commercially available 

approaches to those still early in development, the work presented in this thesis will 

show that the advancement of directly diode-pumped Tm3+-doped laser sources 

represents a clear route to the creation of compact and affordable mid-IR mode-locked 

laser sources.  

1.3  Synopsis 

The structure of the thesis is such that it can be separated into roughly two halves. 

The first half will cover the essential theoretical grounding, starting with Chapter 2 

which contains the main bulk of the required theoretical understanding and begins by 

covering the more general fundamentals of the laser process as well as those that are 

important in Tm lasers. Following this section, the breadth of pump sources available to 

Tm3+-doped gain media will be compared and contrasted, after which a detailed 

analysis of the properties and mechanisms of mode-locked lasers will be undertaken. 

This analysis will cover different approaches to developing ultrashort pulse mode-

locked sources, how these sources are optimised, and how the sources are fully 

characterised. The chapter will conclude by discussing techniques for power 

amplification of ultrashort pulse laser sources through the master oscillator power 

amplifier (MOPA) approach. Once justification of the work and a good foundation of 

knowledge has been established, including a more detailed introduction to the Tm3+-

doped sesquioxide laser gain media of interest, the second half of the thesis will present 

the original experimental work undertaken and the gathered results.  

Chapter 3 contains the initial demonstration and characterisation of diode-pumped 

Tm:LuScO3 and Tm:Lu2O3 lasers in the continuous wave (CW) regime; this includes 

work that lead to the first published report of a diode-pumped Tm:LuScO3 laser. 

Chapter 4 follows up on this with the evaluation of the diode-pumped Tm3+-doped laser 

sources in the mode-locked regime, including work that represents the first published 

demonstration of a diode-pumped ultrashort pulse Tm:LuScO3 laser source and the first 

published use of an enhanced birefringent filter (BRF) for the tuning of mode-locked 

femtosecond pulses in the 2–2.1 µm spectral region. Chapter 5 then goes on to discuss 

efforts made in the amplification of the developed ultrashort pulse seed lasers, with the 

previously characterised Tm:LuScO3 laser being used to seed a Ho:YAG slab amplifier 
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in a collaborative experiment with Heriot-Watt University and the Tm:Lu2O3 laser used 

to seed an in-house developed in-band pumped Tm:Lu2O3 amplifier. The last 

experimental chapter digresses somewhat from the main focus of the thesis and looks at 

the development of compact waveguide lasers in Tm3+-doped sesquioxides instead of 

the traditional bulk solid-state gain geometry. The work detailed in the chapter 

represents the first published demonstration of an ultrafast laser inscribed (ULI) 

waveguide laser in Tm:Lu2O3. Finally, Chapter 7 concludes the thesis by highlighting 

the main achievements of the work undertaken as part of this doctorate and provides 

some closing remarks on future developments in the area of diode-pumped solid-state 

ultrashort pulse lasers in the 2 µm spectral region.  
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2 Practical background theory 

To fully understand the processes discussed in the later experimental chapters, some 

theoretical background knowledge must be established. Many well-known authors have 

spent a great deal of time over the years creating fantastic tomes of information and 

repeating what they have written would not do these works justice. Instead the reader 

should consult the likes of Lasers by Siegman [119], Principles of Laser by Svelto [120], 

or Ultrashort Laser Pulse Phenomena by Diels and Rudolph [121] if a more detailed 

description of certain aspects is required.  

Within this chapter the fundamentals of the laser process will firstly be discussed before 

taking a more specific look at the processes that take place in the Tm and Ho laser ions 

of interest used during this work. Following this, an evaluation of the available laser 

sources that can be used to pump said doped gain media will be undertaken, paying 

particular attention to compact pump sources in the form of laser diodes. A detailed 

look at the mechanics of mode-locked lasers will then discuss the various important 

components of ultrashort pulse laser sources, including dispersion management and 

different mode-locking techniques. The chapter will then conclude by examining some 

select approaches to increasing the average power of ultrashort pulse lasers through the 

master oscillator power amplifier configuration. 

2.1  Ion-doped solid-state laser fundamentals 

A laser, in the most simplest explanation, is generated by the process of 

amplification of light. Therein lies the source of the acronym that preceded the now 

generally used noun: Light Amplification by Stimulated Emission of Radiation. To 

understand the process in more detail though, requires a more thorough explanation 

into the “stimulated emission”. In the most basic of terms, let us consider a simple two 

level laser ion system wherein the ion is in the ground state, E0. If a photon of sufficient 

energy encounters this ion, its energy is absorbed and the ion is excited to a higher 

energy level, E1. The required energy of the incoming photon would have to be equal to 

the difference between these two energy levels, i.e. Eph = h ∙ ν = E1 – E0. The excited ion 

would then remain in this upper state for a duration defined by the upper state lifetime, 

after which it would decay back to the ground state and the extra energy would be lost 

as a new photon through spontaneous emission. However, if a second photon were to 
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interact with the excited ion while it existed in the upper state, it would cause the ion to 

drop to ground state and emit another photon identical in frequency, direction, phase, 

and polarisation to itself through the process of stimulated emission. In effect, 

amplifying the initial signal that interacted with the excited ion. In reality, amplification 

cannot be achieved in a two level system due to not being able to realise a state known 

as inversion, whereby the population of the excited state, N1, is greater than the 

population of the ground, N0. In a two level system, the maximum population of the 

upper level is N1 = N0, because absorption and emission compensate each other. To 

achieve a state of inversion the system must have at least three levels.  

2.1.1  Four and quasi-three level systems 

Four level lasers exhibit an energy level system similar to the idealised system shown 

in Fig. 3 left. In this regime we can assume that there is only one pump level, E3, and 

that the decays to the upper laser level, E2, and the ground level, E0, happen rapidly. 

These fast decays lead to negligible population of E3 and E1, and mean that a state of 

inversion can be easily achieved by any population in the upper laser level. By placing 

the inverted laser medium between two resonator mirrors, the process of stimulated 

emission is triggered by spontaneously emitted photons that are travelling back and 

forth between the mirrors. The laser field quickly builds within the resonator as 

stimulated emitted photons stimulate more photons in a cascade effect. If one of the 

mirrors is partially reflective then the field can be coupled out, resulting in the well-

recognised beam.  

 

Fig. 3. Schematic diagrams of the four (left) and quasi-three level (right) systems.  

Another important laser level scheme is that known as quasi-three level. In this scheme 

the upper and lower laser levels are formed by two Stark manifolds. The pump level 

may form a part of the same Stark manifold as the upper lasing level, as in the case of 

Fig. 3 right, or may exist at a higher energy level. Excitation in the former of these cases 

is referred to as in-band pumping. We are also able to assume fast decays from the 
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pump level to the upper laser level and from the lower lasing sub-level to the ground 

state sub-level, similar to the four level system. Therefore, in most common cases, the 

excitation terminates in an upper sub-level of the upper manifold. Inversion takes place 

between the lowest level of the upper manifold and the highest level of the lower 

manifold. However, in the case of the quasi-three level system the ground level and the 

lower laser level cannot be considered as decoupled as they are in the four level system. 

This means that the population of lower laser level is dependant on temperature and 

that a non-negligable thermal population is present in the lower laser level. The process 

of reabsorption of the laser emission must then also be taken into account in any 

analysis performed. Likewise, in the case of a highly inverted medium, re-emission of 

the pump wavelength should not be ignored.  

It is the quasi-three level system that the lasers constructed and characterised in this 

work can be described with. There are also other energy transfer mechanisms that must 

be introduced before a clear picture of the processes in the Tm3+ and Ho3+
 laser ions can 

be discussed.  

2.1.2  Energy transfer processes 

In addition to excitation of the upper laser level via absorption of pump photons, 

there are other energy transfer mechanisms that contribute to populating (and 

depopulating) the upper laser level and can lead to increased (decreased) efficiency. 

These nonradiative processes take place between separate but closely spaced laser ions, 

generally requiring the use of high doping concentrations within the laser gain medium. 

The processes detailed below will each consider an initially excited donor ion and a 

ground state or partially excited acceptor ion.  

Energy migration 

Through the process of energy migration, the entire excitation energy of the donor 

ion is transferred to an acceptor ion. The acceptor ion may be identical to the donor, as 

seen in Fig. 4 left, or be a different laser ion but feature similar energy levels, as is the 

case when the phenomenon occurs in codoped systems with a sensitizer ion. Excitation 

energy may be passed between consecutive ions allowing the energy to be transferred 

through the crystal with each new donor ion undergoing nonradiative de-excitation. 

This can lead to a reduced laser efficiency if the energy is transported to a region of 

crystal defects where non-radiative decay occurs. 
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Upconversion 

Strictly speaking the process of upconversion should be separated into two distinct 

varieties; energy transfer upconversion and excited state absorption upconversion. The 

former of these two processes occurs when both the donor and acceptor ion are in an 

excited state and energy is transferred from the donor to the acceptor. This interionic 

process raises the energy level of the acceptor ion while de-exciting the donor ion, as 

seen in the centre diagram of Fig. 4. Excited state absorption upconversion, on the other 

hand, can be explained as the series of sequential absorption of pump photons exciting 

the ion beyond the normal pump level. The process of upconversion is normally seen as 

a form of parasitic loss. However, it can be constructively applied in upconversion 

lasers [122–124]. Depending on the energy level scheme, elevated excitation can be 

achieved via a single pump laser or through multiple wavelengths targeting specific 

transitions.  

 

Fig. 4. Examples of the nonradiative interionic energy transfer processes energy 

migration (left), upconversion (centre), and cross relaxation (right), with labelled donor 

ion (D) and accepter ions (A).  

Cross relaxation 

Energy transferred through cross relaxation leads to both the donor and acceptor ion 

ending up in some non-ground state intermediate level. An example of the process 

leading to the donor and acceptor ion having the same populated energy level can be 

seen in Fig. 4. The transfer takes place between two nearby ions similar to the process of 

energy transfer upconversion. The differences being: the final state of the acceptor ion is 

on a lower energy level than the initial state of the donor, and the acceptor ion does not 

have to be in an excited state to begin with. The importance of this process in Tm3+-

doped lasers will become clear in the following section. 
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2.1.3  Thulium and holmium laser ions 

With the intention of creating an ultrashort pulse source capable of being diode-

pumped and emitting in the ~2–2.1 µm spectral region, the spectroscopic properties of 

Tm3+-doped gain media present a very promising avenue of investigation. This section 

will present a generalised look at the Tm3+ laser ion, including a brief history of its use 

in laser sources. In order to provide a wider appreciation of the various configuration of 

lanthanide dopants able to emit in the mid-IR, a brief overview of the Ho3+ laser ion 

and Tm, Ho-codoped systems will also be discussed.  

Thulium 

The development of Tm3+-doped gain media can be traced back to 1962 and 1963 in 

work by Johnson et al. with the demonstration of Tm:CaWO4 and Tm:SrF2 laser 

sources under liquid nitrogen cooling at 77 K [125]. It was not until the 1970s that room 

temperature demonstrations of a Tm3+-doped lasers were reported [126]. While these 

sources were flashlamp pumped, using Cr3+ as a sensitizer ion, the inception and 

development of the Ti:sapphire laser in the 1980s [127] meant a pump source capable of 

directly exciting the Tm3+ laser ion around 800 nm could be utilised. More recently, the 

advent of high power AlGaAs laser diodes, originally developed for pumping Nd3+-

doped laser materials, can now be used to pump Tm3+-doped gain media more 

efficiently.  

Populating the 3F4 upper laser level with 800 nm laser radiation is aided by the process 

of cross relaxation with a nearby ground state Tm3+ ion (Fig. 5). The relaxation from 

the 3H4 manifold to the upper laser level causes a nearby ion to be excited from the 

ground state to the same level, resulting in the referred to “two-for-one” pump scheme. 

This process increases the theoretical power efficiency to 80%; well beyond the 

quantum defect imposed by the difference between the energy of the pump and laser 

emission photons. The origin of blue upconversion light can also be easily explained 

when considering pumping around 800 nm. Fig. 5 shows that emissions from the 1G4 

manifold are responsible for the emission of blue light around 480 nm. Excitation from 

the 3H5 level is caused by excited state absorption populates the 1G4 level. Thankfully, 

due to a nonradiative decay to the 3F4 level, the lifetime of the 3H5 manifold is very 

short, reducing the impact of upconversion on the performance of the laser. 

Furthermore, the route to the 3H5 level is only possible through 3H4 which is 

depopulated through cross relaxation decay [128].  
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Fig. 5. (Left) Energy level scheme of Tm3+ ions showing pumping mechanisms at 0.8 

µm for laser diodes and 1.6 µm for in-band pumping. Cross relaxation for the “two-for-

one” pump scheme is shown in orange. (Right) Excited state absorption up conversion 

scheme showing how the 1G4 manifold is populated by 0.8 µm pump photons. The 

dashed grey line indicates a nonradiative decay transition.  

Direct population of the upper laser level is also possible through in-band pumping 

around 1.6 µm. Whilst this reduces the quantum defect, the process of cross relaxation 

is no longer possible resulting in a similar theoretical efficiency limit to pumping around 

800 nm. The origin of blue upconversion emission when in-band pumping becomes 

more complicated to explain as it requires the use of multiple metastable states to reach 

the 1G4 manifold. This process has not been shown on Fig. 5 but can be explained. 

Excited population in the upper laser level experiences excited state upconversion, 

exciting the ion to the 3H4 level where it nonradiatively decays to the 3H5 level. From 

this level further upconversion takes place via the 3F2, 3F2 manifold, like in the previous 

case with 800 nm pumping.   

Interestingly, thulium holds a fairly unique position in the group of lanthanide rare 

earth laser ions. The lanthanides are characterised by fully filled 5s, 5p, and 6s electron 

subshell orbitals and commonly exhibit a +3 oxidation state, losing two 6s electrons and 

one 4f electron. For example, Tm [Xe]6s24f13 becomes Tm3+ [Xe]4f12 while Nd 

[Xe]6s24f4 becomes Nd3+ [Xe]4f2. Generally, when doped into a host the 4f orbital of the 

laser ion is shielded from the surrounding crystal field by the electrons within the fully 

filled 5s and 5p electron subshells. This leads to the influence of the crystal field on the 

4f laser transitions being strongly reduced. In contrast, the Ti3+ laser ion [Ar]3d has no 

shield electrons around the 3d laser transitions resulting in the crystal field of sapphire 

producing the well-known broad energy levels and wide tuning range under laser 

conditions. In the case of the Tm3+ laser ion, and indeed the Yb3+ laser ion, lanthanide 
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contraction results in the 5s and 5p electrons being drawn closer to the nucleus, leaving 

the 4f orbital with reduced shielding from the crystal field. This phenomenon is caused 

by the increasing atomic number exerting a stronger attraction on the filled electron 

shells as one goes along the lanthanide series from lanthanum (57) to lutetium (71). The 

effect on the Tm3+ and Yb3+ laser ions, atomic numbers 69 and 70, respectively, is so 

great that the linewidth of the 4f laser transitions is approximately an order of 

magnitude higher than that experienced by other rare earth ions [129]. Reduced 

shielding from the crystal field also means that the effects of different host crystals on 

the spectroscopic properties of the laser crystal are more pronounced leading to 

broadening and spectral shifting of the luminescence bands. This can be seen when 

examining the natural emission wavelength from the 3F4 – 3H6 transition for different 

dopant host media. For example, Tm:YAG generally emits around 2.01 µm, Tm:YLF 

around 1.9 µm, and Tm:LuAG around 2.02 µm [130].  

Importantly for this work, the broad transitions from the Tm3+ laser ion can be 

exploited in the generation of ultrashort pulse mode-locked lasers. In the last few years 

numerous publications have reported on the generation of sub-100 fs pulses from Tm3+-

doped gain media using various mode-locking techniques. Tm:MgWO4 has been 

reported to have generated pulses as short as 86 fs at an average output power of 39 

mW using a graphene saturable absorber as the mode-lock initiator [131]. Slightly 

shorter pulses of 78 fs have been generated from a Tm:CLNGG laser at an average 

output power of 54 mW using a single walled carbon nanotube based saturable 

absorber [132]. However, the shortest pulses from a Tm3+-doped laser to date, indeed 

the shortest pulses from a mode-locked 2 µm solid-state laser, have been demonstrated 

using a Tm:(Lu2/3Sc1/3)2O3 laser [133]. The mixed sesquioxide ceramic laser was able to 

generate pulses as short as 63 fs after extracavity compression (74 fs directly from the 

oscillator) using a semiconductor saturable absorber mirror (SESAM) to initiate mode-

locking. The authors attribute the performance to the flat and smooth gain spectra of the 

Tm3+-doped mixed sesquioxide ceramic which will be discussed in more detail in the 

Chapter 3. It is worth noting that all of these performances were recorded using 

Ti:sapphire pump sources.  

Holmium 

Like thulium, the development of Ho3+-doped laser gain medium began in the 

1960s [125], but it was not until the 1970s that the operating temperature was raised 

from liquid nitrogen levels to operate at room temperature, albeit in a pulsed 
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regime [134]. In contrast to Tm3+, Ho3+ does not possess strong absorption bands in the 

near-IR region, thus in-band pumping around 1.9 µm is used to facilitate the 5I7 – 5I8 

laser transition around 2.1 µm. Whilst pumping around 1.9 µm does mean a very high 

theoretical quantum efficiency, it does present a problem when looking for efficient 

pump sources. Bulk diode-pumped Tm3+-doped solid-state and Tm:fibre lasers are 

widely used as pump sources for Ho3+-doped gain media, but it would seem that there 

has been very little progress made in the development of directly diode-pumped Ho3+-

doped lasers in recent years. Despite the growing commercial availability of 1.9 µm 

laser diodes, there only appear to be a handful of reported demonstrations in the last ten 

years [135–137]. Furthermore, due to a reduced lanthanide contraction effect, the 4f 

orbital of the Ho3+ ion is more shielded than the equivalent orbital found in Tm3+ and 

Yb3+ ions. This means that the laser transition has a narrower linewidth and that Ho3+-

doped gain media generally demonstrate much longer pulse durations than those 

examples given above.  

Tm, Ho-codoping 

An alternative means of utilising the long emission wavelength of holmium but with 

the benefit of widely available 800 nm laser diodes is to look towards Tm, Ho-codoped 

gain media. Excitation of the laser action process in the codoped system is made 

possible by methods and pumping processes already discussed previously in this 

section. Absorption of 800 nm pump light by the Tm3+ ion leads to a populated 3F4 level 

via cross relaxation in the normal manner. However, rapid energy migration that would 

normally only take place between Tm3+ ions now includes nearby ground state Ho3+ 

ions, populating the 5I7 upper laser level of the Ho3+ ions [138,139].  

The development of mode-locked Tm, Ho-codoped gain media has seen numerous 

demonstrations of ultrashort pulse laser sources in the 2–2.1 µm spectral region. Pulse 

durations ranging from 67 fs (79 fs before extra-cavity compression) to 7.8 ps have been 

reported using various host crystals and saturable absorbers [140–147]. Despite these 

impressive results, Tm, Ho-codoped lasers are somewhat dogged by increased losses 

due to upconversion. The presence of upconversion is greater in these double-doped 

materials than it is in single-doped thulium materials. In Tm, Ho-codoped gain 

materials, upconversion is the result of two processes. The first of which can be 

explained as excited state upconversion and involves the absorption of a 800 nm pump 

photon, promoting excitation from the 5I7 Ho3+ upper laser level to the 5S2/5F4 level 

leading to visible upconversion fluorescence. However, the majority of the 
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upconversion is the result of interionic energy transfer upconversion, whereby a Tm3+ 

ion in the 3F4 level transitions to the ground state, exciting a Ho3+ ion from the 5I7 level 

to the 5I5 level. From this level, fluorescence can occur at ~900 nm [138].  

2.2  High power laser diode pump sources 

The main driving technology behind the work presented in this thesis is that of the 

semiconductor laser diode. These compact and cheap devices have had a profound 

impact on the modern world of photonics and represent the main source of laser 

radiation in consumer products. As well as finding direct applications in the areas of 

spectroscopy, telecommunications, and defence, they have had widespread use as laser 

pump sources. The most widely used pump sources for Tm3+-doped gain media tend to 

be high beam quality laser sources such as Ti:sapphire lasers or, the less commonly 

used, Raman fibre lasers. These lasers tend to be bulky and, as shown in Fig. 6, are 

hugely expensive in comparison to laser diodes. This is particularly prominent with 

commercial Ti:sapphire lasers, whereby a system can cost greater than 400x more than 

an equivalent powered laser diode. While there are indeed trade-offs made in regards to 

beam quality when considering laser diodes, the benefit in cost and efficiency the use of 

these compact sources can make to a system should not be understated.  

This does not mean that there is no longer a place for Ti:sapphire pump sources. A 

near-diffraction-limited and tunable laser source would be very useful when 

characterising new and early development gain media; tuning the pump wavelength to 

match absorption peaks whilst ensuring the best possible overlap within the pump 

volume. For reasons that shall be discussed further at a later stage, these high beam 

quality sources are also particularly useful when trying to demonstrate the best possible 

performance from an ultrashort pulse mode-locked laser. When it comes to continued 

development of laser sources though, particularly with end user cost and compactness 

in mind, high power laser diodes become an attractive option.  

The underlying principles of laser diode operation will not be discussed here as they are 

beyond the scope of this thesis. For further information to reader is encouraged to 

consult the likes of Svelto [148] or Neamen [149].  
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Fig. 6. A price/power comparison of the various laser pump sources open to Tm3+-

doped gain media. Laser diodes and Ti:sapphire lasers would be suited for pumping 

around 800 nm, while Raman fibre sources emitting around 1.6 µm would be used for 

in-band pumping. Cost figures for the laser diode and Ti:sapphire sources were gathered 

from Sheaumann Laser, Inc and Coherent, Inc, respectively. The price for the Raman 

fibre laser source shown is that of a previously acquired system from IPG Photonics 

Corporation. This was extrapolated to cover the various other power options available.  

2.2.1  Single emitters 

Double heterojunction structures tend to form practical single emitter laser diodes in 

one of two formats; narrow stripe laser diodes or broad area laser diodes. While these 

may come under different names, the main differences between the two types of devices 

is the width of the semiconductor gain chip and the resultant effect this difference has 

on the performance and characteristics of the diodes. Both stripe variants do share a 

common structure, however. Here we will consider only buried heterojunction index-

guided lasers as they are favoured by manufactures more than the likes of gain-guided 

lasers.  

In addition to the guiding achieved through the use of the double heterojunction 

structure, the use of additional semiconductor material at the sides of the active region 

means that the beam can be further confined to the gain region. Fig. 7(a) shows a 

detailed schematic of such a structure where the emission in the active GaAs region (red 

oval) is confined by a difference in refractive index in both the vertical direction, due the 

heterojunction structure, and in the horizontal direction by surrounding doped AlGaAs 

material. Due to the thickness of the active GaAs region, single transverse mode 
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operation is achieved in the vertical direction. Providing the width of the strip is small 

enough (typically only a few micrometres) then a single transverse mode is also possible 

in the horizontal direction, resulting in a high beam quality from the laser diode. Whilst 

providing near-diffraction-limited laser beams, these narrow stripe laser diodes are 

usually only able to offer powers <1 W. Broad area laser diodes, on the other hand, can 

offer output powers in excess of 15 W. This high power comes at the expense of beam 

quality, however. To facilitate such high power output without damaging the laser 

diode, the stripe width is increased. Widths in the range of 100–400 µm are common for 

output powers of between 3 W and 15 W, resulting in a significantly reduced beam 

quality in the horizontal direction. 

 

Fig. 7. (a) Detailed schematic of a buried heterojunction index-guided semiconductor 

laser diode [148]. C-mount type single emitted laser diode similar to those used during 

this thesis. The red arrow points to the laser diode. A pencil eraser has been included to 

provide a sense of scale.  

Due to the vertical width of the gain region being smaller than the horizontal width, the 

divergence in the vertical direction will be larger than that in the horizontal direction. 

Typical divergence values for broad area laser diodes are ~30° for the vertical direction 

and <10° for the horizontal direction. This leads to the axes being referred to as the fast 

axis and slow axis, respectively. The different divergence between the fast and slow axes 

means the horizontal elliptical beam quickly rotates 90° ending up vertically orientated. 

Effective fast axis collimation can be provided by the placement of an aspheric lens 

close to the output facet of the laser diode. Collimation of the slow axis is usually 

provided by a cylindrical lens placed after the asphere. Some form of beam reshaping is 

then performed through more lenses to achieve the beam size required. In the case of 

broad area laser diodes, the large difference in beam quality between the fast and slow 

axes (M2 values for the fast and slow axes of ~1 and >10, respectively, are typical) 

means that a very elliptical collimated beam is required if a single focusing lens is to be 

used to produce a circular waist. 

Fig. 7(b) shows a C-mount type single emitter laser diode similar to those used most 

frequently during this thesis. The semiconductor laser diode itself is indicated by the red 
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arrow. The purpose of the mount here is to provide easily accessible electrical contacts 

for the laser diode and to act as a heatsink. Thermoelectrically cooling the mount 

through the use of a Peltier device is an effective way of controlling the laser diode 

temperature; preventing damage due to overheating and stabilising the emission 

wavelength. Similar laser diodes were found to have temperature tuning parameters of 

~0.27 nm/°C, meaning that fine tuning the emission wavelength to better match 

absorption peaks or to offset the wavelength drift found when increasing the pump 

current could be done by increasing or decreasing the set point temperature of the 

mount.  

2.2.2  Multi-emitter modules 

Even higher powers than those achieved through broad area single emitter laser 

diodes can be achieved with multi-emitter modules. These tend to take the form of laser 

diode bars, where each bar contains multiple individual emitters. The emitters may be 

evenly spaced broad area emitters or grouped subarrays of narrow stripe emitters. For 

example, a commercially available 80 W CW laser diode bar is made up from 19 

individual emitters with widths of 150 µm, separated by 500 µm. Multi-emitter modules 

can be found commercially available as laser diode bars, or they can form the active 

laser diode source in other modules. 

Fibre-coupled laser diodes 

Whilst low power high beam quality laser diodes can be fibre-coupled into single-

mode fibre packages, these were not used as part of this thesis. Instead here we will only 

concern ourselves with high power multi-mode multiple emitter fibre-coupled laser 

diode sources.  

Fibre coupling of high power multi-emitter modules has the advantage that it makes the 

output easier to utilise. Collimation of the beam can be achieved with one lens at the 

end facet of the fibre as, assuming power is evenly distributed over the modes of the 

fibre, the beam quality becomes roughly defined by the numerical aperture and core size 

of the fibre. From this approximation, M2 values can range from around 30 to over 150. 

Furthermore, the separation of laser beam generation and delivery means that thermal 

management of the laser diode source can be positioned away from the main laser 

oscillator. In the event of a pump source failure, fibre-coupled modules also allow for an 

easier replacement compared with a single emitter and the required collimation optics. 
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One significant drawback of fibre-coupled modules is that there is often no control over 

the polarisation of the emission as the fibre used is not polarisation maintaining. This 

restricts the use of Brewster cut gain elements with fibre-coupled laser diodes.  

Stacked arrays 

Despite these diode laser sources not being directly used in this thesis, their 

capability to output considerably high powers (>0.9 kW) from compact form factors 

(approximately 50 mm  20 mm  50 mm) should not be ignored. These arrays are built 

up from multiple laser bars, stacked vertically. As a result, slow axis beam quality from 

these laser sources is very poor and phase plates are usually required to impart some 

useful profile onto the beam and provide fast and slow axis collimation. Furthermore, 

due to the very high powers involved, effective heat management is a must and 

manufacturers will often mount the arrays in packages built for active thermoelectric or 

passive water-cooling. Low beam quality combined with high power means these laser 

sources are better suited to pumping large slab lasers or amplifiers rather than setups 

requiring effective pump/laser mode overlap.  

2.3  Mode-locked lasers 

The process of generating ultrashort pulses, with durations in the range of a few 

picoseconds to hundreds of femtoseconds, is clearly of high importance to this thesis. 

Ultrashort pulses, generated by laser sources using the mode-locking techniques 

discussed in this section, can act as a high intensity driving laser sources for many of the 

applications presented in Chapter 1. Beyond the generation of these pulses, however, 

still remains the stabilisation and characterisation of said pulses. These aspects become 

as equally important when trying to analyse the performance of, and realise, a stable 

mode-locked laser source. In this section, we will discuss a number of prominent mode-

locking techniques, in addition to how to overcome instabilities, manage important 

mode-locking parameters, and how to characterise the performance of ultrashort pulse 

laser sources. 

2.3.1  Mode-locking techniques 

The process of mode-locking can be explained as a means of establishing a phase 

relationship between the many longitudinal modes that exist within a standing wave 



 

 

27 

laser cavity. In a CW laser, this relationship does not exist and the modes propagate 

with generic phases resulting in an averaged continuous emission. With the fixed phase 

relationship, the modes within the cavity will constructively interfere with one another 

resulting in a periodic waveform with a period that is equal to the roundtrip time of the 

cavity. The emission from the laser is now pulsed, with the pulse containing a 

concentrated version of the all the radiation within the cavity. As was eluded to before, 

a gain material with a large gain bandwidth will be able to support more modes, 

providing the components within the cavity and various other factors are also capable of 

supporting them, resulting in a pulse with a shorter duration as described by τpΔν = 

TBP, where TBP is a pulse shape dependant constant known as the time-bandwidth 

product, τp is the pulse duration, and Δν is the gain bandwidth relating to the number of 

longitudinal modes. This is not the entire picture, however. The employed mode-

locking technique plays an important role in the pulse forming process (Fig. 8). 

 

Fig. 8. Time dynamics of gain and pulse formation with select forms of mode-locking 

techniques for solid-state lasers. 

It is important to acknowledge that two distinct types of mode-locking exist: active and 

passive. With active mode-locking, short pulses are generated by some external driving 

source. This could be achieved with a loss or phase modulator, e.g., an acousto-optic 

modulator, within the resonator. In this case, the modulator is able to synchronise the 
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loss at a period equal to the resonator round-trip time and, with appropriate timing of 

the loss modulation, leads to the generation of ultrashort pulses [150,151]. As active 

mode-locking is, generally speaking, unable to attain sub-picosecond performance due 

to the limitations of the modulator and was not undertaken during this thesis, no more 

shall be said on the subject. In passive mode-locking, some form of saturable absorber, 

which possesses an intensity dependent loss, within the cavity is required to initiate the 

mode-locking process. These absorbers generally fall into one of two categories, those 

with a slow recovery time and those with a fast recovery time, and can come in a 

number of forms. As we will also see, the saturable absorber may not be the only factor 

at play during the passive mode-locking process.  

Kerr lens mode-locking 

When first discovered, the effects behind Kerr lens mode-locking were not well 

understood [152]. The generation of femtosecond mode-locked pulses without an 

obvious saturable absorber within the cavity led to it initially being referred to as “magic 

mode-locking” [153]. The interest this produced within the laser community thankfully 

meant that a great deal of effort went into understanding the phenomenon and it was 

soon explained that the Kerr lens approach to mode-locking exploits self-focusing from 

the nonlinear, intensity dependant refractive index of a bulk material within the 

cavity [154]. This is usually the gain material, but secondary undoped plates of the likes 

of sapphire or ZnSe, for example, within the cavity can also act as the Kerr medium. 

The overall effective refractive index of the material can be given as n = n0 + n2I, where 

n0 is the usual linear refractive index, I is the intensity of the incident beam, and n2 is the 

nonlinear refractive index. Initially the system will start in a CW operation but will 

change to a pulse operation in order to reduce optical losses, in the case of hard aperture 

Kerr lens mode-locking (KLM), or to improve overlap of the laser and pump modes 

leading to higher gain, as is the case for soft aperture KLM. An illustration of the hard 

aperture approach can be seen in Fig. 9. This transition to pulsed operation does not 

begin on its own, however. Depending on how critical the cavity design is [155] and the 

strength of the Kerr lensing effect [153], an injection of noise into the system is required 

to start the transition. This can be achieved by vibrating one of the laser cavity mirrors, 

usually with a piezo actuator, or by introducing some minor fluctuations to the pump 

source. Alternatively, an additional saturable absorber, typically a slow one, can be 

placed within the cavity to begin the pulse forming process and build the high intensities 

required to cause sufficient self-focusing. This KLM-assisted approach can be used to 
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achieve self-starting mode-locking [156,157]. However, KLM on its own is generally 

referred to as non-self-starting.  

 

Fig. 9. Simplified illustration of hard aperture Kerr lens mode-locking.  

The Kerr lens, in either its hard or soft aperture variant, can be described as a nearly 

ideal, albeit artificial, fast absorber. That is to say that the recovery time of the absorber 

is much shorter than the pulse duration and that the loss modulation closely follows the 

optical power building within the cavity. Furthermore, pulse forming is primarily 

determined by the absorber, with effects such as cavity dispersion and self-phase 

modulation (SPM) providing some additional pulse forming.  

Semiconductor saturable absorber mirror 

The first intracavity SESAM device, referred to at the time as an antiresonant 

semiconductor Fabry-Pérot saturable absorber, was used to mode-lock a Nd:YLF solid-

state laser and generate ultrashort laser pulses with a duration of 3.3 ps [158]. Since 

then, SESAMs have evolved to cover a wide range of wavelengths, can be utilised in 

both bulk solid-state and fibre lasers, and are commercially available. These SESAMs 

can come in a number of different structures [159], but all have some common features. 

These include a substrate upon which a Bragg mirror that provides high reflectivity for a 

target wavelength range is grown, and some form of quantum well or quantum dot 

saturable absorber layer. Whether or not a second Bragg mirror or AR coating is added 

on top of this absorber layer depends on the type of SESAM. The SESAM used during 

this thesis featured no such additional Bragg structure or coating and relied on the 

Fresnel reflection (~30%) from the semiconductor material surrounding the quantum-

well-based saturable absorber layers to act as the top reflector. An illustration of a 

structure similar to that used can be seen in Fig. 10 [146].  
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Fig. 10. Schematic illustration of an InGaAsSb quantum-wall-based SESAM, similar to 

that used during this thesis [146]. The quantum well (QW) absorber layers are separated 

and surrounded by layers of AlGaAsSb. The entire structure is approximately 0.5 mm 

thick. 

The quantum well layers operate as saturable absorbers by incident photons exciting 

electrons from the valence band to the upper conduction band resulting in a high loss. 

There are only a limited number of unoccupied states in the upper band though, and 

when these states are filled no more absorption can occur. In this condition the absorber 

is said to be saturated, leading to a balance in the absorption and emission such that it 

exhibits low loss allowing the pulse to form. The intensity at which this saturation takes 

place is given by 

sat
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 ,     (2.1) 

where σA and TA are the absorption cross section and recovery time of the absorber, 

respectively. This recovery time is the length of time it takes for the electrons and newly 

created holes to recombine and dictates how long it takes for the SESAM to return to a 

state of high loss. It is also referred to as the recombination or relaxation time. Another 

important term that will later come up is the saturation fluence, Fsat. This can be defined 

as 
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and is the energy per unit area applied to the SESAM required to cause significant 

absorption saturation (Fig. 11). By changing the cavity mode waist at the SESAM one 

can control the SESAM fluence for a given intracavity pulse energy. Other important 

SESAM parameters include the modulation depth (ΔR) and the non-saturable loss 

(ΔRns). Respectively, these refer to the devices nonlinear change in reflectivity and the 

loss of the fully saturated SESAM. The modulation depth is generally only a few 

percent while non-saturable losses should be as small as possible. 
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Traditionally, a compromise between quality and relaxation time has to be made when 

growing SESAM devices. High growth temperatures around 700 °C produce devices 

with good optical quality but slow relaxation times. Low temperatures around 400 °C 

results in devices containing defects, meaning that while they demonstrated worse 

quality they have faster relaxation times. However, a technique to provide high optical 

quality devices with fast relaxation times can be found in ion-implantation. It has been 

shown that ion-implantation can decrease the relaxation time and be used to tailor the 

properties of SESAM devices to better suit specific requirements. Implantation of N+, 

As+, Ni+, or O+ ions, for example, at dosages ranging from 1010–1012 cm-2 introduce 

recombination centres in the form of defects whilst retaining saturation fluences well 

below the damage threshold of the device. Reductions in the relaxation time from 

hundreds to tens of picoseconds with only a slight negative effect on the devices 

reflectivity and insertion loss have been reported [160,161], making these ion-implanted 

devices better suited to mode-locking ultrashort pulse lasers [144]. 

 

Fig. 11. Nonlinear reflectivity of a typical SESAM device as a function of the incident 

pulse fluence. Fsat, saturation fluence; ΔRns, non-saturable loss; ΔR, modulation 

depth [150,153].  

While quantum-well-based SESAMs, like the one used in this thesis, are well 

established when compared to their quantum dot equivalent, it must be acknowledged 

that the quantum dot systems can offer some advantages. Namely, in demonstrating 

large inhomogeneous broadening due to a variation of dot sizes and exhibiting ultrafast 

recovery times in the low picosecond regime (~0.7–0.8 ps), they offer the potential to 

support the generation of much shorter pulses than their quantum-well-based 

counterparts [162–164]. Even then, the recovery of the saturable absorber time is too 

long for it to be considered as fast absorber. Instead it falls into the category of a slow 

absorber. 
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On their own, slow absorbers cannot support passive mode-locking of sub-picosecond 

pulses due to their long recovery times. The effects of dynamic gain saturation in 

combination with a slow absorber can strongly support the formation of pulses much 

shorter than the recovery time of the absorber by creating a gain window in which the 

pulse forms. However, this type of pulse formation is mostly found in dye lasers and is 

not present in solid-state lasers. As has been said previously, KLM-assisted mode-

locking utilises the long pulses initially formed by the SESAM to generate the intensities 

necessary for self-focusing. Clearly, though, in a cavity with a weak Kerr medium, no 

KLM can take place. Therefore, some other pulse forming process must take place in 

order for slow absorbers to be used in generating femtosecond pulse mode-locked lasers. 

This can be explained as the interplay of SPM and dispersion found in soliton mode-

locking [165].  

Soliton mode-locking 

The pulse shaping found in soliton mode-locking is purely due to the balance of 

group delay dispersion (GDD) and SPM caused by the Kerr effect imparting a 

nonlinear phase delay on the pulse, with some additional loss mechanism required to 

start and stabilise the process. In our case, this loss is found in the form of a SESAM. 

Due to the reduced importance of the SESAM in the pulse forming process, however, 

pulses with durations much shorter than the recovery time of the saturable absorber can 

be obtained.  

It has been shown that the soliton solution to Haus’ master equation is only stable for 

negative dispersion and positive SPM [150,166]. By this, the soliton propagates without 

distortion due to the effects of SPM exactly cancelling those caused by dispersion. 

Strictly speaking, due to the placement of the dispersive elements and nonlinear Kerr 

medium within a bulk solid-state cavity, quasi-soliton mode-locking rather than true 

soliton mode-locking is obtained. For the sake of ease though, this quasi-soliton mode-

locking will be referred to as soliton mode-locking for the remainder of this thesis. The 

pulse duration for this stable soliton pulse can be obtained using 
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where D is the total round-trip GDD within the cavity, Ep is the pulse energy, and δ is 

the SPM coefficient as defined by  
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where L is the length of the gain element and Aeff is the effective laser mode area in the 

gain element, and n2 is the nonlinear refractive index of the laser gain medium. 

From (2.3) it can be seen that the pulse duration scales linearly with the total absolute 

value of dispersion and has an inverse relationship with the pulse energy. That is to say 

that one would expect the pulse duration to increase when increasing the negative 

dispersion within the cavity, and that one would expect the pulse duration to decrease 

with increasing intracavity pulse energy. As the soliton propagates around the cavity it 

loses energy. This lost energy, referred to as the continuum, is initially contained within 

a low-intensity background pulse which is stretched in time due to the effects of 

dispersion not being counteracted by the negligible SPM it experiences. Providing that 

the continuum loss is larger than the soliton loss then a stable soliton pulse can be 

supported for all values of dispersion. Therefore, for very small absolute values of 

dispersion, the minimum pulse duration is found when the losses experienced by the 

soliton and the continuum become equal. The additional loss from the slow saturable 

absorber used to start the mode-locking process can also be used to prevent the 

continuum from reaching lasing threshold and destabilising the soliton.  

The minimum achievable pulse duration is also restricted by the pulse breaking up into 

two, or more, pulses [167,168]. The reason for the break up is due to over saturation of 

the saturable absorber such that it can no longer stabilise the propagating pulse. Beyond 

this point, multiple propagating pulses with lower energy per pulse will be preferred. 

The addition of further negative dispersion into the cavity can be used to increase the 

break up threshold at the expense of increased pulse duration. Alternatively, the 

intracavity waist at the saturable absorbed can be increased. This transition to multi-

pulsing is commonly signalled by a narrowing of the recorded optical spectrum and an 

increase in pulse duration. The appearance of secondary peaks on an intensity 

autocorrelation trace is also common, providing the monitored delay span is sufficiently 

large.  

Supressing Q-switching instabilities 

The addition of saturable absorber elements into solid-state lasers for the purpose of 

passive mode-locking, also bring with them a tendency to introduce Q-switching 

instabilities which, if left unchecked, can drive the laser to operate in the Q-switched 
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mode-locking (QML) regime (Fig. 12) [169]. In this regime, the laser output pulse train 

is modulated under a Q-switched envelope whose frequency is typically in the kilohertz 

regime and determined by the upper-state lifetime of the laser gain material. Depending 

on the strength of this modulation, the variation in pulse energy may only be small. 

However, for a very strong modulation, like that shown in Fig. 12, the pulse energies 

between the pulse packets can be extremely small with the pulses contained within the 

packet having a much greater pulse energy. This modulation is clearly in contrast to 

stable CW mode-locking where the emission features no modulation and has a constant 

pulse energy. For applications which require a constant pulse energy, these Q-switching 

instabilities are unwanted. Indeed, the onset of QML in the seed sources of high energy 

laser amplifiers can cause significant damage to optics. As such it is important to 

understand how to supress these Q-switching instabilities and attain stable CW mode-

locked laser sources.  

 

Fig. 12. Comparison between the output of mode-locked lasers operating in the Q-

switched mode-locking regime and the CW mode-locking regime. The average output 

power (green) is the same in both cases.   

Hönninger et al. have defined a QML parameter that represents the minimum 

intracavity pulse energy required to obtain stable CW mode-locking [170]. In its 

simplest form, the stability condition for a stable mode-locked laser with a SESAM can 

be written as 

 

2

, , ,p in sat L sat AE E E R  ,    (2.5) 

where Ep,in is the intracavity pulse energy and the square root of the term on the right is 

the critical intracavity pulse energy, Ep,c. Esat,L and Esat,A are the saturation energies of the 

laser gain medium and the absorber, respectively, and ΔR is the modulation depth of the 

SESAM. This equation says that for Ep,in > Ep,c stable CW mode-locking could be 

obtainable. However, in the case of soliton mode-locking some modifications must be 

made to (2.5) for it to be accurate. With the inclusion of terms to represent the interplay 

of SPM and dispersion as well as gain filtering, (2.5) is recast as 
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Here, LK is the length of the Kerr medium (usually the gain medium) per round trip, D 

is the total amount of round-trip dispersion, λ is the central emission wavelength of the 

pulse, Aeff is the effective laser mode area inside the gain medium, and Δνg is the gain 

bandwidth.  

Analysis of (2.6) and (2.7) shows potential routes to supress Q-switching instabilities 

and prevent QML. Although it should be highlighted that some of these are easier to 

control than others. For example, a reduction in the modulation depth of the SESAM 

would reduce the critical intracavity pulse energy but leads to weaker self-starting. 

Furthermore, changing this parameter whilst maintaining lasing is generally not 

possible, although some examples of actively changing SESAM parameters via pump-

induced heating [171] or applied voltage [172] have been reported. Reducing the beam 

waist at the SESAM can easily be performed during lasing, however, and would also 

have the effect of reducing the critical intracavity pulse energy by reducing Esat,A. Indeed, 

refinement of the SESAM waist size along with the optimisation of Aeff, with the aim of 

increasing the K factor without negatively effecting the pump and laser mode overlap, is 

how Q-switching instabilities were supressed during this thesis.  

2.3.2  Dispersion management 

In the previous section we discussed the important part dispersion played in the 

process of soliton mode-locking. To briefly summarise, net negative dispersion is 

required for stable soliton mode-locking and varying the amount of dispersion within 

the cavity can have effects on the achievable pulse duration and the point at which pulse 

break up occurs. To this end, it would be useful to briefly touch on the number of 

different ways dispersion within an ultrashort pulse mode-locked cavity can be 

controlled (Fig. 13). Some of these approaches present a method to fine tune the 

introduced dispersion and operate over a wide bandwidth, whilst others provide a set 

amount of dispersion over a narrower operating range but have the benefit of doing so 

in a compact and robust manner.  
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Material induced dispersion 

When a pulse travels through a medium, it experiences a phase shift dependent on 

the frequency of the light (ω) and the refractive index (n) and length of the medium (L):  
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A linearly varying phase shift brings an absolute delay without changing the temporal 

profile of the pulse. However, higher order phase shifts, such as those experienced by 

ultrashort pulses, can cause the pulse shape to change and are therefore relevant. The 

phase shift can be expressed in a Taylor series to highlight the terms important for the 

propagation of the pulse: 
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The first term is the aforementioned linear phase shift which brings an absolute time 

delay, the second term describes the group delay, i.e., the delay of the peak of the pulse 

envelope, and the third and fourth terms describe the GDD and third order dispersion 

(TOD), respectively [150]. It is only these third and fourth terms that broaden the pulse, 

where GDD introduces a linear chirp and TOD brings a quadratic chirp. The shorter 

the pulse duration the more terms of the expansion are significant, such that TOD only 

becomes a concern for extremely short pulses typically ≪30 fs long. As a result we need 

only concern ourselves with the second order dispersion, GDD.  

 

Fig. 13. Examples of methods of dispersion compensation that can be applied in mode-

locked solid-state lasers. (a) prism pair and (b) Gires-Tournois interferometer, (c) grating 

pair, (d) chirped mirror.  
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Depending on the sign of the GDD, the introduced dispersion either acts to spread the 

leading edge or the trailing edge of the pulse. In the case of positive dispersion, for 

instance, the components of the pulse with higher frequencies are delayed compared to 

those with lower frequencies, i.e., red is faster than blue, leading to a positive chirp or 

up-chirp. The opposite is true for negative dispersion. The amount of GDD introduced 

from a bulk material can be calculated from 
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where z is the propagation length through the material and n is the refractive index of 

said material. This differential is normally applied to the respective Sellmeier equation 

for the material in question. The gain material within a solid-state laser cavity is a good 

example of a source of bulk dispersion that must be considered when estimating the 

total GDD within the laser cavity. Depending on the material used and the wavelength 

range of interest, this dispersion may either be positive (1mm of Al2O3 at 800 nm: ~ 58 

fs2) or negative (1mm of YAG at 2 µm : ~ -61 fs2). The broadening effect this has on the 

pulse can then be calculated providing one knows the pulse duration of the incoming 

pulse, τp,0 [173]. For an initially unchirped Gaussian pulse, the pulse duration becomes 
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The amount of broadening one can expect is well visualised in Fig. 14 where for given 

values of dispersion it is clear to see that shorter pulses experience much stronger 

broadening compared with longer pulse durations.  

Prism pairs 

A method of providing fine and adjustable control of the GDD within the cavity is 

that of a double-pass prism pair [Fig. 13(a)]. By exploiting a combination of angular and 

material dispersion the amount of dispersion can be controlled through the separation 

of the prisms, l, or through the insertion depth of the second prism, h. Commonly used 

in Ti:sapphire systems, this combination allows the increase in separation distance to 

provide more negative dispersion in a coarse tuning manner, while the insertion depth 

of the second prism can be used to fine tune by providing positive dispersion without 

altering the ray directions. Unfortunately, this combination of negative and positive 

dispersion is not achievable around 2 µm as the material dispersion from the prism 
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(usually made from fused silica) is negative. Instead the prism insertion depth must be 

used to finely introduce more or less negative dispersion. 

 

Fig. 14. Theoretical pulse broadening for an initially unchirped Gaussian pulse.  

The amount of GDD introduced by the prism pair can be calculated via 
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and relates to the optical path length, and 
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The angle θB is Brewster’s angle (~55° at 2 µm) and therefore assumes the prisms have 

been placed into the cavity to experience minimum loss. The angle θ2 relating to the 

beam spread angle, β, can be calculated from 
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From these equations it is possible to determine what prism separation would be 

required to realise a desired amount of dispersion. Fig. 15 shows the calculated GDD 

from an Infrasil prism pair for different insertion depths and prism separation lengths. 

This type of calculation is important when considering cavity designs due to the bulky 

nature of the double-pass prism pair. 

 

Fig. 15. Group delay dispersion provided by a double-pass Infrasil prism pair at 2 µm 

for different prism insertion depths as a function of prism separation.  

Gires-Tournois interferometer 

A more compact means of introducing negative GDD is found with the Gires-

Tournois interferometer (GTI) [174]. The operating principle of a GTI is similar to that 

of a Fabry-Pérot interferometer except that it is operated in reflection and can therefore 

additionally fulfil the role of a flat cavity mirror [Fig. 13(b)]. If we first consider an air-

spaced etalon with two reflective surfaces, the top being partially reflective and the 

bottom mirror being highly reflective over the wavelength range of operation, the 

reflected power is equal for all wavelengths but experiences a frequency-dependent 

phase change due to the resonance of the etalon [150]. The dispersion experienced is 

proportional to the spacing of the etalon, d, and can be determined via 
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where tRT is the round-trip time of the etalon defined as tRT = 2n∙d/c with n being the 

refractive index of the material within the etalon. By varying the gap between the 

reflective surfaces, tunable GDD can be achieved.  

The main drawback of the GTI in regards to dispersion compensation is the limited 

bandwidth they provide. This bandwidth can be increased with a smaller etalon 

spacing, however, this is done at the expense of the amount of negative dispersion. This 

can be seen in Fig. 16 where the increase in spacing provides considerably more 

negative dispersion but with a reduced bandwidth. As such, a GTI better suited to 

shorter pulses with larger bandwidths would require multiple passes to achieve the same 

dispersion that would be achievable from a GTI designed to accommodate the narrower 

bandwidth of longer pulses.  

 

Fig. 16. Comparison of GDD from air-spaced GTIs with Rt = 2% and separations of 

6 µm and 10 µm. 

It is also possible to manufacture these GTI structures with monolithic designs based on 

thin film dielectric media. These then take the form of specially modified Bragg mirrors 

with precisely adjusted spacer layers added in the uppermost section to act as the GTI. 

Whilst not having the immediately accessible method of tuning the available dispersion 

open to them like with the air-spaced design, these dielectric GTI type mirrors offer a 

much more robust means of introducing negative dispersion into the laser cavity. 

Furthermore, it has been shown that the addition of multiple GTI structures in the top 

layer can provide a near constant negative dispersion over a broad bandwidth [175]. 

Indeed, the GTI type mirrors used for dispersion compensation in this work had an 
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operating bandwidth spanning more than 2–2.1 µm whilst maintaining >99.9% 

reflectivity.  

2.3.3  Characterisation of ultrashort pulse lasers 

The complete characterisation of ultrashort pulse lasers requires the analysis of 

multiple aspects of the laser emission. Whilst some of these aspects require no more 

than would be required to characterise a “simple” CW laser source, e.g., average power 

and optical spectrum, the more complicated nature of ultrashort pulse mode-locked 

lasers mean that other aspects need specialised equipment and techniques. Furthermore, 

whereas peak powers for lasers with relatively long pulse durations (on the order of a 

few nanoseconds) can be directly measured providing one has a fast enough photodiode 

to monitor the optical power against time, the very short pulse durations involved with 

mode-locked lasers means this is not possible. Instead, the peak power, Ppeak, is inferred 

from the pulse energy, Ep, and pulse duration, τp, where Ppeak ≈ Ep/τp. The equation, in 

this form, assumes a square pulse profile. A conversion factor based on the temporal 

profile of the pulse must be applied to get a more accurate value of the peak power. For 

soliton pulses with a sech2 profile, the correction factor is approximately equal to 0.88, 

while for Gaussian shaped pulses the correction factor is approximately 0.94.  

Pulse energy is another value that had to be determined through calculation during this 

thesis. Pyroelectric based energy sensors do exist and are commercially available, but 

these sensors generally only operate for repetition frequencies in the kilohertz regime 

and for minimum pulse energies on the order of a few microjoules. As such they are 

unsuitable for measuring the range of pulse energies (1–10 nJ) and repetition 

frequencies (~100 MHz) encountered during the experimental work detailed in the 

following chapters. Instead, pulse energy can be easily calculated via Ep = Pavg/frep, where 

Pavg is the average output power and frep is the repetition frequency.  

Pulse duration 

While nanosecond pulse durations, like those produced from Q-switched laser 

sources, can be measured using photodiodes with fast rise and fall times, these 

photodiodes are still too slow to record the temporal profile of pulses with durations in 

the pico- and femtosecond regime. For these ultrashort pulse durations, specialised 

equipment and techniques are required to gather data pertaining to the duration of the 

pulses. The most common approach, in simple terms, is to use the pulse to measure 
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itself through the use of an autocorrelator. Using autocorrelation means that slow 

photodiodes can be used to indirectly record events that happen much faster than the 

photodiode would normally be able to measure. Even this approach comes in a number 

of different variations, though. Each having their own benefits and drawbacks.  

The method used to determine the pulse duration in this thesis was that of non-collinear 

autocorrelation, also known as intensity autocorrelation (APE pulseCheck). As shown 

in Fig. 17(a), this approach involves splitting the input beam into two arms and then 

recombining them in some nonlinear medium. One arm is variably delayed with respect 

to the other and both arms are then overlapped in the nonlinear medium, usually a 

second order nonlinear crystal. Movement of the arm under computer control using a 

motorised stage allows for easy synchronisation of the movement and resultant time 

delay, providing an output with a fast refresh rate. In the case of the nonlinear crystal, a 

second harmonic signal is generated whose intensity is proportional to the product of 

the intensities of the two input pulses. As such, the maximum signal is obtained when 

the two pulses temporally overlap within the crystal and a recording of pulse energy 

against delay time yields the intensity autocorrelation curve.  

Due to only one signal being recorded, the final curve is devoid of any interference 

fringes and can be referred to as background-free. This approach also enables a high 

dynamic range to be achieved, meaning that weak satellites in the wings of the pulse 

can be detected; this is useful when trying to view multiple pulsing behaviour after pulse 

break up has occurred. Manual adjustable control of a secondary delay arm and the 

focusing lens can also be used to ensure the pulses are combining effectively within the 

crystal and providing a high intensity response. The main drawback of intensity 

autocorrelators is their inability to provide information about chirp. 

 

Fig. 17. Simple schematics showing the different operating principles of intensity (a) 

and interferometric autocorrelators (b).  

As the name would suggest, the process behind the interferometric autocorrelator 

approach involves interfering the pulse with itself in a Michelson interferometer and 

producing superimposed copies of the pulse that propagate collinearly into the 
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nonlinear crystal [Fig. 17(b)]. As with the intensity autocorrelator, a rapidly translating 

delay line is used to interfere the pulse with itself. As a result of the second harmonic 

created by the interaction of the two beams coherently combining with the second 

harmonics created by each individual beam, interference occurs due to the addition of 

several beams and creates interference fringes with respect to time. Owing to the fringes 

this approach cannot be described as background-free. However, with the fringes, it is 

possible to gain additional information about any imparted chirp on the pulse. Care 

must be taken though, not to confuse a short pulse duration with a pulse that is chirped.  

Having acquired an intensity autocorrelation curve, the full-width at half-maximum 

(FWHM) autocorrelation pulse duration is given by τau and can be used to determine 

the FWHM pulse duration τp. However, information about the pulse shape must be 

known before the correct pulse duration can be calculated. Depending on the mode-

locking regime the laser is operating in, it is easy to assume what kind of pulse shape is 

present. For active mode-locking one would expect a Gaussian profile, while for soliton 

mode-locking one would expect a sech2 profile. That being said, it is best practise to fit 

the respective profile to the autocorrelation data to justify the use of the appropriate 

conversion factor from Table 1. By this, the pulse duration from a passively mode-

locked laser displaying a sech2 pulse profile can be calculated as τp ≈ 0.6482τau.  

Table 1. Conversion factors for Gaussian and soliton sech2 pulse shapes. τp, FWHM 

pulse duration; TBP, time-bandwidth product; τau, FWHM intensity autocorrelation 

pulse duration [176]. 

Pulse shape τp/τ TBP τp/τau 

Gaussian: 

 
2

2
exp

t
I t
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1.7627 0.3148 0.6482 

 

Whilst these techniques provide a means to infer pulse durations in a relatively straight 

forward way, in certain situations both the interferometric and intensity autocorrelation 

techniques can seriously misrepresent the temporal profile of the pulse. Non-random 

pulse trains with random components can be presented as smooth clean pulses absent of 

any variation in pulse duration or intensity. As such it is important to monitor the 

spectral profile of the pulses in addition to the temporal profile. Information from the 
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optical spectrum is also required to calculate the TBP of the pulses and determine how 

close they are to being transform-limited; an indicator of any chirp. 

Other example of techniques that provide a more complete pulse characterisation and 

allow for accurate measurement of sub-10 fs pulse durations would be the frequency-

resolved optical gating (FROG) [177,178] method and spectral phase interferometry for 

direct electric-field reconstruction (SPIDER) [179]. Though neither of these approaches 

were used during this thesis, their ability to provide additional information about the 

spectral phase and any uncompensated chirp is important when examining ultrashort 

pulses with durations in the sub-10 fs regime.  

The FROG method, specifically the SHG-FROG method, is similar in construction to 

that of an intensity autocorrelator as shown in Fig. 17(a), except that the detector is 

replaced with a spectrometer. Numerous recorded spectra for different delay times are 

required to be passed through a complex computer algorithm before information about 

the pulse can be displayed in the form of a FROG trace. Analysis of this trace can then 

provide values for the pulse duration and residual chirp. Due to the need to gather 

multiple spectra, this information cannot be displayed in real time, however. The 

SPIDER method, on the other hand, is able to provide information in real time due to it 

not requiring a computer algorithm to analyse collected spectra. Whilst this can be 

considered an advantage over the FROG method, the FROG algorithm is able to 

provide consistency checks as part of its operation. Furthermore, SPIDER requires a 

more complicated optical setup, with components required to split the incoming pulse 

after which one pulse is then temporally stretched and chirped using a glass block, for 

example, while the other is replicated with each replicated pulse then being temporally 

separated. The separated pulses are then mixed with the stretched pulse in a nonlinear 

medium with the generated signal recorded using a spectrometer. Following multiple 

comparatively rapid transforms, phase information can be acquired from the recorded 

interferogram. Gallmann et al. have previously summarised and compared the two 

techniques; highlighting their advantages and disadvantages [180].  

Optical spectrum 

Precise measurement of the central emission wavelength and bandwidth of the 

optical pulse is required to gain an accurate value of the TBP. As long as the optical 

spectrometer in use has a high enough resolution within the spectral range of interest, 

typically <1 nm, and has been calibrated appropriately, then there is no real restriction 

on the type of optical spectrometer that can be used. Once the optical spectrum has 
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been recorded the central emission wavelength (λ) and FWHM optical bandwidth (Δλ) 

can be extracted and used, along with the pulse duration, to determine the TBP via  

2
TBPp

c




 
 .    (2.17) 

Considering the optical spectrum can provide valuable information about the stability of 

the mode-locked laser, an optical spectrometer with a refresh rate of greater than a few 

hertz is advised so that the effect of changes in alignment or pump power can be 

monitored in real time. For example, an optical spectrum exhibiting Kelly 

sidebands [181] is indicative of performance reaching the minimum achievable pulse 

duration. The sidebands can also be used as a tool to retrieve information about 

dispersion within the cavity. Kelly sidebands are not often seen with bulk mode-locked 

lasers and are more commonly found in fibre lasers due to the increased nonlinearity 

and dispersion present.  

A fast refresh rate, rotating grating spectrometer with a wavelength range of 1.5–6.3 µm 

and a resolution of ~0.6 nm (APE waveScan) was used to record the optical spectra of 

the mode-locked lasers presented later in this thesis.  

Pulse repetition frequency 

The repetition frequency of pulsed lasers can either be calculated from frep ≈ c/(2∙L), 

where L is the cavity length, or measured for a more precise value. The high repetition 

frequency of mode-locked lasers, generally around 100 MHz for bulk free space lasers, 

means that high bandwidth photodiodes are required to properly record the pulse 

repetition frequency. Specialised photodiodes are available from a number of suppliers 

and offer bandwidths of multiple gigahertz. Such high speed photodetectors also offer 

high rise and fall times on the order of ~30–100 ps, although these are still not fast 

enough to resolve the pulse profile of ultrashort pulses. A biased fibre-coupled extended 

InGaAs photodiode, with a maximum bandwidth of 10 GHz, was used exclusively 

when recording pulse repetition frequencies during the experimental work described 

later in this thesis.  

The information gathered from the fast photodiode can be used to determine more than 

just the repetition frequency of the mode-locked laser source. When viewed in the radio 

frequency (RF) domain, the extinction ratio of the fundamental signal above the 

background carrier signal along with the consistency of the extinction ratio over the 

harmonics can be used as an indicator of the stability of the mode-locked laser. 
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Amplitude modulations when viewed in the time domain or secondary peaks around 

the fundamental signal in the RF domain are also indicators of Q-switching instabilities 

like those discussed in the previous section.   

2.4  The master oscillator power amplifier configuration 

In order to achieve the pulse energies required for many of the applications discussed 

in the introductory chapter, the amplification of a fundamental source tends to be 

necessary. To that end, we will here discuss the approach of the master oscillator power 

amplifier (MOPA). Included in this will be an analysis of various amplifier designs and 

a review of their performances pertaining to the amplification of ultrashort pulses in the 

2 µm spectral region.  

The basic principle of a MOPA does not vary from system to system. As the name 

suggests it is made up of two components; a master laser and a power amplifier. The 

master laser, or seed, defines important parameters of the system such as pulse duration 

and beam quality, while the power amplifier increases the average/peak power by 

passing the pulse through a medium with stored energy. The decoupling is particularly 

useful when it would be too difficult to construct one cavity to fulfil all the desired 

objectives or when a seed laser already exists and only an increase in output power is 

required. It does, however, bring complexity in terms of set up and some impact on 

pulse duration can be expected due to gain narrowing and the effects of travelling 

through dispersive materials. The spatial effects of gain narrowing can lead to a 

progressive decrease in beam diameter and can risk optical damage.  

2.4.1  Amplifier designs 

Complex systems with numerous optical components can be avoided with clever 

design of the amplifier. Some select examples of different designs used in the past will 

be introduced in this section.  

Chirped pulse amplification 

While not being an outright amplifier in its own right, chirped pulse amplification is 

an important process in many pulsed amplifier setups. The significance of its 

importance is illustrated by half of the 2018 Nobel Prize in Physics being awarded to 

Donna Strickland and Gerard Mourou for development of the method [33]. Without it, 
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pulse energies within the amplifier can become high enough that related high intensity 

nonlinear effects, such as self-focusing or multi-photon-ionisation, can distort the pulse 

or in some cases cause significant damage to optical components [182]. The process 

involves chirping and temporally stretching a pulse through the use of a strongly 

dispersive element, e.g., a grating pair, with a positive GDD thus increasing the pulse 

duration and reducing the peak power to manageable levels, before passing it through 

the amplifier. After amplification, the pulse is compressed using another dispersive 

element, this time with negative GDD, to compensate the initial stretching and restore 

the shape of the pulse. The final result, is a pulse with considerable energy that has not 

experienced any drastically detrimental nonlinear effects or damaged the amplifier on 

its way through. In reality, the post amplifier compressor stage can still experience 

nonlinear distortions in systems with very high peak powers and associated intensities. 

Petawatt class lasers, like the Vulcan laser at STFC Central Laser Facility in the UK 

and the numerous laser sources of the pan-European Extreme Light Infrastructure, get 

around this problem by using large beam diameters on the order of 0.1–1 m.  

Multipass amplifier 

As the name suggests, a multipass amplifier allows for multiple passes of a pulse 

through a gain medium by using, what can be, quite a convoluted beam line. An 

example of one of these many optic designs can be seen in Fig. 18(a). The complicated 

beamline allows the design to achieve a higher number of passes than a simple double-

pass amplifier based on polarisation rotation [Fig. 18(b)]. As a result of the folded 

beamline, every pulse generated by the seed laser can be injected into the amplifier 

meaning the repetition frequency remains unchanged. Care must be taken to avoid 

temporal overlap of pulses at the gain medium, however. While this can lead to gain 

depletion, it can easily be avoided if the optical length of the amplifier beamline is less 

than the round trip length of the seed cavity. In this case the injected pulse will 

complete its number of passes and leave the amplifier before another enters.  

The number of reported mulitpass amplifiers in the mid-IR is fairly limited when 

compared to the amount of work that has been done using regenerative amplifiers. An 

example of one of these systems can be found in [183]. Here, Coluccelli et al. employed 

Ho:YLF as the gain medium to amplify a small region of the spectrum produced from a 

Er:fibre frequency comb. Using a 20 W Tm:fibre pump source double passed through 

the gain element, the authors report that the amplifier was able to achieve greater than 

30 dB gain, ~103, from 2048–2068 nm with a peak of 41 dB, ~104, at 2053 nm. The 
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amplified comb carried 1.6 W of average power at a repetition frequency of 100 MHz 

and a pulse duration of 508 fs. This average power and repetition frequency 

corresponds to a pulse energy of approximately 16 nJ.  

 

 

Fig. 18. (a) An example of a many optic multipass (five passes) amplifier design, similar 

to that used by Coluccelli et al. (b) A compact double-pass amplifier design using 

polarisation rotation and a thin film polariser (TFP) to separate the input and output 

beams.  

Another example of a Ho:YLF multipass amplifier has been demonstrated by 

Hinkelmann et al. [184]. Here they report that their six pass, dual end pumped (Tm:fibre 

laser, ~18 W) Ho:YLF amplifier achieved a gain of 42 dB, corresponding to a pulse 

energy output of 145 µJ, at a repetition frequency of 10 kHz with pulse durations of 

8.3 ps. At the highest repetition frequency of 500 kHz, the authors report a output pulse 

energy of 11.2 µJ with pulse durations of 5.5 ps. An ultrashort pulse Ho:fibre laser was 

used as a seed source for these investigations. Whilst the repetition frequencies reported 

in this work were not as high as those in [183], they are still multiple orders of 

magnitudes greater than those demonstrated from the regenerative amplifiers presented 

in the following section. Conversely, the pulse energies achieved from the multipass 

amplifiers are much lower, illustrating the trade off in amplifier gain and repetition 

frequency that must be considered when thinking about which amplifier design better 

suits the task at hand.  

In addition to Ho3+-doped gain materials, Fe2+ and Cr2+-doped ZnSe has been used in 

multipass amplifiers in recent years [112,185]. Despite demonstrating millijoule output 

pulse energy and femtosecond pulse durations, low repetition frequencies, 0.1 kHz and 

1 kHz for the Fe:ZnSe and Cr:ZnSe systems, respectively, and complex seed sources 

represent significant challenges for future development.  

Regenerative amplifier 



 

 

49 

The regenerative amplifier can be thought of as a special kind of multipass amplifier, 

in that it achieves multiple passes through the amplifier gain element by trapping the 

pulse inside a resonator. The design has the advantage that it permits any number of 

passes through the gain medium. This means that an input of only a few nanojoules can 

be amplified to several millijoules [186]. To achieve this requires some key optical 

components. These include a Pockels cell, Faraday rotator, and thin film polarisers. A 

simple schematic showing the layout of a generalised regenerative amplifier can be seen 

in Fig. 19. When considering a regenerative amplifier it is also worth considering the 

final repetition frequency required from the laser source. To facilitate many number of 

passes through the gain medium, only a small number of pulses from the seed are 

allowed to pass into the regenerative amplifier. This reduces the effective repetition 

frequency of the laser source. As such, the regenerative amplifier can be thought of as a 

pulse energy (peak power) amplifier rather than an average power amplifier like the 

folded beamline multipass amplifier approach. 

 

Fig. 19. Simple diagram of a regenerative amplifier. TFP1 and TFP2, thin film 

polarisers; PC, Pockels cell; FR, Faraday rotator; AGE, amplifier gain element; FM, 

fold mirror; λ/2 and λ/4, half-wave and quarter-wave plate, respectively.  

The stages of amplification in a regenerative amplifier can be broken down into three 

stages: the pump phase, the amplification phase, and the cavity dump phase. In this first 

stage the Pockels cell has zero voltage applied to it and the gain medium builds up 

stored energy as it is pumped. Lasing is prevented by a combination of the Brewster’s 

angle cut amplifier gain element and the quarter-wave plate and the rear mirror 

inducing a 90° rotation of the horizontally emitted radiation. If an injected pulse is 

polarised in the horizontal direction, it will pass through TFP2 and experience a 90° 

rotation in polarisation thanks to the half-wave plate and the Faraday rotator (45° from 

each component). Now vertically polarised, the pulse will reflect off TFP1 into the main 

resonator. After coming back through the quarter-wave plate it will be horizontally 
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polarised and will pass through TFP1 onwards through the resonator. On completing 

one round trip the pulse then encounters the quarter-wave plate and mirror again, 

rotating the polarisation back to the vertical. Now when encountering TFP1 it is 

reflected out of the resonator and passes through the Faraday rotator and the half-wave 

plate. The polarisation rotation due to the Faraday rotator is negated by the half-wave 

plate, so the pulse remains vertically polarised and on encountering TFP2 is reflected 

towards the output.  

In the amplification phase, and in order to contain a pulse within the resonator, a 

voltage is applied to the Pockels cell such that it imparts a quarter-wave retardation. 

The voltage is applied as soon as the pulse leaves the cell heading towards the gain 

medium. As a result of the extra quarter-wave retardation, the pulse no longer 

undergoes a polarisation rotation and remains in the cavity when encountering TFP1. It 

is clear that timing of this switch on is important in ensuring that the cell has time to 

activate before the pulse returns. Switching the Pockels cell also causes any additional 

pulses arriving from the oscillator to be ejected after reflecting off M1 and hitting TFP1.  

After sufficient time has passed that the pulse has built up enough energy, the cavity 

dump phase is triggered. The Pockels cell is switched to a half-wave retardation voltage, 

or zero voltage, such that when the pulse now passes through the quarter-wave plate 

and mirror combination the polarisation of the pulse changes from the horizontal to the 

vertical direction. As before in the pump phase, the pulse is now reflected out of the 

cavity at TFP1, through the half-wave plate and Faraday rotator and out the output 

after reflecting off TFP2.  

Table 2. Performance summary for selected regenerative amplifiers around the 2 µm 

spectral region. Unless otherwise specified, pump power shown here is incident power. 

a, absorbed.  

Gain 

medium 
Ref. 

Pump 

power, 

W 

Input 

pulse 

energy, 

nJ 

Output 

pulse 

energy, 

mJ 

No. 

roundtrips 
Gain 

frep, 

kHz 
λ, nm 

Ho:YLF  [187] 48 ~0.15 1.1 24 7106 10 2050 

Ho:YLF  [188] 9.2 4 4 36 1106 0.1 2052 

Ho:YLF  [189] 50 1 9.7 24 10106 1 2050 

Ho:YAG  [187] ~36 0.7 0.5 33 7105 10 2090 

Ho:YAG  [190] ~4.6a 25 ~0.71 10 3104 1 ~2090 

Tm:YAP  [191] ~11a 25 ~0.71 34 3104 1 ~1940 
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While the regenerative amplifier can allow for the build-up of high energy pulses, it can 

suffer from a number of issues. These include the need for careful management of 

dispersion compensation due to chromatic dispersion that is introduced by the Pockels 

cell, additional smaller pulses circulating within the resonator as a result of 

misalignment, voltage drift in the Pockels cell allowing small fractions of other injected 

pulses to experience amplification or background noise from a second trapped pulse 

within the resonator. Despite these drawbacks, regenerative amplifiers have been used 

in part to demonstrate ultrashort pulses with energies in the millijoule regime around 2 

µm using Ho3+-doped and Tm3+-doped gain media. A summary table of this 

performance can be seen in Table 2. 
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3 Tm3+-doped sesquioxide laser gain 

media 

The family of Tm3+-doped sesquioxide laser gain materials have characteristics that 

make them particularly noteworthy when considering sources for diode-pumped 

ultrashort pulse generation in the 2 µm spectral region. As has been discussed in the 

previous chapter, Tm3+-doped gain materials offer a route to the 1.9–2 µm spectral 

region via direct diode pumping. While most of these laser sources emit around 1.9 µm, 

in the middle of a strong atmospheric absorption band, the Tm3+-doped sesquioxides 

exhibit broad and relatively smooth gain reaching far beyond 2 µm. This makes stable 

ultrashort pulse generation possible without the need for cavity purging.  

The term “sesquioxide” refers to the molecular composition of the host crystal where 

oxygen is present in the ratio of three atoms to two of another element. For example, 

sapphire (Al2O3) could be described as a sesquioxide. Here we will only concern 

ourselves with the cubic C-type structure sesquioxides Lu2O3, and LuScO3. From here 

on, when we speak of the sesquioxides we are referring to these two host crystals. It 

should be acknowledged that a bulk of the early research into the Tm3+-doped 

sesquioxide laser gain materials was performed by Koopmann et al. between 2010 and 

2013 [129], under the supervision of Günter Huber. The base information pertaining to 

the properties of the Tm3+-doped sesquioxides discussed in this section is based on the 

knowledge they gathered.  

This chapter will act as an introduction to the Tm3+-doped sesquioxides used in this 

thesis. A brief summary of the various laser gain element growth methods will be 

undertaken before focusing on those that produced the high optical quality elements 

used in this work. After this, an examination of the properties of the gain media will 

highlight the benefits and, in some cases, the limitations of the Tm3+-doped 

sesquioxides. Finally, the first of the experimental sections of this thesis will detail the 

continuous wave laser characterisation of the Tm:LuScO3 and Tm:Lu2O3 laser sources.  

3.1  Fabrication methods 

Well established crystal growth methods, such as the Czochralski 

technique [192,193], have proven themselves capable of growing high quality single 
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crystal materials. Indeed, the Czochralski process has become a driving factor in the 

semiconductor industry; growing silicon boules weighing around 300 kg and 300 mm in 

diameter in a highly repeatable and reliable manner [194]. The technique works by 

dipping a seed crystal tipped rod into the surface of a crucible filled with molten raw 

material. The melt crystallises at the seed due to the lower temperature of the rod and 

the growing crystal is then pulled up out of the melt. Controlling the pulling and 

rotation speed, along with the melt temperature, allows for control of the crystal boule 

diameter. This proven technique has faced complications when applied to the growth of 

sesquioxides though. It has been reported that problems associated to a low thermal 

conductivity at the high melt temperatures meant that only short crystals on the order of 

a few millimetres could be pulled from the melt before contact between the seed and the 

melt was lost.  

Another approach to crystal growth that has faced better success when growing the 

sesquioxides is the Nacken-Kyropoulos technique [195,196]. Like the Czochralski 

process, the Nacken-Kryropoulos technique features a seed and melt. In this process, 

however, the seed is dipped into the melt and cooled such that the crystal grows into the 

melt. Because this technique circumvents the problems faced when pulling the crystal 

from the melt as in the Czochralski method, it has been used to produce sesquioxide 

crystals. However, there is limited control over the growth parameters when compared 

with the Czochralski method, and contact between the growing crystal and the walls of 

the crucible leads to stress inside the crystal. As a result, the crystals grown through this 

process have, in the past, only been suitable for spectroscopic evaluation or low power 

level laser experiments.  

Thankfully, alternative methods to fabricate high quality sesquioxide laser gain 

elements suitable for high power applications have been introduced. The heat-

exchanger method and the processes involved in making laser ceramic gain media, 

discussed in the following sections, were each respectively used to fabricate the high 

optical quality crystalline Tm:LuScO3 and ceramic Tm:Lu2O3 gain elements used in this 

thesis.  

3.1.1  Heat-exchanger method 

Originally referred to as the gradient furnace technique, the heat-exchanger method 

was developed for the growth of sapphire in 1970 by Schmidt et al. [197]. The growth 

process shown in Fig. 20(a)–(c) can be described as follows. In (a), a seed crystal is 

placed in the bottom of the crucible where its temperature can be controlled via an 
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external gas flow and the rest of the crucible is filled with high purity (>99.999%) raw 

material. The crucible is heated using an induction coil and the raw material melts (b). 

The seed is cooled such that only its tips melts. Increasing the cooling of the seed causes 

the crystal to grow from the bottom of the crucible into the melt, as depicted in (c). By 

carefully managing the heating of the crucible, the crystal is prevented from making 

contact with the crucible walls until very late in the crystal growth process. As a result, 

low-stress crystals can be grown. Greater detail of the growth process used to grow 

sesquioxide crystals using the heat-exchanger method can be found in [129] and [198]. 

 

Fig. 20. The crystal growth process of the heat-exchanger method is depicted through 

(a)–(c) [129].  

Another complication that must be faced when fabricating sesquioxide crystals is one 

caused by their high melting points and the restrictions this places on the materials that 

can be used to make crucibles. Considering the melting temperatures for the 

sesquioxides is >2400 °C, the number of possible materials is limited. As the use of a 

crucible and molten raw material is key for the techniques discussed above, a suitable 

material must be chosen with care. Based on their melting/sublimation temperatures, 

suitable materials could include osmium, tantalum, rhenium, tungsten, and carbon. 

Due to high reactivity with oxygen present in the melt and the high toxicity of osmium, 

this list is quickly whittled down so that only rhenium remains. However, despite 

remaining chemically stable towards the melt, rhenium does react with oxygen. 

Therefore, stringent control over the atmospheric conditions during the growth must be 

maintained. Even then, inclusions formed of rhenium particles can still occasionally be 

found in the crystals. Rhenium inclusions within the laser gain element can lead to 

increased losses due to scattering or destruction of the element if the rhenium particles 

are vaporised under high power operation. The likelihood of these inclusions occurring 

can be reduced through annealing of the crucible or by performing several “cleaning” 

crystal growths. Whilst post growth annealing of the crystals can be used to remove 
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oxygen deficiencies, it has been found to result in cracking and a significant increase in 

stress in the volume surrounding any rhenium particles due to expansion of rhenium 

gas as it is heated [129]. In regards to laser gain media, these cracks and stress centres 

lead to increased absorption and scattering losses, as well as depolarisation losses in 

certain cavity configurations.  

3.1.2  Laser ceramics 

A method of sesquioxide laser gain element fabrication that does not require the use 

of high temperatures and expensive rhenium crucibles is that of creating laser 

ceramics [199,200]. Unlike the single crystals produced by the Czochralski, Nacken-

Kyropoulos, and heat-exchanger methods, laser ceramics are made up of 

microcrystallites and can be described as polycrystalline. These regions of different 

microcrystallites are often referred to as grains and can dictate the transparency of the 

ceramic. Scattering from grain boundaries, from inclusions or pores, and from surface 

roughness, for example, can lead to high losses. By reducing the grain size and the 

number of defects, the quality of the ceramic can be made high enough that laser 

elements can be produced. Indeed, YAG ceramics have received particular attention 

over the years and now demonstrate laser performance comparable to single crystal 

when doped with rare earth ions such Nd3+, Tm3+, or Yb3+ [201–203]. Considering the 

Tm3+-doped sesquioxides, Tm:Lu2O3 and Tm:LuScO3 ceramics have been fabricated in 

the past showing very similar physical and spectroscopic characteristics compared with 

their single crystal counterparts [204,205]. 

The process of making polycrystalline ceramic laser gain elements is summarised in Fig. 

21. It involves the cold, high pressure pressing of a powder filled mould of a desired 

shape followed by sintering under vacuum for a number of hours to form the ceramic 

sample and then final processing and polishing. Due to the mould roughly defining the 

final size and shape of the element, ceramics can be fabricated in a more varied number 

of configurations than those grown as single crystals. This can include gradient doped 

elements or elements with undoped cladding or caps, in addition to fibre or waveguide 

like structures [200].  

Laser gain elements featuring cubic crystal structures, such as YAG and the 

sesquioxides, are commonly made as ceramics. It was thought that their cubic structure 

meant they were the only materials that could be produced as polycrystalline ceramics. 

However, very recent work has shown that when the grain size is sufficiently small 

(compared to the wavelength of incident light) Mie scattering, that would normally 
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occur at the gain boundaries between refractive indices of different crystal orientations, 

is suppressed [206]. This could permit laser gain materials that would normally be 

grown solely through single crystalline growth methods to benefit from the laser 

ceramic fabrication process.  

 

Fig. 21. Simplified flowchart of the processes involved in making laser 

ceramics [199,200].  

3.2  Thermo-mechanical and optical properties 

Due to the cubic crystalline structure of the sesquioxides, they can be described as 

isotropic. This means that they exhibit properties that do not depend on their crystal 

orientation. In laser gain materials, properties such as emission and absorption cross 

section can depend very strongly on the orientation of the crystal. Ti:sapphire, 

alexandrite, and Tm:YLF are some examples of laser gain media that have such a 

dependence and are required to be cut in specific orientations and use pump sources 

that emit with a certain polarisation to achieve the best performance. The Tm3+-doped 

sesquioxides do not exhibit such a dependence and can therefore benefit from the 

advanced production methods of polycrystalline ceramic gain elements and high power 

unpolarised fibre-coupled laser diode pump sources. It also means that the emission and 

absorption cross sections of Tm:Lu2O3 and Tm:LuScO3, shown in Fig. 22(a) and Fig. 

22(b), respectively, do not depend on crystal orientation.  

Broad features in the absorption spectra of Tm:Lu2O3 and Tm:LuScO3 around 795 nm 

are well suited for diode pumping. With the absorption peaks for Tm:Lu2O3 and 

Tm:LuScO3 existing around 796 nm and 793 nm, respectively, the emission from high 
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power AlGaAs laser diodes can be temperature tuned to match the respective peaks or 

to accommodate for any emission wavelength drift with increasing current. Considering 

typical high power broad area laser diodes have an emission bandwidth of a few 

nanometers, the broad absorption features mean that a slight shift in pump wavelength 

can be accommodated for and that a large percentage of the pump light is absorbed. As 

will be seen later in this chapter, high doping concentrations (>0.5 at.%) of the gain 

elements used in this work lead to absorptions upwards of 60%. High doping 

concentrations are also required to achieve the cross relaxation pump scheme that 

permits efficiencies beyond that imposed by the quantum defect.  

 

Fig. 22. Absorption and emission cross sections for the Tm3+-doped sesquioxides are 

shown in (a) and (b), respectively [129]. Atmospheric transmission is shown by the grey 

line [10].  

In the past, these high doping concentrations have been shown to have a detrimental 

effect on the thermal conductivity of the laser gain element. This effect is made worse 

by large differences in the masses between the dopant ion and the lattice cation [207]. 

In [60], Koopmann et al. compared the thermal conductivity of Tm:Lu2O3 with another 

widely used Tm3+-doped laser gain material, Tm:YAG, and showed that Tm:YAG 

experienced a strong decrease in thermal conductivity with increasing doping 

concentration. However, this was not the case for Tm:Lu2O3, which experienced a 

decrease of only 12.8 W/m∙K to 11.3 W/m∙K for an increase of doping concentration 

from 0 at.% to 5 at.%. For a roughly equivalent increase in doping concentration, the 

thermal conductivity of Tm:YAG was found to decrease from 10 W/m∙K to 6 W/m∙K 

(Fig. 23). By comparing the masses of the lattice cations, Y (mY = 88.9 u) and Lu (mLu 

= 175 u), with the Tm dopant (mTm = 169 u), the difference in change of thermal 

conductivity can be explained to be the result of the small and large differences between 

the masses of Tm and Lu, and Tm and Y, respectively.  
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Fig. 23. Change in thermal conductivity of Tm:YAG and Tm:Lu2O3 with respect to 

increasing Tm3+ doping concentration [129]. Doping concentration is given in units of 

1020 cm-3 due to different cation density of the hosts.  

Tm:LuScO3 has also been reported to not suffer a drastic decrease in thermal 

conductivity as a result of increased doping [129]. However, the large difference in the 

masses of the Lu and Sc (mSc = 45 u) components within the disordered lattice results in 

LuScO3 having a relatively low thermal conductivity of 3.6 W/m∙K [208]. This is a 

drawback of the mixed sesquioxide host material, which otherwise features very useful 

enhancements over the unmixed hosts. These enhancements include broader and 

smoother emission and absorption features, benefiting diode pumping and ultrashort 

pulse generation. This smoothing can be seen well in Fig. 22(a) and Fig. 22(b). An 

additional beneficial feature that all the Tm3+-doped sesquioxides have over other Tm3+-

doped gain media can also be seen in Fig. 22(b). This is the presence of gain well 

beyond 2 µm; avoiding the atmospheric absorption band around 1.9 µm, and greatly 

aiding the realisation of stable mode-locked operation. However, due to the quasi-three 

level operation of Tm, this gain is dependent on the applied inversion levels required to 

reach threshold. For very low inversion levels, the maximum gain for Tm:Lu2O3 and 

Tm:LuScO3 can be found around 2095 nm and 2104 nm, respectively [60,129,205]. If 

the inversion is increased slightly, the gain peak for Tm:Lu2O3 can be seen to move to 

~2.07 µm whilst the maximum gain for Tm:LuScO3 remains around 2.1 µm. Further 

increase of the inversion level will see the maximum gain for Tm:LuScO3 drop below 

2.1 µm, with the peak found around 1.98 µm (Fig. 24). Under these high inversion 

levels, the gain peak for Tm:Lu2O3 exists around 1.94 µm. The impact this effect has on 
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laser operation is that in cavities featuring high parasitic losses or those with high 

output coupling, the wavelength will shift to shorter wavelengths that feature more 

gain. As will be seen later on, this can have a negative impact on the tuning capability 

of the laser source.  

 

Fig. 24. Gain cross section of Tm:LuScO3 previously calculated from the effective 

absorption cross section and calculated emission cross section for different inversion 

levels, β [129].  

In regards to the transmission of the host crystal, the sesquioxides are well placed for 

operating in the mid-IR spectral region with a wide transparency range spanning ~0.2–

8 µm [209]. The refractive index of the host crystals throughout this range can be 

calculated using the respective Sellmeier equation [210]. For Tm:Lu2O3, the equation is 
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  (3.1) 

where λ has the unit of µm. To the best of the authors knowledge, no Sellmeier equation 

has been reported for LuScO3. For the purpose of this work, considering that the mixed 

sesquioxide host of the Tm:LuScO3 crystals used had a 1:1 mixing ratio, it has been 

assumed that the refractive index of LuScO3 can be estimated as an average between 

that of Lu2O3 and Sc2O3, where the refractive index of Sc2O3 can be calculated using 
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Using (3.1) and an average of (3.1) and (3.2), the refractive index of Lu2O3 and LuScO3 

for λ = 2 µm have been calculated as 1.9 and 1.92, respectively. Whilst not used in this 

work, it is worth noting that other temperature dependent Sellmeier equations have 

been reported for Lu2O3 and Sc2O3 for temperatures up to 250 °C [211].  

3.3  Continuous wave characterisation 

Initial characterisation of the Tm3+-doped gain media used in this work began by 

investigating the performance in the continuous wave (CW) regime. This approach 

allows for the optimisation of cavity architecture, crystal parameters, and pump 

configurations before the additional complexity of mode-locking the source is added. In 

addition, tuning characteristics can be investigated to provide a better picture of the gain 

available when moving to the mode-locked regime.  

This type of characterisation, albeit in a straightforward two mirror linear cavity 

configuration approach, has been completed for Tm:LuScO3 and Tm:Lu2O3 in the past 

in other reported works [60,129,205,212,213]. Under pumping from a Ti:sapphire pump 

source tuned to 796 nm, a 7.7 mm long 1 at.% Tm3+-doped LuScO3 crystal was able to 

generate a maximum output power of 705 mW for an absorbed pump power of 1.36 W 

at several wavelengths between 2090 nm and 2115 nm simultaneously. The 

corresponding slope efficiency of 55% is considerably greater than the Stokes efficiency 

of around 38% and is only achievable due to the “two-for-one” cross relaxation process. 

Wavelength tuning of the source using a quartz BRF realised continuous and smooth 

tuning from 1960 nm to 2115 nm. Similar characterisation of Tm:Lu2O3 saw a 15 mm 

long 1 at.% Tm3+-doped Lu2O3 crystal rod pumped by a laser diode tuned to emit at 

796 nm with a maximum available power of 110 W. From this setup, a maximum 

output power of 75 W and a maximum slope efficiency of 42% with respect to incident 

pump power were achieved at wavelengths around 2065 nm. Inserting a BRF allowed 

the source to be continuously tuned 1922 nm to 2134 nm whilst achieving an output 

power of more than 1 W. Such characterisation of Tm:LuScO3 and Tm:Lu2O3 gives a 

jumping off point for what could be achievable when considering a new laser source. 

In the following section, the CW characterisation of diode-pumped Tm:LuScO3 and 

Tm:Lu2O3 laser sources will be discussed. Characterisation of the laser diode pump 

sources used in the CW and later in the mode-locked regime will also be introduced and 

discussed in detail.  
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3.3.1  Tm:LuScO3 

The CW performance of the Tm:LuScO3 laser was characterised using a four-mirror 

z-fold cavity design, as shown in Fig. 25. A multimode single emitter C-mount laser 

diode (LD) with emitting area of 90 µm  1 µm (x  y axes) operating at 793 nm with a 

maximum specified output power of 4 W was used as a pump source. The laser diode 

was housed in a thermoelectrically cooled mount and maintained at a temperature of 24 

°C using indium foil to provide good heat flow between the diode and the mount. This 

temperature was chosen to best match the ~793 nm absorption peak of Tm:LuScO3 by 

monitoring the emission wavelength and noting the change caused by temperature and 

pump current. The pump beam was first collimated in the fast axis by a 3.1 mm focal 

length aspheric lens (L1) before passing through a pair of cylindrical lenses (L2 and L3; 

focal lengths of -7.7 mm and 200 mm, respectively) for beam expansion and collimation 

in the slow axis. The collimated beam was then focused using a 100 mm achromatic 

doublet lens (L4) to a pump waist radii of 43 µm  23 µm at the position of the crystal 

(Fig. 26). This was measured using a commercial CCD camera beam profiler. The 

beam quality parameter, M2, of the pump beam was calculated to be 17 and 1.2 for the x 

and y axes, respectively. The pump beam steering dielectric mirror (SM) was used to 

minimise the overall setup footprint. All optics used in the beam reshaping and 

collimation setup were anti-reflection (AR) coated, or coated for high-reflectivity (HR) 

in the case of the steering mirror, for the pump wavelength to minimise loses.  

The four-mirror laser cavity consisted of a plane-wedged HR mirror (M3), two curved 

mirrors with a radius of curvature (ROC) of 75 mm (M1 and M2), and a plane-wedged 

output coupler (OC), and operated in stability region I. Operating in stability region I, 

as defined by the cavity stability diagram, resulted in collimated beams in the two arms 

of the cavity. The long cavity arm had a length of approximately 0.95 m, while the short 

cavity arm had an approximate length of 0.25 m. A plane-plane, 4 mm long, 3 mm  

3 mm in aperture, AR coated, 4 at.% Tm3+-doped LuScO3 (LC), grown at the 

University of Hamburg, was placed at the waist of the cavity between M1 and M2. The 

crystal was mounted onto a heatsink, which was maintained at 20 °C using a 

thermoelectric cooler device. Indium foil was again used to ensure a good thermal 

contact. The laser cavity waist within the laser crystal was calculated to have a radii of 

24 µm  21 µm. The cavity was designed using a combination of LaserCanvas and 

LASCAD laser cavity design software. These software were also used to design all 

subsequent cavities and beamlines mentioned in the remainder of the thesis. Apart from 

the output couplers, all cavity mirrors were designed to be HR coated (>99.9%) 
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between 1836 nm and 2176 nm, and AR coated for around 800 nm. The output 

couplers used had transmissions of 1%, 2%, 4%, and 5% between 1900 nm and 2100 

nm.  

 

Fig. 25. Diagram of the cavity configuration used in characterising the CW laser 

performance of Tm:LuScO3 and later Tm:Lu2O3. The BRF was only present during 

characterisation of the tuning capabilities of the laser sources. For reference, the x-axis is 

in the plane of the page, while the y-axis would be perpendicular to this.  

 

Fig. 26. Beam divergence plot of the 90 µm  1 µm strip, 4 W pump laser diode 

measured after the pump reshaping and focusing optics. Insert is an image of the laser 

diode pump waist as viewed on the CCD beam profiler.  

By increasing the applied current to the laser diode, the lasing threshold and maximum 

output powers for the Tm:LuScO3 laser over the range of output couplers could be 

recorded. The maximum CW output power of 660 mW was achieved using the 2% 

output coupler with a corresponding slope efficiency of 33% (with respect to absorbed 
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pump power) [Fig. 27(a)] at a central emission wavelength of 2103 nm [Fig. 27(b)]. An 

emission wavelength around 2100 nm is indicative of low loss operation for 

Tm:LuScO3. A laser threshold of 192 mW of absorbed pump power was measured. 

Absorbed pump power could be calculated by measuring the unabsorbed pump light 

transmitted through M1 and knowing the incident power on the crystal for any given 

drive current of the laser diode, taking into account the pump loss on the off axis curved 

mirror. It was found that the gain element absorbed about 67% of the pump radiation. It 

should be noted that further increase in the output coupling resulted in a laser efficiency 

drop. Such behaviour has been observed in the past in a Tm, Ho co-doped laser and is 

believed to be due to the presence of increased upconversion losses originating from the 

upper laser level 3F4 of Tm3+ [214]. Performance of the other output couplers is 

summarised in Table 3.  

 

Fig. 27. (a) CW power characteristics for the diode-pumped Tm:LuScO3 laser. (b) 

Emission spectra for the associated output couplers (OC).  

In order to confirm this increased presence of upconversion with higher output 

coupling, an attempt was made to collect and measure the visible fluorescence whilst 

lasing under different output coupling conditions. Despite the very clear blue coloured 

emission from the pumped region of the crystal, the only signals detected were around 

705–750 nm. This emission would correspond to a decay from the 3F3 or 3H4 levels 

rather than an emission around 475 nm one would expect from the 1G4 level. A positive 

relationship between higher output coupling and slightly increased emission intensity 

around 700 nm is reported by Lagatsky et al. However, the small difference in signal 

intensity recorded in the measurements of Tm:LuScO3 (0.512 for 1% and 0.554 for 5%) 

combined with the lack of signal around 475 nm offered little in the way of a definite 

conclusion to these measurements. Additionally, the presence of inversion dependant 

losses, e.g., upconversion, prevents the reliable use of round-trip cavity loss analysis 

methods such as Findlay-Clay [215,216]. Even by excluding the 5% output coupler 

from the analysis, due to the noticeable shift in wavelength being indicative of 

additional loss mechanisms such as ground-state absorption, it is difficult to separate the 
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increase in threshold due to increased upconversion losses or increased output coupling. 

Futhermore, as a result of the decrease in slope efficiency with increasing output 

coupling, the method of Caird analysis [217] cannot be used to determine losses either. 

Tunability of the laser was investigated by inserting a 1.6 mm quartz BRF at Brewster’s 

angle into the long arm of the cavity [218,219]. Using the 2% output coupler, a tuning 

range of 1973–2141 nm was recorded under roughly 2 W of incident pump power 

(1.3 W of absorbed pump power). This smooth and continuous tuning, as seen in Fig. 

28, is comparable to that reported by Koopmann et al. in [212], albeit with a different 

profile. The recorded tuning range is believed to be predominantly limited by the 

available gain around 2100 nm at the given inversion level, with the potential to be 

additionally impacted by increasing mirror transmission at wavelengths away from 

1900–2100 nm. The difference in profile is presumed to simply be due to different 

mirrors coatings being used in the experiments.  

Table 3. CW performance summary of the Tm:LuScO3 laser. The 2% output coupler 

provided the best performance in terms of maximum power and slope efficiency.  

OC (%) Pth,abs (mW) Pmax (mW) s (%) λ (nm) 

1 141 562 29 2105 

2 192 660 33 2103 

4 294 554 30 2101 

5 487 431 26 2091 

 

 

Fig. 28. Tuning curve achieved from the Tm:LuScO3 laser using the 2% output coupler 

with the 1.6 mm thick BRF.  
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Conclusions 

The performance presented here represents, to the best of the authors knowledge, the 

first demonstration of a diode-pumped Tm:LuScO3 laser operating beyond 2 µm and 

gave great promise going forward in attempting to mode-lock the source. It can be seen 

that the maximum output power realised was predominantly limited by the absorbed 

pump power. This could be increased by using higher power pump diodes or by 

increasing the length of the gain medium. Increasing the length of the gain medium in 

the case of high power laser diode pumping, however, does not realise an overall 

improved mode overlap due to the large difference in beam quality between the laser 

and pump. Meaning that whilst it may increase the absorbed pump power, an equal 

increase in laser performance would not be anticipated. The option of using higher 

power pump diodes was also not pursued due to concerns over damaging the gain 

elements; such damage had already been experienced using the 4 W laser diodes. With 

the power and tuning range achieved when using the 2% output coupler it was fully 

anticipated that femtosecond pulses at an appreciable output power could be achieved. 

The results of mode-locked experiments are discussed in the next chapter.  

3.3.2  Tm:Lu2O3 

The increased thermal conductivity of Tm:Lu2O3 allowed for the use of higher power 

pump diodes when investigating the CW performance of the laser gain medium without 

risking damage to the gain element. In addition to this, the greater emission cross 

section available when using Tm:Lu2O3, combined with the increased pump power, 

promised a route to reach higher average powers than those achieved from the 

Tm:LuScO3 laser. Experiments began by adapting the cavity depicted in Fig. 25 to 

include a 3mm long, 3 mm  3 mm in aperture AR coated 3.5% at. Tm3+-doped Lu2O3 

ceramic gain element purchased from Konoshima Chemical Co., Ltd. With the 

intention of going mode-locked at a later date, the cavity was aligned to operate in 

stability region II producing a calculated laser cavity waist within the gain element of 25 

µm  23 µm. The optical pump set up was modified to focus the 200 µm  1 µm strip 6 

W laser diode to a waist of 85 µm  28 µm (Fig. 29). Lenses L1, L2, L3, and L4 in Fig. 

25 would now correspond to a 2.75 mm aspheric lens, a -12.7 mm cylindrical lens, a 

200 mm cylindrical lens, and a 100 mm achromatic doublet lens, respectively. This new 

high power laser diode was calculated to have an M2 parameter of 23 and 1.6 in the x 

and y directions, respectively, and was maintained at a temperature of 33 °C. In a 

similar manner to that used for the previous laser diode, this temperature was chosen in 
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order for the laser diode emission wavelength to best match the absorption peak of 

Tm:Lu2O3 (~796 nm) over its operating power range. The pump beam waist was 

positioned at the location of the cavity mode waist and the pump optics were chosen to 

provide the best overlap. All other optics within the cavity remained the same, while 

output couplers of 1%, 2%, 3%, 4%, and 5% were used to investigate the laser 

performance. 

 

Fig. 29. Beam divergence plot of the 200 µm  1 µm strip, 6 W pump laser diode 

measured after the pump reshaping and focusing optics. Insert is an image of the laser 

diode pump waist as viewed on the CCD beam profiler. 

Of the output couplers tested it was found that the 2% provided the highest output 

power of 618 mW at a wavelength of 2064 nm, with a corresponding slope efficiency of 

31% [Fig. 30(a)]. Thresholds in the range of 185–341 mW of absorbed pump power 

were measured over the series of output couplers; increasing with the transmission of 

the output coupling mirrors. Absorbed pump power was determined in the same way as 

had been done previously with approximately 50% of the pump light being absorbed by 

the gain element. Slope efficiencies over the range of output couplers used were found 

to drop after increasing the output coupling beyond 2%. It is believed that the cause of 

this is related to increased upconversion losses in a similar manner to that experienced 

in the Tm:LuScO3 laser. Emission wavelengths were found to remain around 2065 nm 

for all output couplers, except in the case of the 5% output coupler when the laser also 

partially emitted around 1966 nm [Fig. 30(b)]. This additional emission line is thought 

to be caused by the higher output coupling increasing the inversion level and providing 

more gain around the 1960 nm peak found with Tm:Lu2O3. The performance of the 
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laser when using the other output couplers is summarised in Table 4. Determining 

intracavity losses is again complicated by the presence of additional loss mechanisms 

restricting the use of Findlay-Clay and Caird analyses.  

 

Fig. 30. (a) CW power characteristics for the diode-pumped Tm:Lu2O3 laser using 

ROC 75 mm cavity mirrors and 100 mm pump lens. (b) Emission spectra for the 

associated output couplers (OC). Only the 5% output coupler demonstrated dual 

wavelength lasing.  

Table 4. CW performance summary of the Tm:Lu2O3 laser using ROC 75 mm cavity 

mirrors and 100 mm pump lens.  

OC (%) Pth,abs (mW) Pmax (mW) s (%) λ (nm) 

1 185 538 27 2066 

2 223 618 31 2064 

3 264 593 31 2064 

4 296 552 29 2065 

5 341 449 24 1966/2063 

 

Despite the higher available pump power and greater emission cross section, average 

output powers were not found to surpass those achieved with the Tm:LuScO3 laser. The 

poorer beam quality of the pump laser diode leading to worse pump/laser mode overlap 

is presumed to be the cause of this lower efficiency performance. Nevertheless, 

endeavours were made to mode-lock the source and demonstrate femtosecond pulse 

operation. This is discussed in more detail in Chapter 4. After recording limited mode-

locked performance, work returned to the CW regime in the hope of improving the 

performance of the laser. This work was primarily focused on improving the pump and 

laser mode overlap within the gain element by optimising the optical configuration in 

the hope of realising a more stable and reliable Tm:Lu2O3 laser source. To this end, 

larger ROC mirrors were placed into the cavity along with a longer focal length pump 
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lens. These had the effect of creating a less divergent pump beam and mode waist, and 

improving cavity stability. 

M1 and M2 in Fig. 25 were replaced with 150 mm ROC mirrors, resulting in new 

calculated laser mode waist radii of 53 µm  51 µm. To maintain cavity stability, the 

lengths of the long and short arms of the cavity were changed to approximately 0.9 m 

and 0.29 m, respectively. The pump lens, L4, was replaced with a 200 mm achromatic 

doublet lens which focused the pump beam to a measured waist size of 146 µm  

40 µm. In this new configuration output powers as high as 901 mW were recorded for 

an absorbed pump power of approximately 2.7 W when using the 2% output coupler. 

This performance corresponded to a slope efficiency of 40% and was recorded at a 

central emission wavelength of 2065 nm. Power plots and emission spectrum data 

gathered for the 1%, 2%, and 3% output couplers used can be seen in Fig. 31(a) and Fig. 

31(b), respectively. In addition, the performance is detailed in Table 5.  

 

Fig. 31. (a) CW power characteristics for the diode-pumped Tm:Lu2O3 laser using 

ROC 150 mm cavity mirrors and 200 mm pump lens. (b) Emission spectra for the 

associated output couplers (OC). Emission wavelengths are largely similar to those 

recorded in the previous cavity configuration.  

Table 5.  CW performance summary for the Tm:Lu2O3 laser using larger 150 mm ROC 

cavity mirrors and a longer 200 mm pump lens. A significant improvement in 

performance in comparison with the previous Tm:Lu2O3 laser cavity configuration can 

be seen.  

OC (%) Pth,abs (mW) Pmax (mW) s (%) λ (nm) 

1 313 855 38 2067 

2 372 901 40 2065 

3 469 810 38 2064 

 

Investigations into the spectral tuning range of the laser source were undertaken using 

the 1% output coupler and the same 1.6 mm quartz BRF used previously. Under 
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approximately 2.7 W of incident pump power (1.3 W of absorbed pump power), a 

tuning range of 1941–2126 nm was recorded (Fig. 32). Whilst this tuning range is 

slightly larger than that recorded when using Tm:LuScO3 it can be seen that it has a 

more structured profile. Features at 2011 nm, 2066 nm, and ~2090 nm can be clearly 

seen. These peaks can be associated with similar peaks seen on the emission cross 

section plot found in Fig. 22 and gain profiles published in previously reported 

works [60,129]. In a similar way to the tuning range recorded with the Tm:LuScO3 

laser, it is believed that the range presented here is primarily limited by the available 

gain around 2050 nm at the given inversion level, with the cavity mirror coatings 

further reducing the available gain at wavelengths less than 1900 nm and greater than 

2100 nm.  

 

Fig. 32. Recorded tuning curve from the Tm:Lu2O3 laser when using the larger 150 mm 

ROC cavity mirrors and a longer 200 mm pump lens. This performance was achieved 

using the 1.6 mm thick BRF and the 1% output coupler.  

Conclusions 

In terms of slope efficiency and maximum output power, the performance recorded 

in this new optical configuration outclassed not only that previously demonstrated by 

the Tm:LuScO3 laser but also the earlier iteration of the Tm:Lu2O3 laser. Whilst the 

tuning curve is slightly less smooth, the available gain demonstrated over the tuning 

range is more than capable of generating ultrashort pulse durations. Furthermore, when 

one compares the slopes on the power plot in Fig. 31(a) with those in Fig. 27(a) it can 
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be seen that at higher pump power there is little to no sign of thermal rollover from the 

Tm:Lu2O3 laser. This lack of thermal impact can also be seen in the previous iteration 

of the Tm:Lu2O3 laser and can be attributed to the significantly higher thermal 

conductivity of the Lu2O3 host in comparison to LuScO3. Indeed, the performance 

presented here suggested that, once mode-locked, a femtosecond source capable of 

significantly high average powers, suitable for further amplification, could be 

developed. 
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4 Femtosecond pulse generation 

Many of the applications introduced in Chapter 1 require high peak power/pulse 

energy sources to be fully utilised. Sources capable of generating pulse durations in the 

femtosecond regime provide a clear route to generate these high peak powers/pulse 

energies. Whilst mode-locked Ti:sapphire laser systems dominate in the near-IR region, 

significant challenges remain in the mid-IR. Emitting around 2.4 µm and exhibiting a 

very broad tunability, Cr:ZnSe is a strong contender and has even been referred to as 

“Ti:sapphire of the mid-IR” [220]. Numerous reported demonstrations of the 

capabilities of the gain media have shown the generation of sub-100 fs pulses with 

average powers >1 W in the mid-IR. However, Cr:ZnSe requires pumping at around 

1.8 µm meaning that bulky Tm:fibre or Er:fibre sources tend to be used [100]. This 

requirement restricts the overall compactness of the source as well as increasing the 

total cost to the end user. In the previous chapter, the properties and CW performance 

of the Tm3+-doped sesquioxides, Tm:LuScO3 and Tm:Lu2O3, were discussed and 

presented. These laser gain materials provide a means to generate ultrashort pulses in 

the 2 µm region and offer a significant advantage over Cr:ZnSe in that they have a 

plethora of available pump sources to choose from, ranging from high beam quality and 

high cost Ti:sapphire and Raman shifted Er:fibre sources, to low beam quality and low 

cost high power laser diodes around 800 nm.  

Clearly, with the aim of making these systems more practical and less costly, laser diode 

pumping should be employed. However, the development of diode-pumped ultrashort 

pulse Tm3+-doped lasers is not a straight forward process. Poor pump beam quality can 

lead to lower efficiencies, high thermal loads, Q-switching instabilities, and weaker 

SPM thus requiring precise cavity and saturable absorber engineering for stable mode-

locking. Indeed, the number of diode-pumped mode-locked Tm3+-doped lasers reported 

to date is rather limited, with only a few demonstrations of sub-picosecond operation 

(Fig. 33).   

Here, the performance and characterisation of diode-pumped soliton mode-locked 

Tm:LuScO3 and Tm:Lu2O3 lasers shall be discussed. In addition, tunable ultrashort 

pulse operation around 2.06 µm utilising a specially designed steeply diving birefringent 

filter (SD-BRF) are presented and analysed. The characteristics and design process of 

the SD-BRF are also discussed.  
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Fig. 33. State-of-the-art performance summary of diode-pumped mode-locked Tm3+-

doped solid-state lasers in the ~2–2.1 µm spectral region [221–231]. 

4.1  Tm:LuScO3 

As has been shown in Section 3.3.1, the Tm3+-doped sesquioxide Tm:LuScO3 has a 

very broad a smooth tuning curve, demonstrating its wide gain region spanning from 

1.95 µm to beyond 2.1 µm. This has been exploited in the past to demonstrate some of 

the shortest pulses currently achieved in the 2 µm region. Indeed, a crystalline 

Tm:LuScO3 laser has demonstrated a 105 fs pulse duration [232], and, more recently, 

pulses as short as 74 fs were generated with an output power of 34 mW from a 

Tm:LuScO3 mixed-ceramic laser [133]. It should be highlighted that both of these 

results were achieved using high beam quality Ti:sapphire lasers as pump sources. By 

instead using commercially available laser diode pump sources it was intended that 

pulse durations on the same order as those already demonstrated for the gain material 

could be achieved but at higher output powers and in an overall more compact and 

efficient setup. 

Mode-locked performance of the Tm:LuScO3 laser was characterised using a z-fold 

cavity design similar to that used for the previous CW characterisation in Chapter 3 

(Fig. 34). To initiate mode-locking and stabilise the soliton, the high reflectivity mirror 

in the short arm of the cavity was replaced with an ion-implanted InGaAsSb quantum-

well-based structure. Similar devices, have previously been characterised by a low-signal 

reflection of approximately 99.5–98% over the range of 1950–2100 nm with estimated 

modulation depth and nonsaturable loss parameters of 0.3–1% and 0.2–0.9%, 
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respectively, over the same range [143,144,232,233]. The cavity was also aligned so that 

it operated in stability region II, thus producing a second intracavity beam waist with an 

average radius of 110 µm on the SESAM without the need for any additional cavity 

optics. The SESAM element was mounted on a brass heatsink maintained at a 

temperature of 20°C using a thermoelectric cooler. Two GTI type HR mirrors (>99.9% 

between 1915 nm and 2140 nm) with ~ -480 fs2 GDD per reflection at 2095 nm were 

inserted into the long arm of the cavity (GTM1 and GTM2) maintaining the same 

mode waist within the laser crystal (LC). It is estimated that the 4 mm long gain crystal 

also added an additional dispersion of around -300 fs2. The pump source and optics 

remained unchanged from the initial CW characterisation setup, ensuring an optimised 

pump/laser mode overlap within the gain element.  

 

Fig. 34. Experimental setup for mode-locked characterisation of the Tm:LuScO3 laser. 

The number of reflections at each GTI mirror was changed from one to two during 

characterisation of the lasers performance. The birefringent filter (BRF) was used in 

later mode-locked tuning experiments.  

Initial investigations into mode-locked performance were undertaken with a 2% output 

coupler (OC) and one reflection at each of the GTI mirrors resulting in a total round-

trip GDD of approximately -2220 fs2. By gradually increasing the pump power, the self-

starting transition between CW and mode-locked operation was observed at an average 

output power of 65 mW [Fig. 35(a)]. Single pulse operation was maintained up to a 

maximum average output power of 123 mW, beyond which multiple pulse mode-

locking was observed. Near-transform-limited pulses with a duration of 163 fs 

(assuming a sech2 intensity autocorrelation profile) were recorded at an average output 

power of 123 mW [Fig. 35(b)]. The corresponding optical spectrum at 2093 nm, seen in 

Fig. 35(c), had a FWHM bandwidth of 28.4 nm giving a TBP of 0.32. The spike on the 

optical spectrum seen near the peak of the pulse envelope is indicative of being very 
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near to the pulse break up point, suggesting this recorded performance is at the limit of 

that achievable from the cavity configuration whilst maintaining single pulse operation.  

 

Fig. 35. (a) Power characteristics of the mode-locked Tm:LuScO3 laser with the 2% 

output coupler and one reflection at each GTI mirror. CW, continuous wave; SP-ML, 

single-pulse mode-locked operation; MP, multi-pulse mode-locked operation. The 

autocorrelation trace with sech2 fit (b) and optical spectrum (c) for pulses recorded at the 

maximum single-pulse output power of 123 mW.  

Replacing the 2% output coupler with a 4% one realised higher average output powers 

and longer pulse durations in the single pulse regime. The transition from CW to mode-

locked operation was recorded to be at an average output power of 111 mW, while the 

transition from the single pulse to multiple pulse regime was observed at an average 

output power of 281 mW. Single pulse durations as short as 195 fs were recorded at an 

average output power of 230 mW, with a corresponding optical bandwidth of 23.8 nm 

at a central wavelength of 2095 nm. Examining the radio frequency (RF) spectrum of 

the laser showed a fundamental beat note at 119.7 MHz with an extinction ratio of 

68 dB above the carrier. However, on closer inspection of the RF spectrum, evidence of 

Q-switching instabilities were prevalent. This was true for both cavity configurations 

and could not be overcome.  

Increasing the number of reflections off the GTI mirrors to four added an additional 

-1920 fs2 GDD, bringing the total round-trip dispersion to approximately -4140 fs2. This 

was done to increase the pulse break up point in the hope of realising Q-switching 

instability free mode-locked operation by increasing the maximum fluence on the 

SESAM. As adding additional dispersion would be expected to increase the pulse 

duration, lower output coupling mirrors of 1% and 2% were chosen to retain the 
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intracavity pulse energy and somewhat offset the increase in pulse duration caused by 

the increased round-trip dispersion.  

With the 1% output coupler in use, self-starting Q-switched mode-locked operation was 

observed to begin at an average output power of 49 mW, while the transition to CW 

single-pulse mode-locked operation was observed at an average output power of 78 mW 

[Fig. 36(a)]. The intracavity laser field fluence on the SESAM at the mode-locking 

threshold was estimated to be 113 µJ/cm2. The laser cavity beam waist inside the gain 

medium was estimated to be 27 µm  14 µm at such optimised conditions. Increasing 

the pump power further saw that single pulse operation was attainable up to a 

maximum average output power of 113 mW. Increasing the pump power further still 

caused the laser to jump into the multiple pulse mode-locking regime. Pulse durations 

as short as 170 fs were recorded at an average output power of 113 mW [Fig. 36(c)], 

with single pulse operation confirmed by examining a 50 ps span autocorrelation trace 

seen in Fig. 36(d). The corresponding optical spectrum centred at 2093 nm, had a 

bandwidth of 27.2 nm [Fig. 36(b)], thus indicating a TBP of 0.32. Stable mode-locked 

operation was confirmed by the RF spectrum [Fig. 36(e)], which shows the 

fundamental beat note at 115.23 MHz with an extinction ratio of 71 dB above the 

carrier. A 1 GHz span, seen in Fig. 36(f), showed no Q-switching instabilities and a near 

constant extinction ratio over the harmonic beat notes.  

Switching to the 2% output coupler resulted in a maximum average output power of 

190 mW [Fig. 37(a)] during single-pulse mode-locked operation, limited only by the 

available pump power. In this case, self-starting Q-switched mode-locking was observed 

first at 127 mW of average output power followed by a transition to single-pulse mode-

locked operation at 171 mW, which was maintained up to a maximum generated power 

of 190 mW. The threshold for mode-locking was estimated to be at an intracavity 

fluence on the SESAM of 145 µJ/cm2. At the maximum output power, pulses as short 

as 198 fs were produced [Fig. 37(c)], while the corresponding optical spectrum was 

found to centre at 2094 nm with a bandwidth of 23.5 nm [Fig. 37(b)] giving a TBP of 

0.32. The RF spectrum recorded with a span of 200 kHz and a resolution bandwidth of 

200 Hz shows the fundamental beat note at 115.26 MHz with an extinction ratio of 71 

dB above the carrier [Fig. 37(e)]. In addition and in keeping with that found with the 

1% OC, a 50 ps autocorrelation trace and a 1 GHz span RF spectrum, as seen in Fig. 

37(d) and Fig. 37(f), respectively, confirmed single-pulse Q-switching instability free 

operation.  
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Fig. 36. (a) Power characteristics for mode-locked operation with the 1% output 

coupler and two reflection at each GTI mirror. QML, Q-switched mode-locked 

operation. Optical spectrum (b), autocorrelation traces over 2 ps (c) and 50 ps (d) spans, 

and 200 kHz (e) and 1 GHz (f) RF spectra for pulses recorded at the single-pulse 

maximum output power of 113 mW. 

The output beam quality of the laser was determined by performing an M2 measurement 

using a scanning slit beam profiler in combination with a 75 mm plano-convex lens. 

The results of the measurements showed a slightly astigmatic focus and M2 values of 1.2 

and 1.1 in the horizontal and vertical directions, respectively (Fig. 38). 

Having shown stable single-pulse mode-locked operation it is useful to examine the 

variation of pulse duration with output power (intracavity pulse energy) in order to 

confirm true soliton mode-locking. Considering the performance recorded when using 

the 1% OC, it was found that the pulse durations decreased inversely proportional to 

the intracavity pulse energy (Ep) as soliton mode-locking theory predicts [150]. Pulse 

durations decreased from 246 fs at the mode-locking threshold to 170 fs at the edge of 

single-pulse operation. Two distinct regions exist between the pulses recorded under Q-

switched mode-locked operation and those recorded when CW mode-locking was 

achieved. This offset is thought to be due to comparably slightly higher output powers 

recorded when in the Q-switched mode-locked regime. Only pulses recorded in the CW 

mode-locked regime have been included in Fig. 39.  
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Fig. 37. (a) Power characteristics for mode-locked operation with the 2% output 

coupler and two reflection at each GTI mirror. QML, Q-switched mode-locked 

operation. Optical spectrum (b), autocorrelation traces over 2 ps (c) and 50 ps (d) spans, 

and 200 kHz (e) and 1 GHz (f) RF spectra for pulses recorded at the single-pulse 

maximum output power of 190 mW. 

 

Fig. 38. Beam divergence of the diode-pumped Tm:LuScO3 ultrashort pulse laser. The 

x-axis has been given as distance relative to the waist to ease viewing, in reality the 

waists were separated by ~8 mm.  
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Assuming a totally round-trip cavity dispersion of -4140 fs2, the SPM coefficient, 𝛿, was 

calculated to be 8.810-7 W-1 by fitting a curve of 1/Ep to the data, as per (2.3). Using 

(2.4), an estimate of the nonlinear refractive index, n2, was calculated to be 4.410-16 

cm2/W. As there is no known reported value for the nonlinear refractive index of 

Tm:LuScO3 it is hard to gauge the accuracy of this calculated value. However, when 

comparing it to the nonlinear refractive index of Tm:Lu2O3 ceramic, which has been 

reported in the past as 3.310-16 cm2/W at 2070 nm [234], one can say that the value 

calculated for Tm:LuScO3 is at least comparable to that of Tm:Lu2O3.  

In addition to examining the pulse duration change with output power (intracavity 

pulse energy), one can also look at the dependence of pulse duration on GDD. 

Comparing the minimum pulse durations achieved using the 2% output coupler for 

approximately -2220 fs2 and -4140 fs2 GDD, it can be seen that the pulse duration 

achieved with the lower absolute value of dispersion is 35 fs shorter than that achieved 

with the higher absolute value. Whilst this could be an effect of the increased output 

power recorded with the lower negative GDD it is also in agreement with soliton mode-

locking theory that states that the pulse duration scales linearly with the negative GDD 

inside the laser cavity (i.e. τp  |D|) [150]. By introducing more dispersion one would 

expect the pulse duration to increase further. However, this avenue of investigation was 

not pursued.  

 

Fig. 39. Change in pulse duration with intracavity pulse energy (average output power) 

for the mode-locked Tm:LuScO3 laser using the 1% output coupler. The red curve is a 

fit to 1/Ep. δ is the SPM coefficient and D is the estimated total round-trip cavity 

dispersion. 
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4.1.1  Conclusions 

While it was not possible to truly confirm the linear relationship between pulse 

duration and GDD, the confirmation of soliton behaviour from the variation of pulse 

duration with intracavity pulse energy is clear. In the performance recorded, the 

maximum average output power for single pulse operation was limited by the pulse 

break up threshold and by the maximum absorbed pump power. Increasing the total 

round-trip cavity dispersion realised higher average output powers, at the expense of 

pulse duration, but the only routes to increasing the maximum absorbed pump power 

would be the use of higher power pump diodes or by increasing the length of the laser 

crystal. The reasons one would not necessarily choose to use higher pump diodes or 

increase the length of the gain medium have been discussed in Section 3.3.1.  

Utilising high beam quality Ti:sapphire pump sources, Tm:LuScO3 lasers have been 

shown to be capable of generating pulses shorter than those presented here [133,235]. 

Improved mode overlap and stronger SPM are made possible by the near-diffraction-

limited pump source. It is possible that such performance could also be achieved 

through the use of single mode laser diodes; this avenue of investigation was not 

pursued during this thesis, however. Shorter pulses still could also be realised through 

the use of lower output coupling, e.g., 0.5%, thus increasing the intracavity pulse energy. 

This would have a large impact on the maximum average output power and was 

therefore not pursued.  

These results represent, to the best of the authors knowledge, the first reported 

successful demonstration of mode-locked ultrashort pulses from a diode-pumped 

Tm:LuScO3 source, and at the time of writing were the shortest reported pulse 

durations from a solid-state diode-pumped Tm3+-doped source in the ~2–2.1 µm region. 

4.2  Tm:Lu2O3 

Whilst Tm:Lu2O3 may not have such a broad or smooth gain spectrum around 2–

2.1 µm, it benefits from a much higher thermal conductivity and a higher emission cross 

section. As has already been seen, this ultimately means that while it may not be able to 

naturally emit at 2.1 µm like Tm:LuScO3, it can utilise much more powerful laser diode 

pump sources to generate higher average output powers. In addition, the gain spectrum 

in the 2 µm region is still broad enough to support sub-200 fs pulse generation. 

Demonstrations of mode-locked sources utilising the Tm:Lu2O3 gain medium have 
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achieved pulses as short as 175 fs using a Ti:sapphire pump source [236] and sub-250 fs 

pulses at a maximum output power of 500 mW under laser diode pumping [221]. 

Initial experiments to develop a mode-locked Tm:Lu2O3 source began by adapting the z-

fold four mirror (75 mm ROC) CW source introduced in the Section 4.1. Inserting a 

pair of GTI mirrors in the long arm of the cavity and making multiple bounces off each 

mirror resulted in a six-mirror z-fold design very similar to that shown in Fig. 34. The 

total round-trip dispersion was calculated to be -3852 fs2 at 2065 nm; this was made up 

of approximately -3760 fs2 from the GTI mirrors and -92 fs2 from the 3 mm Tm:Lu2O3 

ceramic laser gain element.  

This Tm:Lu2O3 source was not able to generate reliable and stable soliton 

mode-locking, however. Whilst mode-locked operation was obtained, the pulse 

duration was not found to depend on the output power (intracavity pulse energy), 

indeed little variation in pulse duration was found with increasing output power. Pulse 

durations were found to remain around 600 fs from an output power of 143 mW, at the 

mode-locking threshold, up to a maximum power of 285 mW. The apparent absence of 

soliton mode-locking is thought to be primarily due to poor cavity waist positioning in 

the gain element resulting in very weak SPM. It was hoped that the use of larger ROC 

cavity mirrors (replacing the 75 mm with 150 mm) and longer focal length pump lens 

(200 mm instead of 100 mm) would allow for a more optimal pump/laser mode overlap 

to occur within the length of the gain element. While this did improve CW 

performance, as shown in the previous chapter, it did not result in the intended 

improvement in mode-locked operation. Repeated attempts to move to a cavity 

alignment which would position the waist within the gain element were met with very 

poor performance. Adjusting the alignment to return the power saw the waist once 

again shifted from within the gain element. With the longer focal length mirrors and 

pump lens, and in this offset waist alignment, an improvement in the maximum output 

power was achieved, generating pulses as short as 485 fs at 401 mW. However, the 

stability of the source in this configuration was extremely limited meaning it needed to 

be repeatedly manipulated to maintain mode-locked operation.  

To continue forward with Tm:Lu2O3 mode-locked experiments a more stable source 

was required. This was found in a previously demonstrated, in-house developed diode-

pumped Tm:Lu2O3 laser [221]. The source used an AR coated 5 mm long, 2 mm  

3 mm in aperture 1.5 at.% Tm3+-doped Lu2O3 ceramic gain element (GE) and was 

pumped by a fibre-coupled (100 µm core diameter) laser diode source producing a 

maximum power of 40 W at 795 nm and characterised by a measured beam quality 
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factor, M2, of 25. Pump light from the fibre facet was collimated with a 45 mm AR 

coated spherical lens (L1) and focused to a waist with radii of 100 µm  99 µm using a 

75 mm achromatic doublet lens (L2). A six-mirror z-fold cavity was built around the 

gain element (Fig. 40) with HR coated 300 mm ROC fold mirrors (M1 and M2), a 2% 

output coupler (OC), two additional plane HR mirrors (M3 and M4), and a SESAM. 

Of the mirrors used, one curved mirror, M2, and one plane mirror, M3, were also 

coated to act as GTI type mirrors, each introducing approximately -470 fs2 of GDD per 

pass. With the addition of a further -155 fs2 from the gain element, the total round trip 

dispersion equalled -2035 fs2. The curved mirrors provided a calculated laser cavity 

waist radii inside the gain element of 96  98 µm, while a second intracavity waist of 

167 µm  171 µm was produced on the ion-implanted InGaAsSb quantum-well-based 

SESAM. The SESAM and gain element were maintained at temperatures of 20 °C and 

22 °C, respectively, using thermoelectric coolers.  

 

Fig. 40. Experimental setup for the diode-pumped mode-locked characterisation of 

Tm:Lu2O3 based on [221]. The optics in the dashed box were used when additional 

GDD was added to the cavity. The steeply diving birefringent filter (SD-BRF) was used 

later in mode-locked tuning experiments.  

Self-starting mode-locked operation was initially realised at an output power of 

227 mW under an incident pump power of 6.2 W. At this point the intracavity fluence 

on the SESAM was estimated to be 154 µJ/cm2. By gradually increasing the pump 

power from this point, single pulse generation was maintained up to an output power of 

423 mW. Increasing the pump power further triggered a transition to the multi-pulse 
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regime. Pulse durations as short as 299 fs were recorded at the maximum power for 

single pulse mode-locked operation. A corresponding optical bandwidth of 17.6 nm at a 

central wavelength of 2068 nm giving a TBP of 0.37. A fast photodiode was used to 

measure a pulse repetition frequency of 82.3 MHz. However, examining the RF 

spectrum showed Q-switching instabilities throughout the mode-locking region which 

could not be supressed.  

Inserting a 2.7 mm thick, quartz SD-BRF (discussed in more detail in the Section 4.3) 

into the long arm of the cavity realised stable, Q-switching instability free mode-locked 

performance. The cause of this is thought to be due to the introduction of some 

additional SPM occurring within the filter and the addition of -718 fs2 round trip 

dispersion from the quartz material. With the SD-BRF in the cavity and orientated to 

operate in the 1st order, the mode-locking threshold was found at an output power of 

226 mW for an incident pump power of 7.1 W. The GE was measured to absorb 

approximately 40% of the incident pump light. However, the cavity configuration and 

quickly diverging pump beam meant it was impossible to accurately measure the 

transmitted pump power and reliably determine the value of absorbed pump power. As 

such, pump powers here are defined as incident pump power. Single pulse operation 

was maintained up to a maximum output power of 555 mW [Fig. 41(a)] with the laser 

emission tuned using the filter to 2081 nm [Fig. 41(b)]. At the maximum single pulse 

output power, a minimum pulse duration of 278 fs [Fig. 41(c)] was measured with a 

corresponding optical bandwidth of 17.1 nm, indicating near-transform-limited pulse 

durations with a TBP of 0.33. Confirmation of single pulse operation can be seen in the 

50 ps span autocorrelation trace found in Fig. 41(d), while stable mode-locked 

operation was confirmed by the RF spectrum which shows a fundamental beat note at 

82.25 MHz with an extinction ratio of 68 dBc [Fig. 41(e)]. This stability is further 

backed up with a 1 GHz span [Fig. 41(f)] showing no Q-switching instabilities and very 

little decay over the harmonic beat notes.  
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Fig. 41. (a) Power characteristics for mode-locked operation of the Tm:Lu2O3 laser in 

the six mirror configuration tuned to ~2080 nm. Optical spectrum (b), autocorrelation 

traces over 3 ps (c) and 50 ps (d) spans, and 200 kHz (e) and 1 GHz (f) RF spectra for 

pulses recorded at the single-pulse maximum output power of 555 mW. 

Examining the variation of pulse duration with intracavity pulse energy (Fig. 42) shows 

an excellent fit with the 1/Ep relationship. The estimated total round-trip GDD of 

-2753 fs2 is made up of four GTI mirror passes, the 5 mm long Tm:Lu2O3 gain element, 

and the 2.7 mm thick quartz SD-BRF. In this instance, all GDD values have been 

determined at 2080 nm except for the GTI mirrors where there is little variation in the 

value of introduced dispersion between 2065 nm and 2080 nm. The calculated SPM 

parameter of 1.0510-7 W-1 is clearly much less than that found in the mode-locked 

experiments when using Tm:LuScO3 and is primarily due to the larger waist inside the 

gain element. In the same manner as before, the nonlinear refractive index, n2, for 

Tm:Lu2O3 around 2080 nm was calculated to be 10.310-16 cm2/W. This value is 

slightly larger than that calculated in [234] and could be due to an inaccurate estimate 

of round-trip GDD present in the cavity. However, the required value of dispersion 

necessary to match the reported value of n2 is unrealistically low at approximately 

-890 fs2 given a calculated SPM parameter of 0.3410-7 W-1.  
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Fig. 42. Change in pulse duration with intracavity pulse energy (average output power) 

for the mode-locked Tm:Lu2O3. The red curve is a fit to 1/Ep. δ is the SPM coefficient 

and D is the estimated total round-trip cavity dispersion. 

When the source was tuned to operate around 2065 nm, it was found that pulse break 

up occurred at a much lower output power compared to that found when the source 

was tuned to around 2080 nm. At a central wavelength of 2064 nm the maximum single 

pulse output power was recorded as 198 mW, with corresponding pulse durations and 

optical bandwidth of 706 fs and 7.3 nm, respectively. This early transition into multi-

pulse operation is believed to be the result of the marginally higher gain available 

around 2064 nm compared with that at 2080 nm for the given inversion level. In order 

to achieve higher output powers, more dispersion was introduced into the cavity with 

the placement of an additional GTI mirror (M5) in combination with another HR 

mirror (M6) into the long arm of the cavity. In this eight mirror configuration, slightly 

improved performance was realised with a maximum single pulse output power of 

307 mW being achieved for an incident pump power of 16.2 W when operating in the 

2nd order of the SD-BRF [Fig. 43(a)]. A minimum pulse duration of 730 fs was recorded 

at this output power, corresponding to an optical bandwidth of 6.8 nm at a central 

wavelength of 2065 nm. The optical spectrum and autocorrelation trace for the pulse 

can be found in Fig. 43(b) and Fig. 43(c), respectively. The increase in pulse duration 

found here can be attributed to the increase in GDD inside the laser cavity. Increasing 

the pump power beyond 16.2 W saw the laser fall out of mode-locked operation with 

stable mode-locking only being achieved again by lowering the pump power. Stable Q-

switching instability free mode-locking was maintained from the mode-locking 
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threshold, at an output power of 244 mW, to the maximum output power as confirmed 

by examining the RF spectrum over a 1 GHz span with the fundamental beat note 

found at 82.27 MHz [Fig. 43(e) and Fig. 43(f)].  

 

Fig. 43. (a) Power characteristics for mode-locked operation of the Tm:Lu2O3 laser in 

the eight mirror configuration tuned to 2065 nm. Optical spectrum (b), autocorrelation 

traces over 3 ps (c) and 50 ps (d) spans, and 200 kHz (e) and 1 GHz (f) RF spectra for 

pulses recorded at the single-pulse maximum output power of 307 mW. 

4.2.1  Conclusions 

Comparing the performances from the Tm:Lu2O3 mode-locked source when tuned to 

2080 nm and 2064 nm, it is clear that the performance found at 2080 nm far exceeds 

that recorded at 2064 nm. The limitations in performance when tuned to 2064 nm are 

not fully understood as time did not allow for a complete study of the source’s 

behaviour in this region. However, it is thought that the SD-BRF is fundamental in the 

pursuit of enhancing the performance of the source around 2060 nm as without the 

filter output powers of >400 mW and pulse durations of <300 fs were recorded, albeit 

with Q-switching instabilities. Further optimisation of cavity parameters (e.g., output 
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coupling, dispersion, and SESAM waist size) and study of the laser could realise a 

stable, high output power, ultrashort pulse source around 2060 nm.  

4.3  Tunable mode-locked pulses 

As was shown previously, without any additional wavelength filtering a laser will 

emit around the highest gain peak of the chosen laser gain material at the specific 

inversion level. For the mode-locked Tm:LuScO3 and Tm:Lu2O3 lasers presented 

earlier, these emission wavelengths were around 2094 nm and 2066 nm, respectively. 

However, it is possible to tune this emission wavelength to target an explicit 

application. For example, tuning around 800 nm from Ti:sapphire sources can be done 

to facilitate the use of different fluorophores in two-photon excitation microscopy, while 

in the 2–2.1 µm region this tuning would be better suited to, for example, targeting the 

gain peaks of high energy amplifier systems or for tuning into the anomalous dispersion 

regime of highly nonlinear fibres for enhanced efficiency SCG. 

Wavelength tuning in ultrashort pulse lasers is predominantly achieved in one of two 

ways; a slit and prism pair combination or a BRF (Fig. 44). The slit and prism pair 

approach provides a fine level of control over not only the emission wavelength but also 

the optical pulse bandwidth and the level of GDD introduced into the cavity. By 

moving a slit of set width through the expanded beam, the emission wavelength can be 

tuned. Decreasing or increasing the slit width can control the optical bandwidth of the 

oscillating pulse which has the ultimate effect of increasing or decreasing the pulse 

duration. Finally the GDD can be tailored to give the best performance at this chosen 

wavelength and pulse duration by changing the separation distance or insertion depths 

of the prisms. While this approach seems ideal in its level of control and apparent ease 

of use, for any commercial system the slit and prism pair approach does present a 

challenge in robustness. That is not to say that it is impossible as the approach has been 

commercialised for tunable ultrashort pulse laser (e.g., Coherent Mira), although these 

systems could not be described as compact. Furthermore, even in its more compact 

variation, two prisms and a mirror, the prism pair still introduces an extra four surfaces 

into the cavity. Each of these surfaces introduces a small percentage of loss and makes 

initial alignment more complicated.  
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Fig. 44. Two techniques for dispersion compensation and spectral tuning in mode-

locked laser sources; slit and prism pair (a), and BRF and GTI mirrors (b).  

The alternate approach to tuning by using a BRF offers the possibility of a much more 

compact and robust setup. On its own it introduces just two extra surfaces into the 

cavity resulting in greatly reduced losses when compared with the prism pair. Clearly, 

the BRF on its own does not introduce any controllable dispersion compensation, as 

such the addition of highly reflective and robust dispersion compensation mirrors such 

as dielectric coated GTI mirrors would be required. However, the tolerances on these 

mirrors for low loss operation are much more accommodating compared with the prism 

pair meaning that alignment is faced without any significant complications.  

With the aim of developing compact and robust sources the combination of a BRF and 

GTI mirrors is much more attractive than that of the slit and prism pair. It should be 

stated though, that a traditional BRF is not well suited for the tuning of ultrashort pulse 

lasers due to their, generally, narrow transmission bandwidths. Larger bandwidths are 

achievable by making the filter thinner, but one quickly approaches thicknesses that 

make such a solution impractical. A variation of the BRF better suited to CW tuning of 

broadband sources and mode-locked sources is that of the SD-BRF. The effect of 

cutting the birefringent material such that the optic axis dives into the filters surface, 

instead of running parallel to it as in a traditional on-surface BRF, provides a larger 

transmission bandwidth for a given plate thickness compared with a conventional BRF.  

In this section the performance of conventional and modified BRFs in tuning mode-

locked Tm:LuScO3 and Tm:Lu2O3 lasers shall be presented. Modelled theoretical 

analysis of the BRFs are shown, in addition to a detailed introduction to the SD-BRF, 

in order to more clearly show the differences in the performance of the different types of 

filter.   

4.3.1 Picosecond pulses from an on-surface birefringent filter 

In the design of traditional, on-surface, BRFs the birefringent material is cut so that 

the optic axis runs parallel to the surface of the plate (θ = 90° in Fig. 45). Tuning of the 
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laser emission wavelength can be achieved by rotating the plate around the surface 

normal, changing the angle of rotation (α). Assuming the plate is inserted in the cavity 

at Brewster’s angle (βe ≈ 57° for quartz at 2.1 µm [237]), then the wavelength-dependent 

polarisation changes due to the material’s birefringence induce Fresnel reflection losses 

at the plates surface for the s-polarised component of the beam. This causes a 

wavelength dependent transmission loss as the plate is rotated [219]. The thickness of 

the plate (t) defines the free spectral range (FSR) and the transmission bandwidth; as the 

plate thickness increases, the FSR and transmission bandwidth decrease. It is possible to 

model the FSR and transmission bandwidths by finding and analysing the eigenvalues 

of the Jones matrix for a full round trip of the filter [238–240], where the single pass is 

given by 
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Fig. 45. Schematic illustration of a SD-BRF with light beam (red line) incident at 

Brewster’s angle [240]. The optic axis (c-axis) is identified by the green line, while the 

pink dashed line indicates the surface normal. βi, the internal Brewster’s angle; θ, optic 

axis angle with respect to surface normal. 

The first and last matrices here describe the transmission of the light entering and 

exiting the Brewster angled filter surfaces, where the parameter q is the Fresnel 

coefficient for the high loss polarisation, given as 
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The second and fourth terms are the rotation matrices that take the rotation angle of the 

filter to realign the axes of the calculation. To this end, the parameter αeq becomes 

important as it describes the equivalent angle of rotation, taking the propagation of the 

beam through the plate into account. Whilst this does not have a significant effect in the 

case of the on-surface BRF, whereby the angle between the propagating beam and the 

optic axis (φ) remains the same, it does have an impact in the case of θ ≠ 90° as shall be 

seen in the next section. αeq is given by 

 cos (cos cos cos sin sin ) / sineq i i        . (4.3) 

Finally, the third term in (4.1) examines the phase difference between the ordinary and 

extraordinary components of the beam as it passes through the birefringent plate. The 

phase change is given by 
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where δ is the difference in refractive index of the extraordinary and ordinary 

components of the beam, i.e. δ = ne – no, and fb is given by 
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As the gain material has no birefringence and is inserted into the cavity at right angle to 

the incident beam, it can be ignored when considering the Jones matrix for the full 

round trip of the cavity. And since we are envisioning a standing wave cavity, the full 

round trip Jones matrix for the cavity is then simply  

 
cavity BRF BRFM M M  . (4.6) 

Initial tunable mode-locked performance was demonstrated using the previously 

discussed diode-pumped Tm:LuScO3 laser in Section 4.2. A 1.6 mm quartz BRF was 

inserted at Brewster’s angle into the long arm of the cavity as shown in Fig. 34. With 

the cavity aligned to operate with four reflections off the GTI mirrors, the total round 
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trip GDD for the cavity, including an additional -438 fs2 from the BRF (-137 fs2/mm at 

2095 nm [241,242]), was estimated to be -4578 fs2. Crystal and SESAM waist sizes were 

unchanged from those used previously.  

With a 1% output coupler and at 1.7 W of incident pump power (1.1 W of absorbed 

power) tunable picosecond pulses were recorded in the range of 2074–2104 nm [Fig. 

46(a)] with a maximum output power of 55.4 mW around 2090 nm. For wavelengths 

shorter than 2088 nm, QML behaviour was observed, while stable mode-locked 

operation was observed for wavelengths longer than 2088 nm and up to 2104 nm. The 

autocorrelation trace and optical spectrum for the laser tuned to 2094 nm can be found 

in Fig. 46(b) and Fig. 46(c), respectively, indicating the generation of slightly chirped 

2.06 ps pulses. It is believed that, due to the strong spectral filtering of the BRF, the 

laser operated in the non-soliton mode-locking regime, and, at such conditions, the 

pulse duration was mainly dictated by the relaxation dynamic of the SESAM.  

 

Fig. 46. (a) Tunability of the Tm:LuScO3 laser during mode-locked operation. An 

autocorrelation trace and optical spectrum for the laser tuned to 2094 nm are shown in 

(b) and (c), respectively.  

Modelling of this performance using the approach described above was undertaken to 

investigate the potential factors limiting the observed pulse durations, in addition to 

investigating what performance could be expected from a thinner filter with a larger 

transmission bandwidth. A MathCad script, originally written for modelling the tuning 

of a Cr:LiSaF laser around 850 nm [239], was adapted for this work to model the 1.6 

mm thick BRF used and a much thinner 0.25 mm BRF at a wavelength of 2094 nm. In 
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both cases θ = 90°, as is the case for an on-surface filter. The modelled transmission 

bandwidths for each BRF can be seen in Fig. 47.  

Both filters offer a similar transmission contrast and it is clear to see that the 0.25 mm 

thick BRF has the largest transmission bandwidth, as one would expect [Fig. 47(a)]. As 

only a small percentage of introduced loss by the BRF is required to force the laser to 

operate at the intended wavelength and bandwidth, 1% or less, it is more practical to 

consider the 99% transmission bandwidths as was done by Stormont et al. As such, the 

99% bandwidths for the 1.6 mm and 0.25 mm thick BRFs were calculated to be 4.6 nm 

and 28 nm, respectively [Fig. 47(b)]. The narrow bandwidth calculated for the 1.6 mm 

BRF gives some perspective as to just how strong the spectral filtering taking place 

when using said filter to tune the emission wavelength in the mode-locked source is.  

 

Fig. 47. (a) Modelled transmission curves of on-surface quartz BRFs of different 

thickness. (b) shows a zoomed in view detailing the 99% transmission.  

Conclusions 

Whilst it is difficult to say with certainty whether the pulse duration demonstrated is 

limited by the available optical bandwidth or some other mode-locking parameter, there 

is still some interplay between the filtering of the BRF and the recorded pulse durations. 

Due to this, one would expect much shorter pulses from the thinner 0.25 mm BRF as it 

would be able to support much larger optical bandwidths. Indeed, the largest optical 

bandwidth recorded from the mode-locked Tm:LuScO3 source when operating without 

the BRF was 27.2 nm; this equated to a pulse duration of 170 fs (Fig. 36). This 

performance would suggest that sub-200 fs pulses could be achieved from a 0.25 mm 

BRF and that, due to the smooth gain profile of Tm:LuScO3 around 2090 nm, a similar 

tuning range to that of the 1.6 mm filter may be realised. However, in reality the 

handling and mounting of such a thin plate calls into question the practicality of such a 

filter. As a result the performance of the thin on-surface BRF was not pursued further.  
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4.3.2 Broadly tunable femtosecond pulses using an enhanced 

birefringent filter 

Despite not being well known by the wider laser community, the SD-BRF offers a 

number of potential advantages over its on-surface sibling discussed in Section 4.3.1. A 

single carefully designed filter could generate a larger FSR and transmission bandwidth 

for a given thickness compared with an on-surface BRF. In addition to this they also 

allow for a faster tuning rate, as well as providing a means to vary the optical 

transmission bandwidth through multiple separate orders of operation with different 

transmission bandwidths at a particular wavelength for different angles α. When such 

SD-BRFs are applied to broadband mode-locked lasers, it can be seen that the ability is 

gained not only to set the emission wavelength but also coarsely control the optical 

bandwidth and thus, potentially the pulse duration. These filters have been theoretically 

analysed and experimentally demonstrated in the past, with the primary focus of these 

reports involving the tuning of femtosecond NaCl colour centre [238] and Cr:LiSaF 

lasers [239,243], and the CW tuning of ultrabroad laser gain materials such as 

Ce:LiCAF, Ti:sapphire, Cr:ZnSe, and Fe:ZnSe [240]. There had been no reported 

demonstration of this enhanced filter in the tuning of ultrashort pulses in the mid-IR, 

however. With no fundamental limitation on the use of a SD-BRF for the tuning of a 

Tm3+-doped sesquioxide laser, said filter could provide an excellent substitute for the 

on-surface BRF when trying to achieve broadly tunable femtosecond pulses.  

In much a similar way to the modelling of the on-surface BRF, a SD-BRF was 

modelled to find optimal design parameters to provide the best balance between 

transmission bandwidth and transmission contrast for a target wavelength of 2090 nm. 

Past theoretical analysis of the SD-BRFs have aimed to provide parameters for 

broadband tunability. For instance, in [240] Demirbas proposed that the optic axis 

angle θ of 25° ± 2° is optimum for quartz, while Naganuma et al. state that, due to the 

minimal change in refractive index from 0.5 µm to 2 µm, a near 24° angle is suited for 

any required wavelength within the range. The optimal thickness of the plate, in terms 

of best achievable transmission contrast, increases in integer values defined by the 

optical path length and difference in phase of the ordinary and extraordinary 

components of the beam, such that  
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where N is referred to as the filter rank and is a positive integer value. Examining the 

effect that varying the optic axis angle and filter rank had on the performance of the 

filter lead to an optic axis angle of 24° and a thickness of 2.7 mm being chosen.  

Fig. 48(a) shows the transmission curves for the first four orders of the SD-BRF. It can 

be seen that the 1st order, shown in red at a centre wavelength of 2090 nm for a rotation 

angle α of 28.2°, has the largest bandwidth, followed by the 2nd in green, the 3rd in blue, 

and the 4th shown in orange. All four orders provided a similar transmission contrast. 

The 99% bandwidths, as shown in Fig. 48(b), were calculated to be 28 nm, 14 nm, 

9 nm, and 7 nm for the 1st–4th orders, respectively. Fig. 48(c) shows tuning spectra using 

the 1st order of operation. Tuning from 2028 nm to 2123 nm from only 1° of rotation 

can be achieved, giving a predicted tuning rate of 95 nm/° for this case.  

 

Fig. 48. (a) Modelled transmission curves for the first four orders of the SD-BRF at 

different angles α. A zoomed in view detailing the 99% transmission bandwidth is 

shown in (b). (c) Changes in transmission wavelength for the first order over 1° of 

rotation. 

Tm:LuScO3 

Initial characterisation of the SD-BRF was performed in the CW regime with a 

diode-pumped six-mirror z-fold Tm:LuScO3 laser similar to that discussed in previous 

chapters. In anticipation of moving into the mode-locked regime the cavity was set to 

operate in stability region II, however slight changes to the cavity alignment due to the 

replacement of the pump laser diode meant that the second waist on the HR at the short 
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end of the cavity now had a radius of 130 µm. In addition, the cavity waist inside the 

laser crystal had radii of 26 µm x 24 µm. The replacement laser diode was characterised 

and found to have a beam quality factor of 18 and 1.3 in the x and y directions, 

respectively. Using the same pump optics as those used previously, the pump waist radii 

were measured to be 54 µm x 22 µm.  

With the SD-BRF inserted into the cavity at Brewster’s angle and under 1.8 W of 

incident pump power at 793 nm (1.2 W absorbed power), output wavelength tuning 

extending from 1986 nm to 2140 nm was obtained (Fig. 49) using a 1% OC. From these 

data, it can be seen that all four SD-BRF orders have a very similar profile indicating 

that the orders were capable of supporting the same tuning range and that the BRF was 

operating as designed. It is believed that the tuning range here, as previously, is limited 

only by the available gain of Tm:LuScO3 around 2.06 µm at the given pump power 

level.  

Moving to the mode-locked regime involved firstly removing the SD-BRF and replacing 

the short arm end HR mirror with the same ion-implanted InGaAsSb quantum-well-

based SESAM used previously. Once the SESAM was aligned, self-starting single pulse 

stable mode-locked operation was achieved. A minimum pulse duration of 173 fs 

(assuming a sech2 intensity autocorrelation profile) was measured with an average 

output power of 128 mW. The pulse had a centre wavelength of 2093 nm and an optical 

bandwidth of 26.8 nm at FWHM.  

 

Fig. 49. CW tuning of the Tm:LuScO3 laser over the first four orders of the SD-BRF.  
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The SD-BRF was reintroduced into the long arm of the cavity and rotated so as to 

operate in the 1st order. Under 2.6 W of incident pump power (1.8 W absorbed power) 

broadly tunable mode-locked operation was recorded. Pulse durations varying from 240 

fs to 538 fs were generated over a tuning range of 2019–2110 nm [Fig. 50(a)]. It is 

believed that the variation of the pulse duration across the tunability range is 

predominantly due to the inversely proportional relationship between the pulse duration 

and the intracavity energy, and thus the average output power, found in the soliton 

mode-locking regime. Additionally, further increasing of the pulse duration in the 

2030–2080 nm range could also be associated with the smaller modulation depth of the 

SESAM in that region compared to the 2.1 µm region. The shortest pulse duration of 

240 fs was produced at an output power of 93 mW. Fig. 50(b) and Fig. 50(c) show the 

optical spectrum and intensity autocorrelation trace for a pulse recorded at 2090 nm, 

respectively. A pulse duration of 245 fs with a corresponding optical bandwidth of 19.6 

nm was recorded, giving a TBP of 0.33 and indicating near-transform-limited pulse 

operation. In addition, monitoring of the autocorrelation traces over a 50 ps span 

showed no signs of multipulsing while clean RF spectra confirmed Q-switching 

instability free operation at a pulse repetition frequency of 114.3 MHz. This was found 

at all points throughout the tuning range. Mode-locked operation was self-starting, with 

stable and consistent performance maintained for a number of hours.  

Rotating the BRF to operate in the 2nd order gave similar results to the 1st order in terms 

of tuning range and variation of pulse duration and output power with the wavelength. 

However, comparably longer pulse durations (349–685 fs) were recorded over the 2025–

2114 nm tuning range with average output powers of between 36 mW and 63 mW [Fig. 

50(d)]. The optical spectrum and autocorrelation trace for a pulse at 2095 nm shown in 

Fig. 50(e) and Fig. 50(f), respectively, provide a good point of comparison between the 

pulse durations and optical spectrum. This increase in pulse duration is presumed to be 

the result of lower output power (intracavity pulse energy). The narrower transmission 

bandwidth provided by the 2nd order of the SD-BRF could be an additional factor which 

limited optical bandwidth and duration of the generated pulses. As with the 1st order, 

the mode-locking stability was confirmed by examining widespan autocorrelation traces 

and RF spectra.  
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Fig. 50. (a) Tm:LuScO3 mode-locked laser tuning characteristics for the 1st order of 

operation of the SD-BRF with the 1% output coupler. (b) and (c) show the optical 

spectrum and autocorrelation trace for a pulse recorded at 2090 nm, respectively. (d), 

(e), and (f) show the performance recorded when operating in the 2nd order of the SD-

BRF using the 1% output coupler.  

Increasing the output coupling to 2% resulted in higher average output powers but with 

a narrower tuning range and longer pulse durations. Operating in the 1st order, a tuning 

range of 2070–2102 nm was recorded, with the output power and pulse durations 

varying from 78 mW to 119 mW and 435 fs to 670 fs, respectively [Fig. 51(a)]. It can be 

seen that the pulse durations and output power followed a similar profile to that seen 

with the 1% OC, with the maximum output power and minimum pulse duration found 

around 2090 nm. Fig. 51(b) and Fig. 51(c) show the optical spectrum and intensity 

autocorrelation traces for a pulse recorded at 2090 nm, respectively. A pulse duration of 

435 fs with an associated optical bandwidth of 11 nm were measured, giving a TBP of 

0.33. Moving to the 2nd order with the 2% output coupler gave a similar tuning range of 

2072–2108 nm, with output powers varying between 74 mW and 103 mW and near-

transform-limited pulses ranging from a maximum pulse of 811 fs to a minimum pulse 

duration of 563 fs [Fig. 51(d)]. The optical spectrum and autocorrelation trace for pulses 

recorded near 2090 nm, shown in Fig. 51(e) and Fig. 51(f), respectively, show 

narrowing of the optical bandwidth and increase in the pulse duration when compared 

with the 1st order performance. This could again be the result of the optical filtering 

effect of the SD-BRF or it could be due to the lower observed output power like was 

seen when using the 1% OC. As with the 1% OC, clean RF spectra and widespan 
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autocorrelation traces confirmed stable single pulse mode-locked operation throughout 

the tuning range at a pulse repetition frequency of 114.3 MHz.  

Only picosecond pulse durations were realised when operating in the 3rd order of the 

SD-BRF and using the 1% OC. A narrower tuning range than that recorded from the 1st 

and 2nd order was observed with relatively unstable operation. No mode-locked 

operation was achieved when operating in the 4th order of the SD-BRF. These results 

can be associated with the relatively narrow optical bandwidths of the SD-BRF at 

higher orders that could be preventing pulse spectral broadening and stable soliton 

mode-locking. 

 

Fig. 51. (a) Mode-locked tuning characteristics using the 2% output coupler and 

operating in the 1st order of the SD-BRF. The optical spectrum and autocorrelation 

trace for a pulse recorded at 2090 nm are shown in (b) and (c), respectively. (d), (e), and 

(f) show the performance recorded when operating in the 2nd order of the SD-BRF using 

the 2% output coupler.  

Tm:Lu2O3 

As when studying the tunability of the Tm:LuScO3 laser, tuning of the Tm:Lu2O3 

laser using the SD-BRF was initially undertaken in the CW regime. The high power 

Tm:Lu2O3 laser cavity, shown in Fig. 40 in its six mirror configuration, was modified to 

operate in the CW regime by replacing the SESAM with a HR mirror. No other 

changes were made to the cavity configuration. With a 2% output coupler in use and 

under 16.2 W of incident pump power a maximum tuning range of 1903–2119 nm was 

recorded with the SD-BRF orientated to operate in the 4th order (Fig. 52). Unlike the 
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performance recorded when tuning the Tm:LuScO3 laser, seen in Fig. 49, the tuning 

range for the Tm:Lu2O3 laser was found to strongly depend on which order of the filter 

was being used. The 4th order demonstrated continuous tuning over roughly 216 nm, 

while the 3rd order had a slightly shorter tuning range of 1915–2119 nm. Both orders 

closely followed the profile and range recorded when using a 1.6 mm on-surface BRF 

(not shown in Fig. 52). The 2nd and 1st orders had much shorter tuning ranges, with the 

1st order unable to maintain continuous tuning. Continuous tuning from 1942 nm to 

2117 nm was recorded when operating in the 2nd order, while non-continuous tuning 

from 1943 nm to 2095 nm was recorded for the 1st order. 

 

Fig. 52. CW tuning of the Tm:Lu2O3 laser over the first four orders of the SD-BRF. 

Continuous tuning was observed over the full range for the 3rd and 4th orders, while a 

reduced range was recorded for the 2nd order. Non-continuous tuning was observed 

when operating in the 1st order of the filter.  

Closer inspection of the recorded emission lines shows small clusters or individual 

points around 1945 nm, 1966 nm, 2008 nm, and between 2061 nm and 2095 nm. These 

regions almost perfectly match peak like features found on the high inversion level gain 

and emission cross section plots for Tm:Lu2O3 [60]. This suggests that the transmission 

bandwidth of the 1st order is so wide that these main peaks define the laser emission 

wavelength until the filter is tuned far away from them. So far that a neighbour peak 

then immediately becomes dominant thus making the emission wavelength appear to 

jump despite a smooth continuous rotation of the filter. Higher orders, like the 3rd and 

4th, have much narrower transmission bandwidths in comparison so are able to suppress 

these gain peaks and provide continuous tuning.  
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To confirm this working theory the jumps in emission were additionally investigated by 

inserting the SD-BRF into the previously developed Tm:Lu2O3 diode-pumped laser 

discussed in Chapter 3. With this source, smooth and continuous tuning between 

approximately 1950–2105 nm was found for all four orders. As the pump and cavity 

mode overlap in this earlier Tm:Lu2O3 laser is much better, it is safe to assume that the 

inversion level is lower. This has the effect of smoothing out the gain and reducing the 

prominence of the peaks around 1943/1963 nm and 2066/2090 nm, thus allowing for 

continuous tuning when operating in the 1st order of the SD-BRF. The inversion level in 

the high power Tm:Lu2O3 laser is thought to have been much higher than in the early 

Tm:Lu2O3 source, suggesting that the gain peaks are more likely to hamper continuous 

tuning.  

Ultimately the inability to achieve broad and smooth CW tuning from the SD-BRF 

raised questions as to how successful any tuning during mode-locked operation would 

be. Indeed, with the SESAM placed back in the cavity and the filter orientated to 

operate in the 2nd order, tunable mode-locked pulses were only realised in a narrow 

band immediately around 2099 nm. Rotating to the 1st order found a better tuning range 

of 2060–2090 nm. However, this range was found to depend on the applied pump 

power. Fig. 53 shows the recorded tuning ranges for pump powers of 6.2 W, 8 W, 

9.8 W, and 11.6 W. Continuous tuning ranges of 2069–2093 nm, 2071–2093 nm, and 

2073–2091 nm were recorded for pump powers of 8W, 9.8 W, and 11.6 W, 

respectively.  

 

Fig. 53. Mode-locked tuning ranges of the Tm:Lu2O3 laser operating in the 1st order of 

the SD-BRF for different applied pump powers.  
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For higher pump powers, wavelengths less than 2070 nm saw multi-pulsing behaviour, 

while at lower pump powers only CW emission was recorded between 2070 nm and 

2085 nm. When trying to tune beyond 2090 nm only CW emission around 1940 nm 

was observed. This behaviour can again be explained be examining the gain profile of 

Tm:Lu2O3. At lower inversion levels the peaks around 2066 nm and 2090 nm are at 

similar levels. As the inversion level is increased, the gain peak around 2066 nm 

increases at a higher rate than the peak around 2090 nm. This higher gain around 2066 

nm is enough to increase the pulse energy beyond the multi-pulsing threshold. 

Conversely, at lower pump powers there is not enough gain and intracavity power to 

allow for stable mode-locked operation. The CW emission around 1940 nm when 

trying to tune beyond 2090 nm is due to the filters inability to fully suppress the 

considerable gain at the emission peak. 

Stable, Q-switching instability free mode-locked operation was confirmed throughout 

the tuning ranges by monitoring the RF spectra. Clean 1 GHz span spectra were 

recorded for all pump powers and fundamental beat notes of 82.25 MHz were found in 

all instances. Exemplar optical spectra and autocorrelation traces over the four different 

pump powers can be seen in Fig. 54. The optical spectrum and autocorrelation trace for 

a pulse tuned to 2066 nm under 6.2 W of pump power can be found in Fig. 54(a) and 

Fig. 54(b), respectively. At this wavelength and pump power, the FWHM optical 

bandwidth of the pulse was measured to be 7.4 nm whilst the corresponding pulse 

duration was calculated to be 679 fs (assuming a sech2 intensity autocorrelation profile). 

Similar profiles for the optical spectra and autocorrelation traces for pump powers of 8 

W, 9.8 W, and 11.6 W can be found in Fig. 54(c) and Fig. 54(d), Fig. 54(e) and Fig. 

54(f), and Fig. 54(g) and Fig. 54(h), respectively. At these pump powers the pulses 

shown centre on 2081 nm. The minimum pulse duration of 315 fs was found under 11.6 

W of pump power at a centre wavelength of 2073 nm. The corresponding optical 

bandwidth of 16.2 nm, indicates a TBP of 0.36. Due to the relatively flat power profile 

found when tuning between approximately 2070 nm and 2085 nm at higher pump 

powers, there is little in the way of variation in pulse duration. Indeed at 8 W pump 

power pulse durations were found to only vary between 489 fs and 598 fs over the 

spectral tuning range of 2071–2085 nm. Beyond 2085 nm the pulse duration increases 

rapidly as the output power (intracavity pulse energy) decreases. Similar performance is 

found when examining the pulse durations recorded for 9.8 W and 11 W, with the pulse 

durations varying from 377 fs to 456 fs and from 315 fs to 368 fs for each respective 

pump power.  



 

 

101 

 

Fig. 54. Exemplar optical spectra and autocorrelation traces recorded when spectrally 

tuning the mode-locked Tm:Lu2O3 source at pump powers of 6.2 W, (a) and (b); 8 W, 

(c) and (d); 9.8 W, (e) and (f); and 11.6 W, (g) and (h). 

No mode-locked operation was found when operating in the 3rd and 4th orders of the 

SD-BRF. It is believed that this shortcoming can be explained using the same approach 

as discussed in the previous section; that the narrow optical bandwidths supported by 

the higher orders could be preventing pulse spectral broadening and stable soliton 

mode-locking. Despite the limited tunability recorded when operating in the 2nd order in 

this cavity configuration, slightly improved tunability around 2065 nm was found with 

the introduction of an additional GTI mirror and HR mirror. In this eight mirror 

configuration stable single pulse, Q-switching instability free, mode-locked tuning from 

2062–2067 nm was recorded for 16.2 W of incident pump power. Over this tuning 

range, output powers and pulse durations were recorded to vary from 278 mW to 

245 mW, and 840 fs to 937 fs, respectively. Whilst this performance, in regards to pulse 

duration and output power, was poorer than that found in the six mirror configuration 

around 2080 nm, it would be well suited to seed Ho:YLF amplifiers around 2060 nm 

where the narrow gain bands of Ho3+-doped laser gain materials are better suited to 

longer pulse durations. The performance found around 2080 nm when using the six 

mirror cavity configuration, whilst superior to the eight mirror performance, is 

unfortunately positioned such that it would unsuitable to seed existing Ho3+-doped 

amplifiers. At 2080 nm though the source would clearly be suited to seed an amplifier 

based on Tm:Lu2O3. An amplifier based on the same laser gain medium as the seed 

means that the broad and relatively smooth gain peak present with Tm:Lu2O3 around 

2050–2100 nm that allowed for the generation of such short pulses in the first place 
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would easily accommodate the full pulse packet for further amplification. This would be 

the objective for an upcoming investigation into ultrashort pulse amplification discussed 

in Chapter 5.  

Conclusions 

When considering the performance recorded for Tm:LuScO3, it can be seen that the 

SD-BRF can be used as a means to not only set the emission wavelength but also 

coarsely control the pulse duration of mode-locked pulses. Indeed, pulse durations of 

245 fs, 363 fs, and 1 ps have been experimentally demonstrated around 2090–2095 nm 

for the 1st, 2nd, and 3rd orders, respectively. It was quite clear that the pulse durations 

increase and the corresponding optical bandwidths decrease with the higher orders. 

However, it is difficult to separate the SD-BRF narrowing effect from the effects of 

lower intracavity pulse energy when explaining the reduced bandwidth recorded with 

higher orders of the filter. It is believed that stable operation could be realised with 

higher orders but that the laser cavity parameters such as beam waists and dispersion 

would have to be additionally tailored for such mode-locking regimes. 

Based on the demonstrated performance, it can be concluded that the mode-locked 

Tm:LuScO3 laser could be used as a seed source for existing Ho3+-doped amplifiers in 

the 2050–2090 nm range. In particular, the >100 mW average power output level and 

~570 fs pulses (Δλ ≈8.5 nm) achieved with the 2% output coupler and the 2nd order of 

the BRF would be particularly suitable for the narrow gain bands of Ho:YAG at 

2090 nm. Additionally, when using the 1% output coupler, the gain peaks of Ho:YLF 

around 2050/2060 nm can be reached as well with an average mode-locked power of 

>50 mW.  

In regards to the characterisation of the SD-BRF using Tm:Lu2O3, the picture is not so 

clear. Once again the SD-BRF has shown that such a filter can be used to tune mode-

locked pulses over a broad range in the 2 µm region whilst maintaining sub-picosecond 

pulse durations. The performance achieved with the Tm:Lu2O3 laser when compared 

with that achieved with Tm:LuScO3 highlights the importance of choosing an 

appropriate gain material when trying to implement this technique, however. For 

Tm:LuScO3, as the inversion level increases there is very little change in the profile of 

the gain peak around 2100 nm. This allows the wide transmission bandwidth of the low 

order of the SD-BRF to continuously tune without hindrance. In contrast, and as 

previously discussed, the separate peaks in the Tm:Lu2O3 gain profile at ~2065 nm and 

~2090 nm become more pronounced as the inversion level increases. It is believed that 
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this is the main limiting factor when explaining the reduced mode-locked tuning range. 

Much broader mode-locked tuning has been demonstrated in the past from Tm:Lu2O3 

by using a slit and prism [234]. This would suggest that the use of the SD-BRF as a 

compact and robust means to spectrally tune mode-locked laser sources should be 

addressed on a case by case basis, considering the sources gain profile and the range of 

wavelength tuning required.  
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5 Ultrashort pulse amplification 

The direct generation of ultrashort pulses in the 2 µm region with the power levels 

required to be practically useful in applications such as materials processing, stand-off 

long distance spectroscopy, or SCG is often not possible. Instead, MOPA systems, as 

discussed in Section 2.4, are employed to boost the power of a seed with predefined 

spectral and temporal properties to the desired levels. Current solid-state laser amplifiers 

used to attain the required powers tend to utilize Ho3+-doped gain media such as 

Ho:YAG and Ho:YLF. Whilst the performance of these gain media have been widely 

reported in the past, they are not well suited for the amplification of ultrashort pulses in 

the hundreds of femtoseconds to few picoseconds pulse duration regime. The narrow 

gain bands around 2090 nm (Ho:YAG) and 2050/2060 nm (Ho:YLF) are better suited 

for the amplification of pulse durations in the pico- and nanosecond regime. In order to 

fully amplify the broad spectrum of ultrashort pulses, the amplifier gain medium should 

have equally broad gain in the wavelength region of interest. An approach that 

circumvents any mismatch in seed and amplifier gain is to utilize the same laser gain 

medium for both the seed oscillator and the amplifier. With excellent thermo-

mechanical properties and broadband gain in the 2050–2090 nm range, the Tm3+-doped 

sesquioxide Tm:Lu2O3 is well suited in this regard.  

This chapter will cover two separate investigations into the amplification of 

femtosecond pulse trains from diode-pumped Tm3+-doped sesquioxide seed sources. 

Firstly, a collaborative proof-of-concept experiment undertaken at Heriot-Watt 

University which used the diode-pumped mode-locked Tm:LuScO3 laser discussed in 

Chapter 4 as a seed source for a Ho:YAG slab amplifier. Secondly, the in-house 

evaluation of Tm:Lu2O3 as an amplifier gain medium for amplifying the power of the 

femtosecond pulse Tm:Lu2O3 seed source is covered.  

5.1  Ho:YAG narrow bandwidth amplifier 

The purpose of this collaborative experiment between Heriot-Watt University and 

Fraunhofer CAP was to evaluate the early performance of a newly created Ho:YAG 

slab amplifier and to investigate the feasibility of using a diode-pumped mode-locked 

Tm3+-doped sesquioxide laser as a seed source in lieu of a commercially available 

ultrashort pulse 2 µm fibre laser. This work was performed at Heriot-Watt University. 
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5.1.1  Slab amplifier setup 

A 55 mm long, 10 mm  1.5 mm in aperture 0.75 at.% Ho3+-doped YAG slab 

crystal, mounted between two mains-water-cooled copper blocks, formed the amplifier 

gain element (AGE) within the amplifier setup as depicted by that contained with the 

dashed box in Fig. 55. This slab was pumped by a diode-pumped Tm:YLF slab laser, 

developed by the group at Heriot-Watt, capable of emitting a maximum of 340 W at a 

centre wavelength of 1908 nm, matching the main absorption band of Ho:YAG [244]. 

Pump light was focused to waist radii of 2.7 mm and 0.1 mm in the x and y directions, 

respectively, using two AR coated lenses of focal length 228 mm (L5) and 114 mm (L6), 

while a silver mirror (M6) provided beam steering control. The positions of the focusing 

lenses and amplifier gain element were optimised by constructing a cavity around the 

Ho:YAG slab and optimising the CW laser performance. As this optimisation of the 

pump optic setup was undertaken prior to the commencement of the collaborative work 

it will not be discussed.  

 

Fig. 55. Ultrashort pulse Tm:LuScO3 seed and Ho:YAG amplifier setup used at Heriot-

Watt University. The Tm:YLF slab pump laser and Ho:YAG amplifier were contained 

within a windowed housing (dashed line) purged with dry air.  

Two dielectric mirrors, HR coated for 1760–2250 nm at a 45° angle of incidence (M4 

and M5), were used to direct and steer the seed beam towards the amplifier gain 

element. The lens L4 was used to focus the seed beam to a waist radius closely 

matching that of the pump in the vertical direction. During the amplifier experiments 

this lens was changed between a 200 mm spherical lens, a 200 mm cylindrical lens, and 

a spherical doublet pair with an equivalent focal length of ~136 mm. Simulations 

performed by the Heriot-Watt group found that a hypothetical cylindrical lens of focal 

length 136 mm would provide a reasonably good overlap with the 0.1 mm pump beam 
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radius in the vertical direction. A spherical lens of equivalent focal length was 

calculated to provide a waist of approximately 0.1 mm in both the x and y directions.  

After the focusing lens, the seed and pump beams were combined using a dichroic 

mirror (M7; HR 2100 nm and AR 1900 nm at 45°) and directed towards the Ho:YAG 

slab. A second dichroic (M8) then separated the two beams, directing the now amplified 

seed through a collimation lens (L7) and off another 45° HR coated mirror (M9) 

sending the beam towards the diagnostic equipment. Everything within the dashed box 

shown in Fig. 55 was placed inside a dry air box. This was done to maintain the 

performance of the Tm:YLF pump laser. 

5.1.2  Tm:LuScO3 seed source 

The ultrashort pulse seed source provided by Fraunhofer CAP used in these 

collaborative experiments was to be based on the diode-pumped tunable mode-locked 

Tm:LuScO3 source discussed in Section 4.3.2. Capable of average output powers of 

~120 mW and pulse durations of ~400 fs when tuned to 2090 nm, the source would be 

well suited to seed the Ho:YAG amplifier and to investigate the amplification of such 

ultrashort pulses. The addition of the SD-BRF would not only allow for targeting of the 

Ho:YAG gain peaks, whilst allowing for pulses with longer durations/narrower optical 

bandwidths, but would also define a polarisation for the seed source; this drastically 

reduces the loss that would be experienced by the normally randomly polarised seed 

beam on encountering an optical isolator. As the isolator is a key component required 

to maintain performance of the seed oscillator and protect it from any amplified signal 

that is reflected back along the beam path, it would be ill advised to go without it.  

In the process of rebuilding the laser source using more robust optical mounts for 

transportation, the failure of a pump laser diode and subsequent cracking of the laser 

crystal set back the planned delivery date of the source considerably. Unfortunately, this 

meant that in order to get the source installed at Heriot-Watt in as timely a manner as 

possible the implementation of the filter was not successfully completed. Issues faced 

when trying to achieve reliable mode-locking with the BRF in place could not be 

resolved. Ultimately this left the source more comparable to that discussed in Section 

4.1; devoid of the SD-BRF, randomly polarised and producing around 113 mW average 

output power, with pulse durations of approximately 200 fs at a central wavelength of 

2093 nm and a repetition frequency of 115 MHz. Whilst this would still be suitable for a 

proof-of-concept investigation, it did not represent the ideal seed source first envisaged.  
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5.1.3  Amplified pulses near 2093 nm 

With the Tm:LuScO3 ultrashort pulse seed source delivered and installed, reshaping 

and steering of the beam from the laser was required for it to match the pump waist 

within the slab amplifier. Two 45° HR coated dielectric mirrors (M1 and M2) placed 

directly after the output of the laser provided steering of the beam and directed it 

towards the reshaping optics. A telescope made up from a 150 mm focal length 

spherical lens (L1) and two cylindrical lenses, fx = 100 mm (L2) and fy = 200 mm (L3) 

reshaped and collimated the slightly astigmatic beam. After passing through the AR 

coated optical isolator (OI), a 45° HR coated dielectric mirror (M3) directed the beam 

through an AR coated window into the dry air box containing the amplifier. Mainly 

due to losses of the randomly polarised light on the optical isolator, the incident seed 

power on the amplifier gain medium was measured to be 57 mW.  

Experiments began by passing the seed beam through the Ho:YAG slab with no lens in 

place to focus the seed. No measurable amplification was detected. Next, a 200 mm 

spherical lens was placed in the position of L4 and amplification of the signal was 

measured after 63 W of incident pump power was applied. A maximum amplified 

power (Pout – Pseed) of 220 mW was measured for a pump power of 218 W. The spherical 

lens was then swapped for a cylindrical lens of equal focal length orientated to focus in 

the vertical direction. In this configuration a lower amplified power of 89 mW was 

recorded for the same applied pump power. Finally, a spherical doublet pair (f = 228 

mm and f = 341 mm) with an equivalent focal length of approximately 136 mm was 

used to focus the seed beam. The position of the lens was optimised for maximum 

amplified signal and an amplified power of 430 mW was measured for an applied pump 

power of 218 W. Increasing the pump power further to the maximum of 280 W saw a 

maximum amplified power of 480 mW. In terms of the total output power from the 

amplifier, this equated to 540 mW and a gain of approximately 10 (Fig. 56).  

Optical spectra of the amplified pulses were recorded at pump powers of 0 W, 44 W, 

and 125 W. Examining these spectra in Fig. 57, one can compare them to the incident 

seed pulse shown in Fig. 57(a). With no applied pump power the optical spectra was 

found to have significant dips in the profile at wavelengths near 2090 nm and 2097 nm 

[Fig. 57(b)]. These wavelengths correspond to prominent gain peaks for Ho:YAG and, 

due to the quasi-three level system found in Ho3+-doped gain media, feature some 

degree of absorption meaning that these dips are most likely caused by absorption of the 

seed by the amplifier gain element. When the pump power was increased to 44 W these 

dips were seen to be replaced with small peaks, as seen in Fig. 57(c). In addition to 
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these small peaks, the optical bandwidth of the pulse can be seen to have narrowed 

from a FWHM of 23 nm for the incident pulse to 15 nm for the amplified pulses 

(assuming a sech2 fit). This narrowing of the optical spectrum continues as the pump is 

increased to 125 W [Fig. 57(d)]. At this pump power the bandwidth of the optical 

spectrum has decreased to 12 nm, whilst the peaks at 2090.7 nm and 2097 nm have 

grown; the 2090.7 nm peak quite considerably. This reduction in optical bandwidth is 

due to the phenomenon of gain narrowing, whereby the centre of the broad optical 

spectrum experiences more gain than the wings. In the case of a seed pulse with a much 

narrower optical spectrum, a few nanometres for example, one would not expect to see 

such narrowing as the pulse would be fully amplified. In this scenario, this narrower 

pulse would be able to fully utilise the gain that can be seen near 2091 nm.  

 

Fig. 56. Gain and total amplifier output power characteristics from the Ho:YAG slab 

amplifier as a function of incident pump power for 57 mW of seed power. 

In the absence of an autocorrelator, bandwidths of the recorded optical spectra were 

used to infer a pulse duration assuming a TBP of 0.33. This TBP was found to be 

consistent for the Tm:LuScO3 seed laser when it was operating in the labs at 

Fraunhofer. However, it is appreciated that some dispersion would be expected from 

the various lenses and the Ho:YAG slab meaning that the post-amplifier pulse durations 

are rough approximations only. Following this assumption, pulse durations were 

estimated to vary from 210 fs for the seed pulse to around 400 fs for the amplifier output 

pulse at 125 W pump power. It is expected that further narrowing of the optical 

spectrum and inferred increasing of the pulse duration would have been recorded for 
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higher pump powers. Due to the requirement of the dry air box at higher pump powers 

though, it was impossible to redirect the beam towards the spectrometer when operating 

beyond 125 W pump power.  

 

Fig. 57. Optical spectra of the pulse recorded before the amplifier (a) and after the 

amplifier at pump powers of 0 W (b), 44 W (c), and 125 W (d).  

5.1.4  Conclusions 

While a gain of 10 is reasonable it is believed that considerably more gain could be 

achieved through optimisation of the amplifier setup. Considering the substantial 

mismatch in pump/seed overlap in the horizontal direction within the amplifier gain 

element when using the spherical doublet pair focusing lens, there is only a small 

fraction of the applied pump power that is deemed “useful” to amplification. To utilise 

this unused pump volume a multi-pass zig-zag setup would need to be employed. 

Alternatively, pre-amplification of the low power seed source in combination with a 

cylindrical focusing lens would provide a better overlap with the pump beam in the 

horizontal direction whilst increasing the fluence so as to match that achieved when 

using the spherical doublet pair. Indeed, a pre-amplifier based on a Tm:fiber pumped 

Ho:YAG rod had initially been planned for the system but time constraints prevented 

this from being realised. This Ho:YAG rod has since been developed into a Q-switched 

seed source by the group at Heriot-Watt and amplification experiments using the 

Ho:YAG slab amplifier have continued. Such nanosecond pulses are clearly better 
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suited to the narrow gain peaks of Ho:YAG, though the gain around 2091 nm is still 

enough to support the complete amplification of picosecond pulses.  

As a proof-of-concept investigation and given the time constraints, this collaboration 

should be classed as a success and will undoubtedly lead to further high energy joint 

experiments between Heriot-Watt University and Fraunhofer CAP in the future.  

5.2  Tm:Lu2O3 femtosecond pulse amplifier 

Following the collaboration with Heriot-Watt University, work to develop a system 

capable of fully amplifying femtosecond pulses in the 2–2.1 µm region within 

Fraunhofer began. This system would not seek to reach such high gain available from 

the likes of the Ho:YAG slab amplifier, instead it would be more of a pre-amplifier 

“power booster” based on a MOPA configuration. The arbitrary goal set for this 

amplifier system would be 1 W of average power and a pulse energy of 10 nJ.  

Whilst the Tm:LuScO3 seed source, having now been returned to Fraunhofer and 

successfully demonstrating tunable femtosecond pulses once again, had proved itself 

more than capable of generating the desired femtosecond pulses, the gain material is not 

well suited to fulfil the role of the amplifier gain material. To reiterate what has been 

said earlier in this chapter; in order to fully amplify the broad spectrum of ultrashort 

pulses, the amplifier gain medium should have equally broad gain in the wavelength 

region of interest. This would mean that Tm:LuScO3 would also need to be used in the 

amplifier. The use of Tm3+-doped LuScO3 in the amplifier is primarily limited by two 

factors; the gain materials availability and its low thermal conductivity restricting the 

use of high power pump sources. To the best of the authors knowledge, no commercial 

route currently exists to acquire Tm:LuScO3 gain elements. Furthermore, having 

already damaged a laser crystal with only 4 W of pump radiation, there were concerns 

that pump powers on the order of the tens of watts required to produce significant gain 

would result in considerable damage to the gain element. The Tm3+-doped sesquioxide 

laser gain medium Tm:Lu2O3 counters both of these limitations.  

As was shown in Section 4.2, the high thermal conductivity of Tm:Lu2O3 meant that 

high power pump sources could be used without increased risk of damaging the laser 

gain element. In addition, the commercial availability of ceramic gain media means that 

Tm:Lu2O3 gain elements for the amplifier could be sourced. Considering these points in 

combination with the previously discussed demonstration of the high average power 

mode-locked Tm:Lu2O3 laser, one makes a compelling case for a MOPA system based 
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on Tm:Lu2O3. An alternative option would be to use Tm:Lu2O3 as the amplifier gain 

media but use the Tm:LuScO3 femtosecond laser tuned to ~2060–2080 nm as the seed 

source. However, in this wavelength range the tunable femtosecond Tm:LuScO3 source 

was only able to generate output powers in the range of 71–106 mW. This is 

significantly less than that recorded from the mode-locked Tm:Lu2O3 laser source when 

tuned over the same range. As such, it was decided that a seed oscillator and amplifier 

both based on Tm:Lu2O3 would provide the best route to success.  

5.2.1  Spectroscopic evaluation of the amplifier 

Investigations into the use of Tm:Lu2O3 as an amplifier gain medium began by 

examining the luminescence spectrum under different pump intensities. In order to give 

the best chance of success, a high beam quality pump source in the form of a 

commercial Raman shifted Er:fibre laser was chosen. With a maximum output power 

of 30 W, an M2 beam quality factor of 1.2, and emitting at 1620 nm, this source would 

in-band pump the 3F4 – 3H6 lasing transition and provide the best possible overlap with 

the seed in the gain element. The output from the Raman laser was collimated at the 

end fibre facet by a factory installed lens assembly, resulting in a ~4.4 mm diameter 

beam. The beam was then focused into the 10 mm long, 6 mm  3 mm aperture AR 

coated 1.5 at.% Tm3+-doped Lu2O3 ceramic amplifier gain element (AGE) using a 250 

mm focal length lens. Waste heat was extracted from the gain element by mounting it 

between two water-cooled copper blocks maintained at 20°C, using indium foil to 

ensure good thermal contact. A 2 inch diameter lens with a focal length of 60 mm 

placed behind a 1.65 µm silicon substrate longpass filter was used to collect the 

luminescence and couple it into a multimode fibre that was connected to a high 

resolution optical spectrum analyser. The luminescence spectra for pump powers of 0.5 

W, 2.2 W, 4 W, and 5.5 W can be seen in Fig. 58. 

As one would expect, the general profile of the emission spectrum recorded is very 

similar to that reported in the past [245]. Peaks between 1760 nm and 1820 nm line up 

well with features recorded in previously published results, as do the main emission 

peaks at 1943 nm and 1965 nm. The effect of atmospheric water absorption can be see 

between approximately 1820 nm and 1930 nm where the comparatively smooth 

emission spectra becomes spikey. The inset of Fig. 58 details the region of interest in 

regards to mode-locking of Tm:Lu2O3 sources and the target wavelength used in these 

amplification experiments.  
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Fig. 58. Luminescence spectra collected from the ceramic Tm:Lu2O3 amplifier gain 

element when in-band pumped at incident pump powers of 0.5 W, 2.2 W, 4 W, and 

5.5 W. Inset shows a zoomed in view of the spectral region of interest around 2080 nm.  

The spectra did raise some concerns as to how much gain would be available around 

2060–2100 nm for the amplification of the ultrashort seed pulses. When lasing, the 

available gain is dependent on the inversion level; only in low inversion scenarios is the 

gain beyond 2 µm greater than that found around 1943 nm and 1965 nm. It is clear 

looking at the recorded emission spectra that the intensity of the peaks at 1943 nm and 

1965 nm are considerably higher than those beyond 2 µm. It was feared that at high 

pump powers a significant amount of gain would go onto these lines and therefore not 

be used in the amplification of the ultrashort pulses.  

5.2.2  Tm:Lu2O3 seed source 

Having decided to use Tm:Lu2O3 as the amplifier gain medium it made sense to also 

use a Tm:Lu2O3 laser source as the seed. As discussed, this does away with needing to 

tune over large spans to match the gain peaks of the amplifier and ensures the broad 

spectrum of the seed will be fully amplified. The six mirror diode-pumped mode-locked 

Tm:Lu2O3 source presented in 4.2 was used as a seed source going forward with these 

amplification experiments. This mode-locked laser source was able to achieve output 

powers up to 500 mW with similar temporal and spectral properties as those previously 

demonstrated. A beam divergence measurement also showed that the output beam from 

the laser was near-diffraction-limited with an M2 of approximately 1. Before attempts to 
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amplify the seed source were made it was important to analyse its long term stability. 

Fig. 59 shows the long term power stability recorded over three hours. After an initial 

warm-up period of roughly 20 minutes, the output power was found to remain around 

493 mW (rms = 0.1 %) over the remainder of the test with the run being manually 

terminated after a further 165 minutes (2 hr 45 min). It was fully expected that such 

performance could have been maintained for longer if allowed to. Given there were no 

fluctuations in the output power it can be assumed that pulse durations remained near 

constant over the run.  

 

Fig. 59. Long term power stability of the ultrashort pulse Tm:Lu2O3 seed laser recorded 

over nearly three hours. Inset shows a zoomed in view of the power fluctuations. It is 

believed that the larger instantaneous drops recorded over this run are more likely to be 

due to contaminants, dust, etc., passing through the beam rather than degradation of 

power caused by thermal or mechanical instabilities.  

5.2.3  Amplified pulses near 2080 nm 

With the seed source performing reliably, evaluation of Tm:Lu2O3 as a gain medium 

for the amplification of ultrashort pulses in the ~2–2.1 µm region could begin. Seed and 

pump reshaping optics were chosen so that the pump and seed closely matched a waist 

size in the amplifier gain element of approximately 50 µm radius when using a common 

focusing lens. The seed beamline, as shown in red in Fig. 60, consisted of a gold coated 

steering mirror orientated at a ~50° angle of incidence (M6), a plano-convex spherical 

lens telescope (fL3 = 50 mm, fL4 = 75 mm), and dielectric steering mirror (M7; HR 2050 

nm, AR 1620 nm) orientated at an angle of incidence of ~4° . The telescope resized and 
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collimated the seed laser output beam from diameters of 1.6 mm and 1.8 mm, in the x 

and y directions respectively, to beam diameters of 2.3 mm and 2.8 mm. An AR coated 

optical isolator (OI) with a 4 mm diameter clear aperture was placed in the beam path 

after the telescope and introduced losses in the region of 9%. A gold coated flip mirror 

orientated at a 45° angle of incidence was used to allow for fast transition between seed 

oscillator diagnostic equipment (power meter, spectrometer, and autocorrelator) and 

steering the beam towards the amplifier. This flip mirror is not shown in the optical 

setup shown in Fig. 60. In addition, lenses L3, L4, L7, and L8 were broadband AR 

coated for wavelengths between 1.65 µm and 3 µm and made from CaF2.  

 

Fig. 60. Experimental setups used during the Tm:Lu2O3 MOPA investigations in the 

single-pass (a) and double-pass (b) configurations.  

The pump beam was reshaped through a telescope consisting of two plano-convex 

spherical AR coated, NBK-7 lenses (fL5 = 75 mm, fL6 = 25.4 mm) and passed through 

the dichroic mirror M7 in a direction collinear to the seed beam. The telescope resized 

the pump beam from an average diameter of 4.4 mm to 1.4 mm. The combined seed 

and pump beams were then focused through a common plano-convex spherical lens of 

focal length 75 mm (L7). The measured waists at the position of the amplifier gain 

element (AGE) for the seed and pump beams were 46 µm x 43 µm and 53 µm x 52 µm, 

respectively. These measurements were carried out using a scanning slit pyroelectric 

detector beam profiler. A plot of the measured beam sizes, showing a slight astigmatism 

in the pump, can be seen in Fig. 61. A 100 mm focal length lens (L8) collimated the 

post-amplifier seed and pump beams before the beams went further down the beamline. 

The process and included optics beyond this point will be discussed in the following 

subsections detailing the single-pass and double-pass amplification results.  
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Fig. 61. Modal overlap of the seed and pump beams in the horizontal (a) and vertical 

(b) directions. The grey area, representing the gain element, gives some indication of 

how these waists would sit within the gain element. 

Single-pass 

In the single-pass configuration [Fig. 60(a)], the amplified output power was 

measured directly after the gain element following the collimation lens L8 and a 

1.65 µm longpass pump filter (PF). Measurements of the pump filters transmission at 

the seed wavelength provided a transmission loss figure of approximately 11%. It was 

found that of the ~11% transmission loss, nearly 10% of the incident 2 µm seed light 

was reflected. It is presumed that the remaining percentage of lost seed light was 

absorbed by the filter. These losses were taken into account when examining the 

amplifiers performance. At the pump wavelength, the filter was found to reflect 

approximately 93% of the incident light when aligned at a small non-normal angle of 

incidence. The small percentage of light that was transmitted by the filter could be 

accounted for by recording the response of the power meter in the absence of any seed 

and then subtracting it from the total measured power in the presence of the amplified 

seed. Significant heating of the filter at higher pump powers suggested that the filter also 

absorbed some of the pump radiation.  

The single-pass power amplifier was fully characterised at an average seed output power 

of 458 mW (392 mW incident power on the amplifier gain element). The corresponding 

pulse duration and optical bandwidth of the seed pulses at this output power were 

recorded as 327 fs and 14.6 nm, respectively. At a central wavelength of 2080 nm, this 

equated to a TBP of 0.33. After optimisation of the waist positioning and mode overlap 

within the gain element a maximum amplifier output power of 556 mW for an absorbed 

pump power of 10.3 W (incident pump power of 27 W) was recorded. This equated to a 

gain of 1.4 (Fig. 62). Recorded optical spectra and intensity autocorrelation traces for 

the amplified pulse train at various different pump powers showed little to no change in 

the pulse profile or duration with increasing pump power. The optical spectra and 
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autocorrelation traces for the input pulse and the output pulses recorded at absorbed 

pump powers of 0.7 W, 4.8 W, and 10.3 W are shown in Fig. 63.  

 

Fig. 62. Gain and total amplifier output power characteristics from the Tm:Lu2O3 

amplifier in the single-pass configuration with an incident seed power of 392 mW.  

Whilst the traces in Fig. 63 show very little change in the optical bandwidth or pulse 

duration one would expect some kind of broadening and chirp to be imparted on the 

pulse due to material dispersion. Due to the “long” pulse durations used here and the 

combined GDD of the CaF2 lenses and Tm:Lu2O3 gain element at 2080 nm being 

approximately -661 fs2 (effective thickness of CaF2 = 19.2 mm at -25.5 fs2/mm plus 

10 mm of Lu2O3 at -17.1 fs2/mm) this broadening would be expected to be only very 

slight though. A Gaussian pulse with a similar pulse duration of 330 fs would only be 

theoretically broadened by 0.05 fs according to (2.11). Indeed, it would take a much 

shorter incident pulse for any detectable broadening to occur; for example, a 33 fs pulse 

would be broadened to 65 fs through the same dispersive elements. The apparent 

broadening of the recorded pulses at higher pump powers as seen in Fig. 63(g) and Fig. 

63(h) is more likely to be the result of fluctuations in the pulse durations of the 

incoming seed pulse as similar broadening is not seen at the lower pump powers. 

Regarding any imparted chirp; with the negative GDD one would expect the chirp to be 

negative (blue travelling faster than red). In the intensity autocorrelation used, no 

qualitative information about the chirp can be gathered. An interferometric 

autocorrelation would provide some information, but for a much clearer and more 

accurate result a FROG approach, for example, would provide a full characterisation of 
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any imparted phase change. However, as the apparatus to perform such a 

characterisation was not available it was not undertaken.  

It should also be highlighted that the optical isolator and mirrors have been excluded 

from this analysis purely on the grounds that their material composition could not be 

found, as in the case of the isolator, or it was assumed that the thin dielectric or metallic 

layers found on mirrors and AR coatings would introduce negligible dispersion in 

comparison to the dispersion introduced by other optics. Regardless of their inclusion, it 

is still felt that the most prevalent sources of material dispersion in the beamline are the 

amplifier gain element and the CaF2 lenses. In the case of much shorter pulse durations 

when even a single lens would introduce a measureable increase in pulse duration, a 

greater effort to ascertain values of GDD for the likes of the optical isolator and mirror 

coatings would need to be made.  

 

Fig. 63. Recorded optical spectra and autocorrelation traces for the pre-amplifier seed 

pulses [(a) and (b)] and for the single-pass amplified pulses under 0.7 W [(c) and (d)], 

4.8 W [(e) and (f)], and 10.3 W [(g) and (h)] of absorbed pump power.  

Double-pass 

With the intention of extracting more energy from the amplifier, the single-pass 

amplifier was modified to achieve a second pass through the amplifier gain element. 

For this double-pass configuration the pump filter was removed and a further two 

mirrors along with a thin film polariser (TFP) and quarter-wave plate were added to the 

amplifier beamline [Fig. 60(b)]. The AR-coated zero-order quartz quarter-wave plate 

and dielectric mirror (M6; HR 2050 nm, AR 1620 nm) were orientated and aligned 
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together to rotate the polarisation of the incoming horizontally polarised beam (p-

polarisation) by 90° and direct the beam back along the beam path. A pin hole placed 

between M7 and L7 was used to align the second pass, now vertically polarised (s-

polarisation), and achieve reasonable overlap with the pump volume within the gain 

element. The TFP, coated for <1% reflectivity for p-polarised light at 2050 nm and 

>99.8% for s-polarised light when orientated at an incident angle of 56°, was then used 

to pick off the second pass beam, directing it towards a gold coated mirror aligned at an 

approximately 54° angle of incidence which then directed the amplified beam out of the 

amplifier setup towards diagnostic equipment. Despite the added complication of the 

quarter-wave plate and TFP, power measurement was made easier with the removal of 

the pump filter and the separation of the pump and amplified seed beams. In the 

double-pass configuration the unabsorbed pump power could be directly measured after 

M8 while the amplifier output power could be measured at the output of the amplifier 

setup taking into account ~3% loss on the final gold mirror M9. Whilst some pump 

radiation was still found to leak through to the 2 µm detector on the amplifier output its 

negligible value (<1% of the detected amplifier output power) meant it could be 

ignored.  

Optimal alignment of the double-pass was attained through fine adjustment of M8 and 

translation of the collimation/focusing lens L8. Performance of the amplifier was found 

to be very sensitive on the pointing of M8, presumably due to any large changes in 

pointing angle causing the second pass to move completely out of the pump volume. 

The positioning of L8 provided more a gradual variation in performance as the waist 

within the gain element was changed to match the pump waist and achieve the best 

pump overlap. Additionally, losses on the TFP were found to be very sensitive on the 

angular alignment of the quarter-wave plate. This is to be expected, as if the fast axis of 

the wave plate is orientated at an angle near but not equal to 45° to the incident p-

polarised seed light the linear polarisation will be converted to elliptical polarisation 

rather than circular. This has the knock on effect of not being converted into truly linear 

s-polarised light when encountering the wave plate again, leading to losses through 

reduced reflectivity on the TFP.  



 

 

119 

 

Fig. 64. Gain and total amplifier output power characteristics from the Tm:Lu2O3 

amplifier in the double-pass configuration with an incident seed power of 405 mW. 

The highest output from the double-pass amplifier was recorded at an average incident 

seed power of 405 mW (472 mW seed output power). At this output power, input 

pulses were recorded to have a pulse duration of 305 fs at a central wavelength of 2081 

nm and an optical bandwidth of 16 nm. This indicated a TBP of 0.34. For an absorbed 

amplifier pump power of 13.7 W (incident pump power of 27 W), a total amplifier 

output power of 855 mW was recorded corresponding to a gain of 2.1 (Fig. 64). 

Examining the power curve it can be seen that the achieved output power does not 

appear to saturate as rapidly as that seen in single-pass configuration. This would 

suggest that the maximum output power recorded here was limited by the available 

pump power. By projecting the recorded curve to higher pump powers, an asymptotic 

saturation value for the total output power of approximately 875 mW is attained at an 

absorbed pump power of 30 W. This would equate to a small increase in gain to a value 

of 2.16.  

As was found with the single-pass amplifier, very little change in the pulse profile or 

duration was observed between the input pulse and the traces recorded at the output of 

the double-pass amplifier when pumped at various different powers. The optical spectra 

and autocorrelation traces for the input pulse and the output pulses at absorbed pump 

powers of 0.8 W, 6.4 W, and 13.7 W are shown for reference in Fig. 65(a) and Fig. 

65(b), Fig. 65(c) and Fig. 65(d), Fig. 65(e) and Fig. 65(f), and Fig. 65(g) and Fig. 65(h), 

respectively. Material dispersion would of course be expected to have some effect on the 

pulse duration, especially in the double-pass configuration where the effective length of 
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the dispersive medium is nearly doubled. However, for the ~305 fs long input pulses the 

increase in pulse duration is only approximately 0.15 fs according to (2.11), assuming a 

GDD equal to -1048 fs2 for the 20 mm effective gain element length and 27.7 mm of 

CaF2. The change in pulse durations recorded in Fig. 65 is more likely due to 

fluctuations in the seed laser changing the duration of the input pulse rather than any 

substantial dispersion in the beamline. For example, by (2.11) an increase in pulse 

duration from 305 fs to 310 fs would require -6100 fs2 of dispersion. This would be 

roughly equivalent to a 24 cm long block of CaF2 sitting in the beamline. 

 

Fig. 65. Recorded optical spectra and autocorrelation traces for the pre-amplifier seed 

pulses [(a) and (b)] and for the double-pass amplified pulses under 0.8 W [(c) and (d)], 

6.4 W [(e) and (f)], and 13.7 W [(g) and (h)] of absorbed pump power. 

The small signal gain of the amplifier was also measured in this double-pass 

configuration. To achieve this, the seed input power (pulse energy) was attenuated 

using a step variable metallic neutral density filter with optical densities of 0.1, 0.2, 0.3, 

0.4, 0.5, 0.8, 1.0. Placing the filter before M6 allowed the initially unattenuated incident 

seed power of 407 mW to be varied from 60 mW to 354 mW in discrete intervals. The 

amplifier gain as a function of the incident seed power for pump powers of 10 W, 15 W, 

and 27 W can be seed in Fig. 66. A maximum gain of 2.2 was recorded at the 

maximum pump power applied for an incident seed power of 60 mW. Increasing the 

seed power to its maximum by completely removing the filter provided a gain of 2.1 at 

the same pump power level. As the difference in values of gain between the small input 

signal and the large input signal is only slight, it would suggest that the seed powers 

used here are close to the saturation intensity/power of the laser amplifier. The fairly 

rapid onset of saturation seen from both the single- and double-pass amplifier is most 
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likely due to losses caused by amplified spontaneous emission around 1940 nm. This 

loss mechanism is common in laser amplifiers and dominates at increased pump 

powers [186]. Parasitic lasing, another common loss mechanism, was not observed.  

 

Fig. 66. Measured small and large signal gain values from the Tm:Lu2O3 amplifier for 

different levels of absorbed pump power.  

5.2.4  Conclusions 

To the best of the authors knowledge this was the first demonstration of an ultrashort 

pulse MOPA system based entirely on the Tm:Lu2O3 sesquioxide ceramic gain medium. 

Even though the gain achieved is considerably lower than that attained in the more 

conventional Ho:YAG amplifier discussed in the Section 5.1, the consistency in 

recorded pulse durations and optical profiles is in stark contrast to that found with 

Ho:YAG and demonstrates the benefit of using the broad gain bandwidth of Tm:Lu2O3 

in the amplification of ultrashort pulses. While no saturation of gain was experienced 

with the single-pass Ho:YAG amplifier, a clear roll-off around 7 W can be seen in Fig. 

62 for the single-pass Tm:Lu2O3 amplifier. Improved output powers were achieved from 

the double-pass configuration. At the maximum applied pump, an average output 

power of 855 mW, corresponding to a pulse energy of 10.4 nJ, was achieved. Though it 

is anticipated that the availability of more pump power would realise slightly higher 

output powers in the double-pass configuration, the simplest route to higher output 

powers would be to optimise the coatings of the mirror and lens used, reducing the 

losses of the seed though the beamline and increasing the incident seed power. For 
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example, the gold steering mirrors used had a manufacturer specified reflectivity of 

~97% at a 45° angle of incidence. These could be replaced with off-the-shelf low GDD 

>99% reflectivity, 45° angle of incidence mirrors relatively easily and, had time 

allowed, would have been installed in the next iteration of the double-pass amplifier. 

This improved version would have also replaced L7 and L8 with equivalent focal length 

achromatic doublets with the aim of producing a tighter waist with reduced aberrations 

within the gain element thus enhancing the performance of the amplifier by providing a 

superior overlap over that achievable with plano-convex spherical singlet lenses. A 

more challenging route to improve the performance of the amplifier would be to 

redesign it more akin to that seen in Fig. 18(a). This form of multi-pass design would 

facilitate many more passes through the AGE and would allow for a more thorough 

investigation of gain as a function of the number of passes. Most importantly though, in 

regards to compactness and moving towards fully diode-pumped systems, would be the 

move from a Raman fibre amplifier pump source to a fibre-couple diode laser source.  

Although the optical setup of the MOPA system was built in a relatively compact form 

factor that comfortably fitted on a 0.9 m  0.6 m breadboard (Fig. 67), the Raman 

shifted Er:fibre laser used as a pump source for the amplifier is itself bulky, easily able to 

occupy half of the breadboard alone, and expensive as a commercial laser source. 

Fibre-coupled laser diode modules around 795 nm, as discussed, offer a much more 

compact and more powerful alternative pump source at the expense of beam quality. 

This reduction in beam quality would certainly bring challenges when considering 

mode overlap but these could be offset with the maximum available power.  

 

Fig. 67. Top down view of the Tm:Lu2O3 MOPA on a 0.9 m  0.6 m breadboard. Inset 

shows the Tm:Lu2O3 amplifier gain element with visible upconversion emission.  

The replacement of the Raman fibre pump source with a laser diode module would 

certainly have be undertaken if striving to create a compact and affordable ultrashort 
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pulse laser source in the 2–2.1 µm region. If the performance presented in this section 

can be matched or improved upon with the use of a laser diode based amplifier pump 

source at 795 nm, then that would represent a significant step towards the development 

of a fully diode pumped ultrashort pulse laser source capable of acting as a seed source 

for further high energy amplification in the 2 µm region or as a fundamental source for 

spectral broadening techniques such as SCG [97,105] or optical parametric 

conversion [52,96] to access the further mid-IR.  
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6 Tm-doped sesquioxide waveguide 

laser: towards the development of  
compact 2 µm sources 

In the previous chapters of this thesis we have developed compact and robust 2 µm 

laser sources primarily by targeting the pump source. Another potential route would be 

instead to look at the main oscillator cavity. Fibre based sources do a good job of this; 

utilizing the flexibility and robustness that comes naturally with fibre drawn gain media 

combined with fibre-coupled pump modules allows for the entire system to be neatly 

spooled into a compact housing. Good modal confinement within the fibre core also 

leads to low laser thresholds and high efficiency. However, achieving direct lasing in the 

2–2.1 µm region is not straight forward when using a doped fibre gain medium. As 

discussed in Chapter 1, fibre laser sources around 2 µm tend to either be spectrally 

shifted Er:fibre sources or Tm:fibre pumped Ho:fibre sources. The requirement of 

additional nonlinear stages and numerous pump sources leads to an increased overall 

system cost and reduced efficiency. Whilst it has been shown that the Tm3+-doped 

sesquioxides are capable of accessing the 2–2.1 µm region, the difficulties faced when 

growing the gain media mean that drawing it into a fibre would be extremely difficult. 

Fortunately, other approaches to produce fibre like waveguide structures exist and 

provide a means to gain the associated benefits of fibre based media in what are 

conventionally solid-state gain media. Some examples of these techniques are 

introduced below.  

A well proven route to fabricate both planar and channel waveguide devices is that of 

the ion-exchange technique [246]. Typically, heavily doped sodium-rich glasses are 

placed in a salt melt in which ions from the melt diffuse into the glass in exchange for 

the sodium ions. This results in a localised change in refractive index. By 

photolithographically patterning the substrate prior to submersion in the melt, one can 

define the regions of index change and produce waveguide structures. Despite being 

used to demonstrate waveguide lasers based on a wide variety of dopants, including 

Tm3+ [247], the technique is limited only to doped glasses. Unfortunately this rules out 

its use with Tm3+-doped sesquioxides.  

A waveguide fabrication technique open to all forms of solid-state gain media is found 

with the use of rib channel waveguides. These structures are produced by etching a 
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specially designed and constructed layered gain substrate [248] using standard 

photolithography methods, such as Ar+-ion etching [249]. The end result is a small strip 

of gain medium capable of guiding both the pump and lasing modes. Whilst this 

method has been used to successfully demonstrate a Tm3+-doped waveguide lasers in 

the past [250,251], the etching stages require the use of complicated technology and, as 

a result, are time consuming and expensive. Another method, similar in that the 

waveguide is fabricated by the removal of material, uses diamond saw dicing to 

precisely grind away unwanted areas of the gain layer leaving only the waveguide 

structure. This process benefits from the well-known and commercialised technology, 

more commonly used for silicon wafer cutting, and has recently used to demonstrate 

Tm:LiYF4 [252,253] and Tm:KYW [254] waveguide lasers capable of low threshold 

and high efficiency operation.  

An alternative approach to produce waveguide structures in bulk material, without the 

need to remove material or use costly etching equipment, is that of ultrafast laser 

inscription (ULI). This method utilizes multiphoton absorption to induce a change in 

the refractive index of the material. Light can then be guided along the inscribed line or 

in-between the lines depending on whether the refractive index of the modified region 

has increased or decreased. Much recent work has gone into writing waveguides into 

doped crystals, ceramics, and glasses [255], demonstrating this methods capability to 

quickly and cleanly produce waveguides in a wide array of substrates.  

The application of these compact sources in the 2–2.1 µm regime would be very similar 

to any other source emitting in the same range, the main differences being the size of 

the final device and the low power required to reach threshold. Combining the quasi-

monolithic cavity with diode pumping brings the possibility of an ultra-compact and 

transportable source that can be taken into the field. Such a laser source could be used 

in part for real-time environmental monitoring in areas of interest or as a precise breath 

analysis tool in regions lacking medical access. CW mid-IR solid-state lasers could also 

be well suited to provide a stop-gap solution as the driving source for 2 µm 

telecommunications. Numerous examples of low threshold Tm:waveguide lasers have 

been reported in recent years, fabricated in glass [256,257], crystalline [252,254], and 

ceramic [258,259] substrates using various fabrication techniques. Whilst these sources 

currently tend to use Ti:sapphire pump sources and butt-coupled conventional bulk 

mirrors when demonstrating laser action and characterising performance, the move to a 

more compact configuration is not beyond the realm of possibility. Dielectric coatings 

applied directly onto the substrate facets provides a relatively straight forward route to 

removing bulk mirrors but would be costly when trying to achieve the narrow linewidth 
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operation required for techniques such as wavelength division multiplexing. A truly 

robust and monolithic approach would be to integrate Bragg gratings into the 

waveguide to form distributed feedback or distributed Bragg reflector structures [260]. 

Numerous waveguides could then be fabricated in the same substrate material and 

modified to operate at specified wavelengths. Commercial single mode laser diodes 

around 808 nm and 1625 nm are now available with appreciable power to be 

considered as pump sources for these waveguide lasers, removing the need for large and 

expensive Ti:sapphire pump sources. Techniques such as dichroic beam combining 

could then be used to increase the available pump power such that one pump module 

could pump multiple waveguide lasers. With appropriate engineering, the entire 

multiple emitter waveguide laser could be packaged into a housing suitable for the 

demanding environment found in telecom racks.  

If the demand for a new telecom band grows, such efficient diode-pumped solid-state 

Tm3+-doped waveguide lasers could be developed into a solution until reliable 

semiconductor laser diode sources for 2 µm become available. Mode-locking of these 

miniature cavities would then realise gigahertz repetition frequency combs; commonly 

known as “astrocombs” due to their application in the calibration of spectrographs used 

in astronomy [261].  

This chapter covers an early investigation in combining the unique optical and thermo-

mechanical properties of Tm:Lu2O3 with ultrafast laser inscription to create a compact 

and robust microchip laser source capable of emitting in the mid-IR spectral region.  

6.1  Tm:Lu2O3 waveguide laser 

While waveguides have been successfully fabricated in many Tm3+-doped glasses 

and crystal hosts in the past, there had previously been no reported demonstration of 

waveguides constructed in the Tm:Lu2O3 gain medium. The benefits this host brings in 

terms of thermal conductivity and shifting of the spectrum beyond 2 µm have been 

discussed in previous chapters. The increase in thermal conductivity is especially clear 

when comparing Lu2O3 to glass. As an initial proof of concept, waveguides were 

fabricated in a ceramic sample of Tm:Lu2O3.  

Using the method of ULI, waveguides were written with a number of different 

parameters covering a range of pulse energies and inscription track separations. This 

was done in order to fully characterise the properties of the fabricated waveguides and 

to give a better chance of finding a waveguide suitable for sustaining laser action.  
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6.1.1  Fundamentals of ultrafast laser inscription 

The underlying phenomena behind ultrafast laser inscription is that of multi-photon 

absorption. Conventional linear absorption will only occur if the photon energy is equal 

to or larger than the bandgap energy of the material. However, under high optical 

intensities the simultaneous absorption of two or more lower energy photons means it is 

possible to bridge the bandgap (Fig. 68). By this process a material that is transparent 

under normal radiation will absorb when the photon density reaches a critical point. 

For example, a material could be transparent at 1030 nm but given a high enough 

photon density absorption occurs and energy is deposited in the material. Clearly, to 

reach this critical point the photon density must be very high. As such, the densities 

required are only possible at the tightly focused waist of ultrashort pulsed lasers where 

extremely high irradiances on the order of 1013 W/cm2 are achieved. Similar to that 

observed in multi-photon fluorescence microscopy, only the material within the volume 

of the waist is excited whilst the surrounding material remains unchanged. Within the 

waist volume, the nonlinear ionisation processes of tunnelling ionisation, 

photoionisation, and avalanche ionisation lead to high temperatures and pressures 

through an induced micro-plasma, imprinting a permanent change in the structure of 

the material [262,263]. It is this process that allows for the fabrication of highly detailed 

micro- and nano-scaled structures. Utilising the imprinted structural change for selective 

etching means that devices such as micro-fluidic channels and high quality factor 

micro-toroids can be produced, opening up the fabrication technique beyond that of 

purely waveguide optical devices. These optical devices are not limited to waveguide 

lasers, however. Examples of interferometers [264] and Bragg gratings [265] have also 

been reported. 

 

Fig. 68. Simplified schematic of multi-photon absorption. Traditional linear absorption 

is shown on the left, while multiphoton absorption is depicted on the right. In this case, 

three photons have been required to bridge the bandgap.  
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Examining the waveguide fabrication process in more detail means discussing the 

different waveguide structures that can be written. Depending on the material properties 

and the inscribing laser parameters one of two modifications can be made. These are 

generally referred to as Type I and Type II [266]. In Type I, the modification causes the 

refractive index of the localised material to increase relative to the surrounding 

unirradiated bulk substrate (Δn > 0). Therefore guiding, in this case, occurs within the 

modified region [Fig. 69(a)]. It is also possible to inscribe two damage lines either side 

of an unirradiated region which acts like the waveguide core. This is known as Type II 

(Δn < 0). In this case, guiding is made possible through the stress induced refractive 

index modification effect, reducing the refractive index around the damage line such 

that guided mode is supported between the lines [Fig. 69(b)]. A variation of Type II 

guiding is possible when the unirradiated guiding region is surrounded on all sides by 

lower index damage lines. This structure is known as depressed cladding [Fig. 69(c)]. 

 

Fig. 69. Ultrafast laser inscribed waveguides in a substrate. Type I, Type II, and 

cladding waveguides can be seen in (a), (b), and (c), respectively. The red dotted ellipses 

show the guiding regions. A top down view of the inscribed tracks forming the 

waveguides in the Tm:Lu2O3 substrate can be seen in (d). A 0.5 mm scale bar has been 

included. 
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6.1.2  Tm:Lu2O3 waveguide fabrication and analysis 

Arrays of 10 mm long tracks were written in the 2.3  5  10 mm sample of 1 at.% 

Tm3+-doped Lu2O3 ceramic using different pulse energies and track separations. The 

inscriptions were performed at Heriot-Watt University using an ultrashort pulse laser 

emitting 200 fs pulses at a pulse repetition frequency of 500 kHz and a central 

wavelength of 1040 nm. Using a 0.4 NA aspheric lens the inscription beam was focused 

to a spot diameter of approximately 1.8 µm, 300 µm beneath the surface of the sample. 

The inscription depth was chosen to avoid any surface ablation during the writing 

process. The Tm:Lu2O3 substrate was translated through the focus of the laser at a 

constant speed of 5 mm/s. This translation speed was selected after taking into account 

the capabilities of the translation stages, writing time, and ensuring good overlap of the 

pulses within the substrate. Pulse energy over the waveguide arrays was varied from 

0.4–5 µJ, while track separations of 20 µm and 30 µm were used. A full list of the 

inscription parameters for each guide can be found in Table 6 in the appendix. Once the 

fabrication process had been complete, the sample end facets were ground back and re-

polished to optical quality. This grinding was performed to remove any defects caused 

by clipping of the inscription beam near the edges of the sample and resulted in a final 

waveguide length of 9 mm.  

Guiding characteristics of the fabricated waveguides were initially studied in a passive 

manner using a 980 nm fibre-coupled diode laser. Using the setup shown in Fig. 70(a), 

the output from the laser source was collimated using a 2.75 mm focal length aspheric 

lens (L1) before being coupled into the waveguide under investigation (WG) with a 

11 mm focal length aspheric lens (L2). The resulting spot from the second aspheric lens 

had a diameter of 24 µm. The rear end of the waveguide was imaged using a 20x 

microscope objective (L3), through a variable attenuator (VA) onto a CMOS camera. 

With the Tm:Lu2O3 substrate and coupling lens mounted on their own x, y, z translation 

stages, the guiding properties of the inscribed waveguides could then be viewed.  

For the track waveguides written with pulse energies from 0.4–0.8 µJ, Type I guiding 

was observed. The guiding mode was found to overlap with the modified region as seen 

in Fig. 70(b). Type II guiding was observed in the structures written with pulse energies 

of 0.9–3 µJ [Fig. 70(c)]. In this range, tracks written with a 20 µm separation were found 

to support single mode operation while tracks separated by 30 µm were found to be 

multi-mode. The guiding properties of tracks written with pulse energies of >3 µJ were 

found to be limited. This can be associated to large material damage features that were 

viewed surrounding the inscribed tracks. Additionally, Type II guiding was found to be 
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strongly polarisation dependant. Only light polarised parallel to the y-axis would guide. 

The likely cause of this strong dependence is a combination of the asymmetrical 

structure of the waveguide and the stress induced in the irradiated tracks during the 

inscription process. 

 

Fig. 70. (a) Optical setup used to investigate the guiding characteristics of the fabricated 

tracks in the Tm:Lu2O3 substrate. PC, polarisation controller; M1 and M2, silver 

mirrors; BD, beam dump. Mode images of Type I and Type II guiding in waveguides 

written with a 20 µm track separation are shown in (b) and (c), respectively. Red dashed 

ellipses indicate the location of the inscribed tracks. A 10 µm scale bar is included.  

6.1.3  Waveguide laser results 

To test the potential for laser action with the inscribed waveguides, a cavity was 

formed around the sample using two plane dielectric mirrors mounted up against the 

uncoated 2.3 mm  5 mm end facets. The input pump mirror (PM) was coated for high 

reflectively in the 1.9–2.1 µm region and high transmission at the pump wavelength of 

796 nm, while the output couplers (OC) used were coated for transmissions of 2%, 9%, 

20%, 30%, 40%, and 75% between 1.9–2.1 µm. A linearly polarised Ti:sapphire laser 

tuned to 796 nm with a maximum output power of 2 W was used as the pump source. 

The pump beam was coupled into the waveguides using a 20 mm focal length aspheric 

lens (L1), resulting in an average diameter spot size of 28 µm. Incident pump power 

could be varied using a half-wave plate (HWP) and polarising beam splitter (PBS). As 

in the guiding characterisation setup, the Tm:Lu2O3 sample with its inscribed 

waveguides (WG), and the pump lens L1 and the imaging aspheric lens (L2) were all 
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mounted on their own x, y, z translation stages. However, in this case the sample was 

mounted on a water-cooled cooper block and kept at a constant temperature of 20 °C. 

The layout of the entire set up can be seen in Fig. 71. Using this configuration, pump 

light was coupled into each waveguide in the array in turn with the alignment checked 

at low power using L2 to image the waveguide end facet onto a camera sensor using a 

variable attenuator (VA) to avoid saturating the sensor. This systematic approach 

allowed for the fluorescence of each of the Tm:Lu2O3 waveguides to be monitored on 

an individual basis using an unbiased photodetector (D) positioned after a pump filter 

(PF) providing >40 dB of attenuation at the pump wavelength. The fluorescence signal 

was maximized by tuning the cavity alignment and input coupling of the pump beam. 

Checking for a lasing threshold was then undertaken by increasing the pump power. Of 

all the waveguides tested, laser action was only achieved in the structures written with 

2 µJ and 3 µJ energy pulses and 30 µm track separation. Of these two waveguides, the 

best performance was observed from the 2 µJ structure.  

 

Fig. 71. Optical setup used when investigating the potential for laser action in the 

Tm:Lu2O3 waveguides. M1 and M2, gold mirrors with M2 mounted on a flip mount; 

OI, optical isolator; PS, periscope; BD, beam dump. The inset image of the sample 

clearly shows the illuminated waveguide. The pinkish colour is due to the combination 

of the pump wavelength, as seen by the infrared sensitive camera sensor, and the blue 

upconversion light.  

Having found the waveguide with the best performance, it was characterised with the 

range of OC. A power characteristic plot showing the output power with respect to the 

absorbed pump power for the 9%, 20%, and 40% output coupler can be seen in Fig. 72. 
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The output power emitted from the waveguides could be calculated by incorporating 

the manufacturers quoted losses at the signal wavelength for the optics downstream 

from the output coupler. Absorbed pump power was determined by measuring the 

residual transmitted pump with the pump filter removed and subtracting the signal 

power. In order to complete such a conversion, a perfect coupling of the pump signal 

into the waveguide was assumed except for a single Fresnel reflection from the 

uncoated end facets. That is to say that, it was assumed that there was no coupling loss 

due to mode field mismatch between the guided pump mode and the pump spot profile. 

This assumption gives conservative (higher) values for absorbed pump power due to the 

uncertainties in calculating the coupling loss into the waveguide.  

 

Fig. 72. Power characteristics of the Tm:Lu2O3 waveguide laser with different output 

couplers. The inset shows the laser emission spectrum.  

Using the 40% OC, a maximum output power of 81 mW was achieved for 1.18 W of 

absorbed pump power, corresponding to a slope efficiency of 6.9%. A higher slope 

efficiency of 9.5% was attained under further refined alignment conditions, but a slight 

degradation in available pump power meant a lower output power of only 52 mW was 

generated. Across the series of output coupler tested, the laser threshold was recorded to 

be in the range of 50–200 mW and the laser emission spectrum remained centred at 

1942 nm. 

Analysis of the pump and lasing mode profiles were completed using commercially 

available visible and mid-infrared cameras, respectively. The pump mode was imaged 

directly onto the camera sensor, while the lasing signal mode was imaged onto a screen 

through the pump filter and subsequently viewed with the infrared camera. Under 
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optimal performance conditions it was found that the waveguide structure supported 

multimode propagation at the pump wavelength of 796 nm but single mode 

characteristics at the laser wavelength, as seen in Fig. 73 (b) and Fig. 73(c). A Gaussian 

fit of the lasing mode was performed using a scaled image containing a calibrated 

target. The results of this fit gave a mode field diameter of the signal of 22.5 µm and 

25.2 µm in the x and y directions, respectively [Fig. 73(d) and Fig. 73(e)]. 

 

Fig. 73. (a) False coloured microscope image of the waveguide used in the laser 

experiments. The unmodified guiding region is shown by the green dotted circle. (b) 

and (c) show the pump and laser mode images, respectively. Red dashed ellipses 

indicate the area of the inscribed tracks. (d) and (e) are the Gaussian fits to slices 

through the laser mode image in x and y directions, respectively. 10 µm scale bars are 

included in (a), (b), and (c).  

Propagation loss of the waveguide at the laser wavelength was determined using a 

modified Caird analysis. A standard Caird analysis determines the cavity losses (L) by 

using a relationship between the measured slope efficiencies (ηs) and the known losses 

from the associated output couplers (TOC) assuming the conditions of a low loss cavity, 

such that  

0
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.    (6.1) 

where γi ≈ L, γOC ≈ TOC, and η0 is the limiting slope efficiency that be achieved in the 

absence of passive loss. However, in the case of large losses logarithmic arguments must 

be added to L and TOC [259]. The parameters γi and γOC are modified such that 

 ln 1i L     and  ln 1OC OCT    . By fitting (6.1) to the measured slope efficiencies 
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(Fig. 74) the propagation loss of the waveguide at the lasing wavelength was estimated 

to be 0.7 ± 0.3 dB/cm.  

 

Fig. 74. Linear fit of the inverse slope efficiencies against inverse output coupling used 

for the modified Caird analysis of the Tm:Lu2O3 waveguide laser.  

Investigations into the waveguide losses at the pump wavelength were undertaken using 

a modified version of the setup shown in Fig. 71. The removal of the cavity mirrors and 

pump filter, combined with the detuning of the Ti:sapphire to a wavelength of 860 nm 

where there is negligible absorption by the Tm:Lu2O3 substrate, allowed for the 

measurement of the total insertion loss for the laser waveguide at near the pump 

wavelength. Incident and transmitted power measurements were taken with the optimal 

coupling into the waveguide used in the laser experiments. In addition, a background 

loss value was taken by measuring the incident and transmitted power for just the lenses 

used by translating the sample out of the beamline. These results gave an estimated 

insertion loss for the laser waveguide at the pump wavelength of 1.6 dB.  

6.1.4  Conclusions 

This work represented, to the best of the authors knowledge, the first demonstration 

of a waveguide laser fabricated in Tm:Lu2O3 ceramic using ULI. Improvements in the 

performance of the device could still be sought, however. A laser emission at 1942 nm 

is indicative of high loss operation suggesting that the waveguide structure could be 

improved. The occurrence of Type I guiding means that ULI waveguide writing using a 

method optimised for this regime could be investigated further. An example method 

would be that of multiscan inscribing, which has been shown to be a route towards low 
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threshold and high slope efficiency waveguide lasers in other materials [267]. In 

addition, the writing of depressed cladding waveguide structures is also a feasible route 

to providing better optical confinement and improving laser performance [256,268]. 

Mode mismatch between the pump and lasing wavelengths could also be addressed by 

adopting this waveguide structure. However, the large difference between the pump 

wavelength at 795 nm and the lasing wavelength of ~2 µm would still make this a non-

trivial task. Reducing the difference in pump/laser wavelength by utilising in-band 

pumping at 1620 nm would greatly increases the likelihood of being able to design a 

structure that could support both the pump and lasing wavelengths in single mode 

operation. Indeed, this pumping scheme has been reported to demonstrate highly 

efficient and low threshold operation in a Tm3+-doped waveguide laser the past [253].  

Methods to ascertain a more accurate value of absorbed pump power by determining 

the coupling efficiency were undertaken but proved unsuccessful. Having established 

the total insertion loss at the pump wavelength, measurements of the propagation loss 

of the waveguide would have allowed for the extraction of the coupling efficiency and 

refinement of the conservative values used for absorbed pump power. The standard cut 

back method, whereby the transmitted power is measured through decreasing lengths of 

the sample waveguide, could have been used here to determine the propagation loss. 

However, this ultimately destroys the sample and was therefore not chosen. An 

alternate technique of imaging the decaying light intensity as it propagated through the 

waveguide was also undertaken by analysing images similar to that shown in Fig. 69(d). 

The values calculated from this approach proved to be unreliable though, generating 

propagation loss figures in excess of that measured for the total insertion loss. This 

inability to accurately ascertain a value of the propagation loss ultimately meant that a 

more accurate value of the absorbed pump power could not be determined. 

Steps to improve the CW performance, such as those discussed, would need to be 

undertaken before any useful mode-locked operation could be realised. Once 

improvement in the power has been achieved though, mode-locking techniques similar 

to those reported in previous works could be applied [269,270]. Additionally, the 

increased availability of commercial 808 nm and 1625 nm single mode laser diodes, 

with sufficient power to be considered as pump sources, opens new avenues of 

investigation aimed towards efficient, stable, compact, and direct diode-pumped 

ultrashort pulse sources in the 2 µm spectral region.  
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7 Final remarks 

This final chapter is included to summarise the key results of the thesis and provide a 

prospective outlook on related work that could be achieved in the short and long term 

following this thesis.  

7.1  Summary 

The experimental results presented in this thesis represent, at the time of writing and 

to the best of the authors knowledge, some of the shortest pulse durations and highest 

average powers achieved from diode-pumped mode-locked femtosecond laser sources 

in the ~2–2.1 µm spectral region. CW characterisation of the Tm3+-doped sesquioxide 

sources showed high slope efficiencies and broad tunability from the diode pumped 

laser sources. A maximum output power of 660 mW for 2.3 W of absorbed pump 

power, corresponding to a slope efficiency of 33%, at a central emission wavelength of 

2103 nm was realised from the single crystal Tm:LuScO3 laser, while the ceramic 

Tm:Lu2O3 laser achieved a maximum output power of 901 mW from approximately 

2.7 W of absorbed pump power at an emission wavelength of 2065 nm. This CW 

performance corresponded to a slope efficiency of 40%. In both cases, broad and 

continuous CW tuning ranges were recorded, with the Tm:LuScO3 laser demonstrating 

a smooth tuning range between 1973 nm and 2141 nm, and the Tm:Lu2O3 

demonstrating similarly broad, albeit not as smooth, tuning range of 1941–2126 nm. 

When operating in the mode-locked regime, the broad gain demonstrated by the 

recorded tuning ranges aided in realising true femtosecond pulse operation. Indeed, at 

the time of writing, the shortest reported pulse durations from a diode-pumped mode-

locked Tm3+-doped laser source were realised from the developed Tm:LuScO3 laser. 

Pulse durations as short as 170 fs were recorded at an average output power of 113 mW 

around a central emission wavelength of 2093 nm. Whilst difficulties were initially 

faced when trying to mode-lock the previously characterised Tm:Lu2O3 laser, greater 

success was found with the high power Tm:Lu2O3 laser pumped with a fibre-coupled 

laser diode module. With the addition of the SD-BRF, near-transform-limited pulses 

with a minimum pulse duration of 278 fs, were generated at a central wavelength of 

2081 nm with an average output power of 555 mW.  
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The use of a SD-BRF to spectrally tune the mode-locked Tm3+-doped sesquioxide laser 

sources is believed to be the first demonstration of such an approach in the 2 µm 

spectral region and has shown significant advantages in size and robustness compared 

with the more traditionally used slit and prism pair. With the SD-BRF operating in its 

1st order, the mode-locked Tm:LuScO3 laser demonstrated a continuous tuning range of 

2019–2110 nm. Stable femtosecond mode-locked operation was maintained throughout 

this tuning range, with a minimum pulse duration of 240 fs recorded at a central 

emission wavelength of 2090 nm and an output power of 93 mW. Operating in the 2nd 

order of the filter realised a similar tuning range but pulse durations and average powers 

were comparably lower, with a minimum pulse duration of 349 fs recorded at a central 

wavelength of 2085 nm and an output power of 62 mW.  

Tuning of the mode-locked Tm:Lu2O3 laser using the SD-BRF was met with some 

added complications believed to be due to the inversion level dependant gain profile of 

Tm:Lu2O3. The mode-locked tuning range was found to depend on the applied pump 

power, with widest recorded tuning range of 2069–2093 nm being measured at a pump 

power of 8 W. At this pump power, average powers and pulse durations were found to 

remain around ~260 mW and between 489 fs and 598 fs, respectively, over the majority 

of the range. This is in comparison with the tuning range of 2073–2091 nm that was 

recorded for a pump power of 11.6 W. Under this operating condition, average powers 

were found to remain around ~440 mW while pulse durations were measured to vary 

between 315 fs and 383 fs following the change in output power.  

Amplification of the developed Tm3+-doped sesquioxide seed sources was met with 

success across the two separate demonstrations. Though it is acknowledged that further 

refinement could have led to improved performance in both cases. Whilst appreciable 

gain (~10) was achieved from the single-pass Ho:YAG slab amplifier when seeded by 

the ultrashort pulse Tm:LuScO3 laser source, it is believed that further amplification 

could have been achieved had the seed source been optimised to better suit the narrower 

gain bands of Ho:YAG. This mismatch is well seen when examining the recorded 

optical spectra following the amplifier. It is believed that implementation of the SD-

BRF and optimisation of the pump/seed mode overlap within the amplifier gain crystal 

would have realised further amplification and less reshaping of the pulse profile due to 

gain mismatch and narrowing.  

In regards to the femtosecond pulse Tm:Lu2O3 MOPA system, a gain of >2 

demonstrates the potential for the system to be developed into a relatively compact 

source for further mainstage amplification or spectral broadening through the likes of 

DFG or SCG. The benefit of using Tm:Lu2O3, with its broad gain bandwidth, as the 
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amplifier gain medium was well demonstrated by the consistency of the spectral pulse 

profile and pulse duration between the incident seed and the amplified output. It is 

believed that refinement of the optics used in the amplifier beamline and seed delivery 

path would result in higher output powers from the amplifier. However, the main 

hurdle to overcome in realising a compact high energy pulse source would be the 

replacement of the Raman fibre amplifier pump source with that of a laser diode based 

source. 

Finally, the first reported demonstration of an ULI waveguide laser in Tm:Lu2O3 

realised early steps towards the potential development of a compact and efficient 2 µm 

laser source. Guiding was demonstrated in both Type I and Type II inscriptions, while 

low threshold lasing was achieved in a Type II waveguide. A maximum output power 

of 81 mW at an emission wavelength of 1942 nm was achieved for 1.18 W of absorbed 

pump power. Further investigations into the refinement of the waveguide inscription 

parameters or the use of a depressed cladding structure are believed to be a route to 

enhanced laser performance by providing better optical confinement and reducing the 

pump/laser mode mismatch. An alternate route to improve the guiding characteristics 

of the pump and laser modes would be to utilise in-band pumping. Indeed, either of 

these approaches could be realised with high power single mode laser diodes (≥0.5 W) 

operating near 808 nm and 1625 nm.  

7.2  Outlook 

The diode-pumped mode-locked Tm3+-doped sesquioxide laser sources developed 

during the course of this thesis can be said to have achieved their goal of demonstrating 

high power ultrashort laser pulses in the 2 µm spectral region. In respect to their 

individual performance, it is felt that only marginal improvements could be made to the 

Tm:LuScO3 laser while the fibre-coupled laser diode pumped Tm:Lu2O3 laser could 

realise improvements in both average power and pulse duration if further refinement of 

cavity parameters was undertaken. For the Tm:LuScO3 laser, the implementation of 

lower output coupling, in the hope of realising even shorter pulse durations, or higher 

pump powers to realise higher output powers at the risk of damaging the laser crystal 

are both potential avenues of investigation. It is believed that the Tm:Lu2O3 laser could 

realise stable mode-locked emission around 2060 nm and broadband mode-locked 

tuning if more time was spent optimising important mode-locking parameters, such as 

the SESAM and gain element waist sizes. However, in this case, the waist size within 

the gain element, and consequently the strength of the SPM, would ultimately be 
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determined by the minimum achievable pump waist that retains good mode overlap 

within the gain element.  

The refinements and changes that could be applied to the Tm:Lu2O3 MOPA system to 

realise a fully diode-pumped high pulse energy source have already been discussed. An 

alternate avenue of investigation that could realise much higher pulse energies, 

however, would be that of a regenerative amplifier. The existing femtosecond pulse 

Tm:Lu2O3 seed source would still prove useful in this regard and only the amplifier 

stage need face substantial rebuilding. The commercial availability of pulse pickers able 

to operate over a suitable spectral and repetition frequency range aid in this regard. 

Variation of the number of passes would allow for a complete analysis into the limit of 

gain one can attain from Tm:Lu2O3 in the amplification of femtosecond pulses. Care 

would of course have to be taken to manage dispersion within the amplifier, however.  

Either of the above tasks could be accomplished in a relatively short time frame 

following this thesis, should the interest arise. More long term goals can be found with 

the continued improvement in the performance of single mode laser diodes that can be 

used to pump Tm3+-doped gain media. Whereas even longer goals, not so within the 

scope of this thesis, relate to the availability of Tm3+-doped gain elements.  

Whilst the high power, low beam quality laser diode sources used in the majority of this 

thesis clearly provided a suitable pump source, poor pump/laser mode overlap can lead 

to high thermal loads within the laser gain element. Moreover, efficiently coupling these 

multimode pump sources into waveguide lasers can prove very challenging. Single 

mode laser diodes offer the same compact and cost effective pump solution as their 

multimode brethren but with much lower output powers. The current state-of-the-art 

commercial single mode laser diodes around 808 nm and 1625 nm are still unable to 

achieve watt level power levels. However, methods of beam combining, e.g., 

polarisation combining or dichroic mirror combination, could realise watt level pump 

sources with comparable characteristics, in terms of output power and beam quality, to 

Ti:sapphire lasers using off-the-shelf optics. The use of these compact high beam quality 

laser diodes would be well suited to pump Tm3+-doped waveguide lasers similar to that 

demonstrated in this thesis. With further improvement in the waveguide performance, 

compact and low threshold 2 µm laser devices could then be realised. Likewise, these 

laser diodes could be used to further advance the diode-pumped ultrashort pulse laser 

sources developed during this thesis. Either of these proposals would of course require a 

financial and time investment to construct and characterise the laser diode pump 

modules.  
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A significant drawback of the Tm3+-doped sesquioxides that needs to be overcome is the 

limited number of suppliers of laser gain elements; be this in single crystal or ceramic 

form. In comparison to the wide commercial availability of more well-known 

Tm3+-doped gain media, such as Tm:YAG, Tm:YLF, or Tm:KYW, the Tm3+-doped 

sesquioxides appear to have virtually no easily accessible means of acquiring gain 

elements. This is presumably due to the difficulties faced when growing sesquioxide 

crystals using established crystal growth techniques. Whilst ceramic laser gain media 

offer an alternate route to produce the gain elements, only ceramic forms of Tm:Lu2O3 

are currently commercially available. With multiple demonstrations of ceramic 

Tm:LuScO3 having now been reported this may change in the coming years, however.  

The restricted availability of gain elements will undoubtedly hamper efforts to further 

the development of the diode-pumped mode-locked laser sources reported on in this 

thesis. It is hoped that this situation improves, as the research carried out during the 

course of this thesis clearly demonstrates that Tm3+-doped sesquioxide laser sources 

hold a prominent role in the generation of ultrashort pulses in the 2–2.1 µm spectral 

region. Furthermore, it has been shown that expensive and bulky high beam quality 

pump sources, such as Ti:sapphire lasers, need not be the only choice when looking to 

further develop these mode-locked ultrashort pulse laser sources. Indeed, the high 

power laser diode pump sources used during this thesis provided a means to 

demonstrate average powers and pulse durations comparable to, and in some cases 

superior to, previously reported Ti:sapphire pumped solid-state Tm3+-doped mode-

locked lasers via a much more economic route. Going forward, the development of 

such diode-pumped mode-locked lasers should be held in high regard when considering 

the commercialisation of ultrashort pulse laser sources for scientific research and 

industrial applications in the mid-IR photonics sector.  
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Appendix 

Table 6. Summary of waveguide inscription parameters and detected fluorescent 

signals.  

Pulse 

energy 

(µJ) 

Guide 

diameter 

(µm) 

Guiding 

type 

Detected 

fluorescent 

signal (mV) 

Comments 

0.4 20 I -  

0.4 30 I -  

0.5 20 I -  

0.5 30 I -  

0.6 20 I -  

0.6 30 I -  

0.7 20 I -  

0.7 30 I -  

0.8 20 I -  

0.8 30 I -  

0.9 20 II -  

0.9 30 II -  

1.0 20 II -  

1.0 30 II -  

1.1 20 II -  

1.1 30 II -  

1.2 20 II 
6.38 Visible guiding and evidence 

of upconversion. 

1.2 30 II 

6.51 Better confinement in vertical 

direction compared with 20 

µm guide. 

1.3 20 II 6.42  

1.3 30 II 6.21  

1.4 20 II 6.73  

1.4 30 II 5.8  

1.5 20 II 6.64  

1.5 30 II 5.74  

2.0 20 II 4.61  

2.0 30 II 

34 Laser action achieved. Guide 

used for further laser 

performance investigations. 

3.0 20 II 4.82  

3.0 30 II 21.7 Laser action achieved.  

4.0 20 -  Very low fluorescent signal. 

4.0 30 -  Very low fluorescent signal. 

5.0 20 -  Very low fluorescent signal. 

5.0 30 -  Very low fluorescent signal. 

 


