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Abstract 

This thesis is focused on the development of diode-pumped Alexandrite lasers, 

especially in terms of understanding and optimizing their performance. Alexandrite 

possesses excellent physical properties and broad wavelength tunability (701-858 nm). 

Diode pumping of Alexandrite is a promising route to construct simple, compact and 

low-cost laser systems, which can enable a multitude of precision applications 

including remote sensing (LIDAR) light sources. 

This thesis work presents the first demonstration of a Q-switched Alexandrite laser 

under CW diode pumping. The Q-switched laser was operated with pulse repetition 

rates up to 10 kHz. Pulses with maximum peak power of 1.19 kW were obtained at 1 

kHz repetition rate. By modifying the already Q-switched laser system, a cavity-

dumped Q-switched system was developed to generate shorter pulses. Pulses with 

considerably shorter duration of 2.9 ns and increased pulse energy of 200.8 μJ were 

produced. These correspond to a peak power of 69.2 kW which is more than 60 times 

that of the standard Q-switched operation.  

This thesis also reports the first wavelength-tunable passively Q-switched diode-

pumped Alexandrite laser using a semiconductor saturable absorber mirror (SESAM). 

The Q-switched wavelength tuning was achieved between 775 and 781 nm using a 

birefringent plate. Highly stable pulses with 73 mW average power, 6.9 μs pulse 

duration and 11.2 kHz repetition rate were obtained in fundamental TEM00 mode with 

excellent spatial quality (M2 < 1.1). 

Lastly, the first single-longitudinal-mode (SLM) operation of a CW Alexandrite ring 

laser under diode pumping was presented in this work. An ultra-compact bow-tie ring 

cavity with astigmatic compensation was developed. The unidirectional operation of 

the ring laser was realized using an optical diode consisting of a Faraday rotator and a 

half-wave plate, which resulted in the SLM output with power >1 W in TEM00 mode. 

The wavelength was tuned between 727 and 792 nm. These successful pulsed and 

continuous-wave operations promote the prospect of diode-pumped Alexandrite lasers 

in light source applications. 
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Chapter 1 

Introduction 

Lasers are devices that generate coherent monochromatic light through an optical 

amplification process based on the stimulated emission of radiation. The theoretical 

foundations for lasers was established by Einstein in 1917 [1]. An atom in an excited 

state transits from a higher energy level to a lower one, releasing energy in the form of 

a photon. If the photon emission is induced by an incident photon with suitable photon 

energy, this process is called stimulated emission. The photon is emitted into the mode 

of the incident photon. In effect, the incident radiation is amplified via this process. 

Moreover, the optical properties of the two photons are highly consistent, thus resulting 

in beams that are distinguished from ordinary light sources by their coherence, 

monochromaticity, brightness and directionality. 

The advent of lasers is inseparable from the contributions of scientists and engineers 

over the last century. In 1954, Townes, Gordon and Zeiger realized the predecessor of 

the laser – microwave amplification by stimulated emission of radiation (MASER) [2]. 

The theoretical principles governing the operation of a maser were also proposed 

independently by Prokhorov and Basov [3,4]. Townes and Schawlow later described 

the principles of the maser and extended the principle to optical frequencies in 1958 [5]. 

Subsequently, Maiman successfully demonstrated the first laser operation using a ruby 

crystal optically pumped by a flashlamp in 1960 [6]. Since then, many different types 

of lasers have been developed, including solid-state, gas, liquid and semiconductor 
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lasers. Lasers have revolutionized optical technology, enabling a wide range of 

applications in fields such as manufacturing, data storage, displays, optical 

communications, metrology, military and medicine. 

A typical laser consists of a gain medium, a resonant cavity and a pump source. The 

pump source supplies energy to the gain medium that is able to amplify light through 

stimulated emission. The pump energy can be provided in a variety of ways, for 

example, in the form of optical, electrical and chemical pumping. The gain medium is 

positioned inside the resonant cavity that provides optical feedback with the most 

common type of resonant cavity consisting of a pair of mirrors. Light bounces back and 

forth between these two mirrors, passing through the gain medium repeatedly, and is 

amplified with each pass. Usually, one of the two mirrors is used as an output coupler, 

which allows a portion of the intracavity light to transmit through. The transmitted light 

is the output of the laser, which can be used in further applications.  

Solid-state lasers are lasers that use solid-state gain media such as crystals or glasses 

doped with laser active ions (in most cases rare earth or transition metal ions). They 

can be fabricated in the form of bulk lasers or fiber lasers. Optical pumping is most 

commonly required for solid-state lasers with the choice of pump source depending on 

the gain medium used. Discharge lamps have been widely used as pump sources, 

however, they lead to a relatively low efficiency. In contrast, laser diodes tend to be 

more efficient and cost-effective, and have become more commonly used for solid-

state lasers. In view of these advantages, the work in this thesis is concerned with the 

investigation and development of diode-pumped lasers based on Chromium-doped 

chrysoberyl (also known as Alexandrite), whose high efficiency and broadband 

tunability enable many real-world applications.  

The outline of this chapter will be as follows. First, an introduction to laser diodes and 

solid-state laser materials is conducted, which includes the internal structure and 

working principle of the diodes, as well as the classification of solid-state materials. 

Then the history of solid-state lasers is briefly reviewed, and some of the important 

tunable solid-state lasers are compared, with the aim of showing their respective 
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advantages. Different types of pumping schemes applicable to solid-state lasers are 

then introduced. This chapter concludes with an overview of the thesis. 

1.1 Diode-pumped Solid-state Lasers 

Solid-state laser materials are typically pumped either by discharge lamps or laser 

diodes. Discharge lamps are divided into two categories: arc lamps and flash lamps. 

Arc lamps are employed for continuous pumping, whereas flash lamps generating 

pump pulses can be used for pulsed operation of solid-state lasers. Both arc and flash 

lamps essentially consist of a quartz tube attached to metal electrodes and filled with a 

noble gas (e.g. Xenon or Krypton) [7]. An electric current is discharged through the 

gas filled tube creating hot plasmas. These plasmas radiate intense light that can be 

used to excite laser media. Due to its ability to achieve high optical power with 

relatively low cost, lamp pumping has been widely used, especially for high power 

systems. However, some disadvantages restrict its applications, such as a very limited 

lifetime (maximum of a few thousand hours) and low wall-plug efficiency (up to a few 

percent) [8]. In addition, discharge lamps are relatively noisy pump sources, resulting 

in a high level of laser noise. For example, relatively strong pulse-to-pulse fluctuations 

are often exhibited by lamp-pumped Q-switched lasers. 

Diode-pumped solid-state (DPSS) lasers have become critically important in the 

laboratory and commercial markets. Compared with the discharge lamps, laser diodes 

are more compact, require low electrical power, and have long lifetimes. Furthermore, 

the efficiency of a solid-state laser can be greatly increased by selecting a laser diode 

with narrow emission bandwidth that matches the absorption peak of the gain medium. 

Diode pumping is, therefore, capable of providing significant improvements in overall 

system compactness, efficiency and reliability. 

The diode pumping of solid-state lasers was initially hampered by the low output power 

and high cost. In the mid-1980s, significant advances were made in the development 

of linear laser diode arrays based on aluminium gallium arsenide (AlGaAs) quantum 

well technology [9]. Continued improvements over the next three decades have given 
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rise to laser diodes with superior performance in output power, slope efficiency and 

wavelength control. These improvements, along with reduced cost, have led to an 

increase in demand for laser diodes in optical pumping. With the development of 

reliable high-power laser diodes, parallel improvements in DPSS lasers have also taken 

place. Through the direct use of laser diodes, DPSS lasers offer advantages including 

narrow linewidth and high beam quality. 

1.1.1 Laser Diodes 

A laser diode is a semiconductor device in which a laser beam is created at the diode’s 

p-n junction, which is a boundary between two types of semiconductor materials. One 

of the two materials is doped with a material that liberates electron holes to form a p-

type material, whereas the other is doped with electron donors to create an n-type 

material. When a positive voltage is applied to the p-material and a negative one to the 

n-material, electrons and holes will be driven into the p-n junction, and electron-hole 

recombination occurs in this region. In this process, electrons transfer from the 

conduction band to the valence band, which is accompanied by energy release in the 

form of photons. A population inversion can be achieved by injecting a high current 

through the p-n junction. Optical feedback is provided by a Fabry-Perot resonator that 

is usually formed by the cleaved end faces of semiconductor wafer [7].  

Figure 1.1 shows the structure of an AlGaAs laser diode that consists of a stack of 

several semiconductor layers with varying thickness. The layer of the structure that 

produces the gain is the ‘active layer’ of the p-n junction. The active layer, with a 

thickness ranging from 0.1 to 0.3 μm, is sandwiched between n-AlGaAs and p-AlGaAs 

layers. These two layers are deposited onto n-GaAs and p-GaAs substrates, 

respectively. Current is passed through the diode via a metallic contact at the bottom 

of the n-GaAs layer and a stripe contact on the insulating layer [7]. The laser light 

emitted from the device is generated in the active layer as shown. Since the light is 

emitted from both end faces, high-power diodes are typically coated with a highly 

reflective film at the rear face [10].  
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Figure 1.1. Schematic of a heterojunction laser diode. Adapted from [10]. 

This type of diode is referred to as a broad strip or single-emitter laser diode as the 

emitting region has the shape of a broad stripe. Because of the asymmetry of the emitter, 

the spatial properties of the emitted beam are different in the horizontal and vertical 

directions. The output beam emerging from a laser diode is illustrated in Figure 1.2. 

The beam in the horizontal direction (x) with a low divergence angle (typically 10° 

FWHM) is many times diffraction limited. By contrast, the beam in the vertical (y) is 

diffraction limited and diverges faster with a typical divergence angle of 40° 

(FWHM) [10]. Hence, the output from the diode is asymmetrical and requires 

additional collimating optics for beam shaping. For instance, a micro lens can be 

mounted near the emitting surface of the device to reduce the vertical divergence 

angle [7]. 
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Figure 1.2. The spatial distribution of the output beam from a laser diode. Adapted 

from  [10]. 

On its own, a single-emitter diode laser provides very limited pump power (normally 

sub-watt level). To overcome this limitation, diode bars that contain a one-dimensional 

array of single emitters can be used to provide a high-power beam. Typically, a diode 

bar contains 10 to 50 independent emitters and has a width of 10 mm [7]. In this 

configuration, optical power up to tens of watts can be produced, but the beam quality 

is relatively poor. Multiple diode bars can be further stacked vertically or horizontally 

to form a single diode module, which is capable of generating extremely high powers 

up to hundreds or even thousands of watts. Furthermore, unlike discharge lamps, light 

from laser diodes can be coupled into optical fibers. Fiber-coupled laser diodes can 

deliver a circular intensity profile with a symmetric beam quality, which is very 

convenient in many cases. These two types of diode modules are used in this work, and 

the detailed content will be presented in Section 4.1. 

The center wavelength and the spectral width of laser diodes are important for pumping 

solid-state lasers. The emission wavelength (𝜆) of a laser diode is inversely proportional 

to the energy difference (∆𝐸) between the valence and conduction band, which can be 

expressed by 

𝜆 =
ℎ𝑐

∆𝐸
 (1.1.1) 
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where ℎ is the Planck’s constant, and 𝑐 is the speed of light. The energy difference (or 

the bandgap) is determined by the chemical composition of the semiconductor material. 

For example, the emission wavelength of an AlGaAs laser diode is dependent on the 

ratio of Al to Ga in the active layer, and it can be tailored over a broad range (from 720 

to 850 nm) by altering the ratio [11]. The lower the Al concentration, the longer the 

wavelength. Other than the chemical composition of the semiconductor material, the 

emission wavelength is also affected by temperature. For example, the peak emission 

of an AlGaAs device changes by 0.3 nm with a temperature change of 1 °C [7]. Varying 

emission wavelengths due to temperature changes is often minimised using heat sinks. 

Table 1 summarizes the emission wavelengths of some common laser diodes. All active 

layer materials listed in the table are grown on a GaAs or InP substrate. 

Table 1. The emission wavelengths of some common semiconductor laser 

diodes [11]. 

Material/Substrate Emission wavelength (nm) 

AlGaAs/GaAs 720-850 

InGaAsP/InP 1200-1650 

InGaAs/GaAs 900-1100 

InGaAlP/GaAs 630-700 

On the other hand, the spectral linewidth of a diode beam is very narrow (typically with 

only a few nanometers). For example, a stacked array consisting of 10 bars has a 

linewidth of 2.2 nm. For solid-state lasers with only a short absorption path, pumping 

with a laser diode that possesses a narrow spectral width allows most of the pump 

radiation to be absorbed. However, the linewidth becomes less important for optically 

thick materials since the pump radiation can be fully absorbed over the long 

distance [7]. 

1.1.2 Solid-state Laser Materials 

The gain medium of a solid-state laser is a solid-state material, which comprises a host 

material doped with active ions (typically rare-earth or transition metal ions). This 

material absorbs and emits optical radiation when operating as a laser, thus its 
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properties are critical to the laser performance. The host material determines the 

macroscopic mechanical, optical and thermal properties of the gain medium, whereas 

the active ions defines the spectroscopic properties of the laser and give rise to 

significant differences in lasing characteristics. 

Host materials are required to withstand the rigorous operating conditions of practical 

lasers. Favourable properties include appropriate hardness, high resistance to 

mechanical stress, chemical stability, absence of refractive index variations, high 

thermal conductivity, low thermo-optic coefficients and high thermal fracture limit [7]. 

Appropriate hardness allows for high quality crystal cutting and polishing. Refractive 

index variations cause inhomogeneous propagation of light in the crystal, which 

eventually results in poor beam quality. Superior thermal properties can mitigate the 

effects of thermal lensing during high power operation. Other mentioned properties 

mainly ensure that the crystal is not susceptible to the external environment and thus 

has a long lifetime. In addition to these properties, the host crystal also needs to have 

suitable lattice sites that can accept the dopant ions. Ideally, a high doping 

concentration of active ions is achievable. However, the high doping concentration 

might lead to clustering, which is the tendency of the ions to form clusters rather than 

to disperse randomly in the host material. The clustering effect can severely degrade 

the laser efficiency through the quenching process [12]. Therefore, the doping 

concentration requires careful optimization. Generally, solid-state host materials can 

be divided into two main groups – crystalline solids or glasses. 

Crystalline Materials 

Since the first ruby laser, a great number of crystalline materials have been investigated 

as laser gain media. Crystals generally exhibit great hardness, and high thermal 

conductivity. Oxide crystals like sapphire, vanadate and garnets are one of the most 

common types of hosts.  

Sapphire (Al2O3) has a high degree of hardness and high thermal conductivity. The Al 

site is too small for rare earth ions, so it is typically doped by transition metal ions 

instead [7]. One example of a sapphire based laser is the ruby laser, where the sapphire 
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host medium is doped with Chromium (Cr3+:sapphire). Another important sapphire-

based laser is the Titanium-doped sapphire (Ti3+:sapphire), which offers a significantly 

broad wavelength tuning range (660-1180 nm).  

Garnets are another group of commonly used host materials and have many attractive 

properties. They are stable, hard and of high thermal conductivity. The most common 

garnets include yttrium aluminum garnet, Y3Al5O12 (YAG) and gadolinium gallium 

garnet, Gd3Ga5O12 (GGG) [13]. Rare earth ions such as neodymium (Nd3+), thulium 

(Tm3+), erbium (Er3+) and ytterbium (Yb3+) have been incorporated into garnet crystals. 

Among them, neodymium-doped yttrium aluminate garnet (Nd3+:YAG) lasers have 

gained significance and become one of the most common commercial lasers [7]. 

Vanadates have a strong birefringence that effectively suppresses thermally induced 

depolarisation loss during high power operation. Similar to garnets, they are doped with 

rare earth ions (e.g. neodymium, ytterbium, erbium, etc.). Neodymium-doped yttrium 

orthovanadate (Nd3+:YVO4) is one of the most popular crystals. Compared to Nd:YAG, 

Nd:YVO4 exhibits a high pump absorption, a large emission cross-section, a broad 

absorption bandwidth, but a low thermal conductivity [7]. Gadolinium vanadate 

(Nd3+:GdVO4) is also an attractive crystal, because its absorption cross-section is 

similar to that of Nd:YVO4, whereas its thermal conductivity is higher than that of 

Nd:YAG [14,15]. 

Glasses 

Compared to crystals, ion-doped glasses have wide bandwidths, which enable broad 

wavelength tuning ranges and the generation of ultrashort pulses. The enormous size 

capability and ease-of-fabrication feature allow glasses to be fabricated in a variety of 

sizes and shapes and to be used for high-energy applications [16]. Unlike many crystals, 

glasses can be doped with high concentrations of ions and still maintain good 

uniformity. However, glasses have inferior thermal properties that tend to cause 

thermal induced birefringence and optical distortion [17,18]. Moreover, glasses have a 

lower emission cross-section than crystals, which results in a higher lasing 

threshold [7].  
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Oxide glasses such as silicates and phosphates are the most common commercially 

available optical glasses. Compared with phosphate glasses, silicates have a large 

nonlinear coefficient and a small emission cross section. Glasses are often doped with 

rare earth ions such as Nd3+, Er3+ and Yb3+ [19,20]. Nd-doped phosphate glasses have 

been used in large laser systems for fusion research [21,22]. Er-doped glasses are 

typically used for fiber amplifiers for optical communications [23,24]. Due to the weak 

pump absorption, Er:glasses are often co-doped with Yb ions to improve the system 

efficiency [25]. Pump radiation is first absorbed by the ytterbium ions which then 

transfer the energy to the erbium ions.  

In short, crystalline and glass lasers are suited for different applications. Crystalline 

materials with high gain and superior thermal conductivity are suitable for continuous 

or high repetition-rate operation, whereas glasses providing broad emission bandwidths 

and size flexibility are ideal for high energy pulsed operation [7]. 

1.2 Tunable Solid-state Lasers 

The discovery of the ruby laser triggered the exploration of other gain materials. An 

important laser material – neodymium-doped yttrium aluminate garnet (Nd:YAG) was 

found in 1964 by Geusic et al. [26]. Nd:YAG immediately replaced the application of 

Ruby in rangefinders, as it was shown to have superior properties over Ruby, for 

example, a low threshold and high efficiency. Lasers like Nd:YAG and Ruby can 

access only discrete wavelengths since laser transition occurs between discrete energy 

levels. Yet, wavelength tunability of solid-state lasers can be achieved when the 

emission of vibrational phonons is coupled with the stimulated emission of photons. 

This vibrational-electronic interaction generates vibrational sublevels in the energy 

bands. Laser transition can, therefore, occur over a range of energies. Such lasers are 

also called ‘vibronic lasers’, where the total energy of the transition is fixed but can be 

distributed between photons and phonons in a continuous manner [7]. 

A number of tunable solid-state lasers were developed between the 1860s and 1980s. 

The first vibronic laser – a nickel-doped magnesium fluoride (Ni:MgF2) laser was 
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reported by Johnson el al. in 1963 [27]. The same group built several other vibronic 

lasers based on fluoride and oxide hosts (e.g. V:MgO and V:MgF2) [28]. The 

wavelengths of these lasers could be tuned between 1.12-2.17 μm, but they could only 

operate at cryogenic temperatures [7]. Johnson el al. later developed the first room-

temperature vibronic laser based on Ho:BaY2F8 gain medium in 1974 [29]. In 1977, 

Walling et al. firstly demonstrated tunable laser operation of Alexandrite (Cr:BeAl2O4) 

at room temperature. Tuning over the wavelength range of 701 – 794 nm was achieved 

with this vibronic laser [30]. Later, the titanium-doped sapphire (Ti:Al2O3) laser was 

discovered by Moulton in 1982. It was continuously tuned from 660 to 986 nm [31]. 

Thereafter, Ti:sapphire lasers dominated the fields of wavelength-tunable lasers, as 

they have a broad tuning range, high output power and superior beam quality. Some 

important tunable lasers that are of interest, including Ti:sapphire, Alexandrite and 

Chromium-doped colquiriite lasers, will be discussed below. 

Titanium Sapphire Laser 

Ti3+ ions have a broad gain bandwidth. When doped into sapphire, they provide an 

exceptionally wide tuning range (660-1180 nm [31,32]) and the capability of 

generating femtosecond pulses (as short as 5 fs [33]). The host material – sapphire has 

excellent thermal conductivity, which can effectively alleviate the thermal effects of 

high-power operation. Ti:sapphire lasers, therefore, have become  the most widely used 

vibronic laser. The fluorescence lifetime of Ti:sapphire is short (3.2 μs) [31], whilst the 

saturation power is very high. Thus, an intensely focused pump beam with high beam 

quality is required. 

Ti:sapphire lasers are typically pumped by frequency-doubled neodymium lasers 

(Nd:YAG/Nd:YVO4) or optically pumped semiconductor lasers. These pump sources 

are powerful, but make the overall system bulky, complex, and expensive, thereby 

limiting their use in real-world applications. The green laser diode [34] provides an 

alternative solution, bringing advantages in compactness and cost. As a result, systems 

using green laser diodes as a pump source have been demonstrated over the past few 

years [35,36]. However, such systems are currently constrained by the available power 
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and price of the green diodes. Even so, diode pumping is still believed to be a promising 

solution, as it has the great potential to facilitate the development of simple, compact 

and low-cost Ti:sapphire laser systems. 

Chromium-doped Lasers 

Chromium-doped lasers are attractive vibronic lasers and have achieved considerable 

success as tunable laser sources. Cr3+-doped laser materials possessing broad emission 

bands are capable of being tuned around 800 nm and generating femtosecond pulses. 

Moreover, they can be pumped with cost-efficient red diodes (AlGaInP), due to their 

broad absorption bands in the visible portion of the spectrum [37]. Cr3+-doped lasers, 

like Alexandrite, Cr:LiCAF, Cr:LiSAF and Cr:LiSGaF have high intrinsic slope 

efficiencies (> 50%), and can lase at low thresholds with relatively high electrical-to-

optical conversion efficiencies.  

The Cr:LiCAF laser was found to possess a high intrinsic slope efficiency of 67% [38]. 

The emission wavelength can be tuned over a range of 720-871 nm [38,39]. The low 

stimulated emission cross-section (1.3x 10-20 cm2) of Cr:LiCAF results in the low small 

signal gain, and thereby requiring high laser fluence and low loss optics [39]. On the 

other hand, Cr:LiSAF has a broader tuning range (780-1042 nm) [39,40] and a higher 

emission cross section (4.8x 10-20 cm2 [41]) than Cr:LiCAF. However, it has an inferior 

thermal conductivity (3.1 Wm-1K-1) [42]. Therefore, diode-pumped Cr:LiSAF lasers 

suffer from thermal problems that limit the laser power level.  

Additionally, Cr:LiSGaF has a tuning range from 777 to 977 nm and an intrinsic slope 

efficiency of 60% [39,43]. Cr:LiSGaF possesses a low melting point of 716 °C 

benefiting the growth of low-cost and large-scale crystals [44]. Due to the mediocre 

performance, Cr:LiSGaF has attracted less attention than either Cr:LiCAF or Cr:LiSAF. 

Finally, Alexandrite has a tuning range from 701-858 nm and was the first tunable 

solid-state laser considered for practical applications [45,46]. Alexandrite’s long 

fluorescence lifetime enables good energy storage potential for Q-switching. The high 

thermal conductivity allows the high-power operation of Alexandrite. It is one of the 
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most popular tunable solid-state lasers and the focus of this thesis. Further details of 

Alexandrite will be presented in Chapter 3. 

A comparison of spectroscopic and laser parameters of the four Cr3+-doped lasers with 

those of Ti:sapphire is shown in Table 2. Compared to Ti:sapphire, the Cr3+-doped 

crystals have low emission cross sections that result in smaller signal gain. Among the 

four Cr3+-doped lasers, Alexandrite possesses the longest fluorescence lifetime and the 

highest thermal conductivity; Cr:LiSAF possesses the broadest tunability and the 

highest emission cross section; Cr:LiSGaF has the lowest melting point; Cr:LiCAF 

exhibits a relatively balanced performance. 

Table 2. Comparison of the spectroscopic and laser parameters of the gain 

media (Ti:sapphire, Alexandrite, Cr:LiCAF, Cr:LiSAF and Cr:LiSGaF). 

Gain Medium Ti:sapphire Alexandrite Cr:LiCAF Cr:LiSAF Cr:LiSGaF 

Tuning range (nm) 
660 - 

1180 [31,32]  

701-

858 [45,46] 

720- 

871 [38,39] 

780- 

1042 [39,40] 

777-

977 [39,43] 

Intrinsic slope efficiency (%) 64 [47] 65 [48] 67 [38] 54 [39] 60 [39] 

Room-temperature 

Fluorescence lifetime τ (μs) 
3.2 [31] 260 [49] 175 [38] 67 [42] 88 [44] 

Peak emission cross section 

σem ( 10 -20 cm2) 
41 [42] 0.7 [49] 1.3 [42] 4.8 [41] 3.3 [44] 

σem*τf (μs x 10 -20 cm2) 131 182 228 322 290 

Thermal conductivity at room 

temperature (Wm-1K-1) 
34 [42] 23 [49] 5.1 [42] 3.1 [42]  3.6 [50] 

Melting point (°C) 2040 [51] 1870 [52] 804 [53] 766 [54] 716 [44] 

1.3 Optical Pumping Schemes  

In the development of diode-pumped solid-state lasers, a variety of optical pumping 

schemes have been utilized to transfer the radiation from the pump source to the laser 

gain medium. The pumping schemes have an immense impact on the overall efficiency 

of the laser system since they determine the pump distribution inside the gain medium. 

An appropriate pumping scheme leads to not only higher overall efficiency but also 

good laser beam quality. Depending on the type of the pump source and the geometry 

of the gain medium, the pumping schemes can be divided into three categories: end-, 
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side-, face-pumping. The application scenarios for the three pumping geometries are 

discussed separately below. 

1.3.1 End Pumping 

End pumping is an optical pumping technique where the pump light is injected into the 

gain medium along the laser beam axis. The end pumping configuration is shown in 

Figure 1.3. The pump beam is typically circularized and focused by a lens onto the end-

face of the crystal. This crystal can be a rod or a slab but is required to have enough 

length to absorb the pump radiation. This pumping scheme allows for good overlap of 

the pump beam and the fundamental laser mode, which is important for attaining a 

diffraction-limited beam. In addition, end pumping enables low threshold and high-

power efficiency [55]. Therefore, end pumping is suitable for most diode-pumped 

solid-state lasers. 

 

Figure 1.3. Schematic of an end-pumped solid-state laser. The laser system consists 

of a laser diode pump module, a pump beam focusing lens, a dichroic back mirror 

(highly-transmitting for the pump and highly-reflecting at laser wavelength), a laser 

rod, and an output coupler. 

A disadvantage of the end pumping scheme is that the output power is limited by 

thermally induced lensing and fracturing. Since the pump beam is focused into a small 

area, it leads to intense thermal loads that induce thermal lensing. As the pump power 

increases, the thermal lensing disturbs the cavity stability and reduces the output power. 

In extreme cases, high pumping intensity gives rise to excess temperature differential 

and hence thermal fracture of the pumped crystal face. Moreover, the scheme puts 

constraints on the beam quality of the pump light. The end pumping scheme is, 

therefore, suitable for employing to achieve low or moderate output powers. 
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1.3.2 Side Pumping 

Side pumping is another commonly used scheme for optical pumping, where the pump 

beam is injected into the gain medium from the side. The direction in which the pump 

beam is incident is perpendicular to the direction of the laser beam. Figure 1.4 shows a 

schematic diagram of a typical side-pumped solid-state laser. 

 

Figure 1.4. Schematic of a side-pumped solid-state laser. The laser system consists of 

two laser diodes (pump lasers), two vertical cylindrical lenses (shaping the pump 

beam in the vertical axis), an HR mirror (highly-reflecting at laser wavelength), an 

output coupler and a gain medium. 

Side pumping has the advantage of allowing the use of pump sources with low spatial 

coherence. It permits a large pump area on the gain medium, which alleviates thermal 

loading as compared to the end pumping. Another advantage of this scheme is the 

power scalability. For example, multiple diode bars can be combined and placed along 

the length of the gain medium to provide pump radiation. The width of the emitting 

area can approach the crystal length. For these reasons, side pumping is often employed 

for high-power solid-state lasers [56,57]. However, due to the gain existing at the edge 

of the laser modes, the oscillation of higher-order spatial modes might occur, making 

it more challenging to achieve good beam quality and high efficiency. 
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Figure 1.5. Schematic of a bounce geometry laser. The laser system consists of a 

laser diode, a vertical cylindrical lenses (used for pump beam shaping), an HR mirror 

(highly-reflecting at laser wavelength), an output coupler and a gain medium (slab). 

The main reason for the inefficiency of the side pumping scheme is that the pump light 

is preferentially absorbed near the surface, whereas the laser mode is located inside the 

gain medium [58]. A special side pumping geometry worth mentioning is bounce 

geometry. The laser beam undergoes total internal reflection at the pump face of the 

crystal, as shown in Figure 1.5. This pumping scheme leads to a high inversion density 

located in a shallow region near the pump face and allows the laser beam to experience 

high gain as passing through the crystal. For gain media with strong pump absorption 

(e.g. Nd:YVO4), most pump light can be absorbed within the fundamental mode to 

achieve excellent beam quality [59]. 

1.3.3 Face Pumping 

Face pumping involves the use of a laser crystal that is in the form of a thin disk. Figure 

1.6 illustrates the face pumping geometry of a solid-state laser. The thin disk, that is 

adhered to a heat sink, has a thickness considerably smaller than the laser beam 

diameter. The heat generated is uniformly distributed in the transverse direction and is 

mainly extracted through the end face attached to the heat sink. The end face is highly 

reflective coated for both the laser and pump wavelengths. It also acts as a folding 

mirror or an end mirror of the resonator. This cooling arrangement effectively reduces 

the transverse temperature gradient, which results in high beam quality [60]. The heat 

dissipation from the thin disk to the heat sink is highly efficient, and this allows high 

pump power densities without causing overheating of the crystal [61]. 
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Figure 1.6. Schematic diagram of a face-pumped solid-state laser. The laser system 

consists of a laser diode, a focusing lens, an HR mirror, an output coupler and a thin 

disk (laser gain medium) adhered to a heat sink. 

Due to the small thickness, the thin disk exhibits low pump absorption when only a 

single or double pass of the pump beam is used. This problem is solved using a multi-

pass geometry, which easily allows for multiple pump beam passes (e.g. 16 or 24 

passes [62,63]). A significant advantage of the face-pumped thin-disk geometry is 

power scalability. This is achieved by simultaneously increasing the pump power and 

area. The simple scaling law allows a variety of solid-state lasers operated at extremely 

high power (up to tens of kilowatts) [60]. Therefore, the thin-disk laser design has the 

potential to produce high output power, high efficiency and excellent beam quality. 

1.4 Thesis Overview 

As stated at the beginning, this thesis is concerned with the development of diode-

pumped solid-state lasers based on Alexandrite crystals that produce broadly tunable 

wavelengths with high efficiency. The capability for direct diode pumping enables the 

construction of simple, compact and cost-efficient Alexandrite lasers that operate with 

high efficiency.  

In Chapter 2, the theory of optical resonators applicable to solid-state lasers is 

introduced. More specifically, the requirements of stable optical resonators are shown. 

The formation and influence of thermal lensing are presented. In addition, laser modes 

are discussed, along with the experimental techniques for analyzing them. Theoretical 
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background concerning with the behaviour of continuous-wave (CW) and Q-switched 

lasers are presented in the latter part. Idealized models are employed to introduce the 

mechanism of laser action. For CW operation, the expression for the output power and 

the optimum output coupling of laser oscillators are derived through theoretical 

analysis. Several practical methods for realizing single-mode operation are discussed 

in detail. Finally, the theory of Q-switching and typical methods of implementing Q-

switched operation are discussed. 

In Chapter 3, the physical and spectroscopic properties of Alexandrite relevant to the 

laser performance are presented. The physical properties of Alexandrite are compared 

with other common crystals, which proves that Alexandrite is superior for same 

applications among the possible choices of laser crystals. Laser kinetics for Alexandrite 

operated as either a 3-level or a 4-level system are discussed, along with the 

temperature-dependent characteristics. The spectral properties, as well as the 

wavelength tuning limits, are explained via combining absorption and emission 

processes. Diverse pump source options and the versatility of the Alexandrite lasers 

allow for a wide range of applications. 

The remainder of this thesis is focused on experimental demonstrations and 

investigations of Alexandrite’s diode-pumped laser performance. Chapter 4 presents 

the results from diode-end-pumped actively Q-switched Alexandrite lasers. The two 

laser-diode modules (a free-space laser module and a fiber-coupled one) used as pump 

lasers in the thesis work are introduced. The free-space laser module possessing nearly 

linearly polarised output and high output power (>60 W) was used as the pump source 

for actively Q-switched operation. The Q-switching was achieved via loss modulation, 

through the use of a BBO Pockels cell. Short pulses with repetition rates up to 10 kHz 

were demonstrated from the Q-switched laser. To obtain shorter pulses with higher 

peak power, a cavity-dumped Q-switched system was developed by modifying the 

already Q-switched laser system.  

In Chapter 5, a wavelength-tunable passively Q-switched diode-pumped Alexandrite 

laser is investigated. A fiber-coupled red-diode module was employed to provide 
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optical pumping due to its relatively favourable beam quality. The passively Q-

switched operation was realized using a semiconductor saturable absorber mirror 

(SESAM), and the wavelength tuning was demonstrated using a birefringent plate. The 

laser design uses a Brewster-angle cut crystal and curved mirrors, which introduce 

astigmatism. The astigmatic properties of these elements are analyzed, and a 

compensation scheme is proposed and implemented. The results of the passively Q-

switched laser using an X-shaped cavity design for astigmatic compensation are 

presented at the end of this chapter. 

Chapter 6 presents the first unidirectional single-longitudinal-mode (SLM) operation 

of a CW diode-pumped Alexandrite ring laser with wavelength tunability. Based on 

the X-shaped cavity design of the passively Q-switched system described in Chapter 5, 

an enhanced design was developed as a precursor to the ring cavity. This enhanced X-

shaped cavity design primarily includes the replacement of previously used plano-

concave cavity mirrors with a pair of customized convex-concave mirrors (also known 

as ‘zero lens’ mirrors). The influence of the two types of mirrors on the pump light is 

quantitatively simulated and compared. The result shows that the ‘zero lens’ mirror has 

an insignificant impact on the pump light as compared to the plano-concave mirror. 

Moreover, the use of ‘zero lens’ mirrors with a short radius of curvature allowed a 

novel ‘displaced mode’ cavity design, which ensures the compactness of the laser 

system. The unidirectional SLM operation was implemented using an optical diode. 

The results open the way for the development of cost-effective and compact laser 

systems with high power, narrow linewidth and precise wavelength tunability. 

Chapter 7 summarizes the main results of each chapter, along with a few ideas for 

further improvement. The significance of this thesis work is also highlighted at the end.
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Chapter 2 

Laser Theory  

This chapter deals with the theory of optical cavities that is applicable to solid-state 

lasers. The requirements of a stable cavity are mathematically deduced, and the impact 

of thermal lensing is qualitatively discussed. The modes of a laser cavity are shown, 

along with experimental techniques to analyse them.  

The theoretical background required to describe the continuous wave and Q-switching 

laser behavior was developed in the latter part of this chapter. Idealized models are 

employed to explain the operation of optically pumped solid-state lasers. Optimum 

output coupling of laser oscillators is presented, along with practical methods for single 

mode selection. Typical methods of realizing Q-switching are also discussed in detail. 

2.1 Laser Cavity Stability and Modes 

Optical cavities, which in most cases consist of two or more mirrors are a major 

component of lasers. The concept of cavity stability can be comprehended from a 

purely geometrical picture of how paraxial rays propagate around a laser cavity. For 

such a cavity, the multiple propagations of light rays can be analyzed using the matrix 

formulation of geometrical optics under the paraxial approximation.  

In this section, the theory of optical cavities without active media is presented, and the 

stability criterion for a typical two-mirror system with/without an intracavity lens is 



CHAPTER 2.  LASER THEORY 

46 

 

derived using ray transfer matrix analysis. The optical pumping process is associated 

with heat generation in solid-state lasers. Since thermal lensing may affect the stability 

of the laser systems, a deep understanding of this effect is vitally important. The origin 

of the thermal lensing and its impact on laser systems are discussed here. The output 

beams of laser cavities are shown in terms of cavity modes, which characterize spatial 

and frequency properties of laser output. Experimental techniques to analyse cavity 

modes are also demonstrated in this section. 

2.1.1 Cavity Stability 

The ray transfer matrix approach is a type of ray tracing technique used to propagate 

rays through optical systems. A ray transfer matrix can be used to describe an optical 

element’s effect on a laser beam. Figure 2.1 shows the propagation of a ray through a 

general optical element in cylindrical geometry. 

 

Figure 2.1. Propagation of a ray through a general optical element. 𝑍𝑖𝑛 and 𝑍𝑜𝑢𝑡 define 

input and output planes, respectively. The ray at the input plane is characterized by 

radial displacement (𝑟𝑖𝑛 ) and angular displacement (𝑟𝑖𝑛
′ ). Similarly, the ray at the 

output plane is represented by (𝑟𝑜𝑢𝑡, 𝑟𝑜𝑢𝑡
′ ). 

The ray at the input plane is characterized by two parameters - radial displacement (𝑟𝑖𝑛) 

and angular displacement (𝑟𝑖𝑛
′ ). Similarly, the ray at the output plane is represented by 

(𝑟𝑜𝑢𝑡, 𝑟𝑜𝑢𝑡
′ ). Each optical element transforms the ray according to 

|
𝑟𝑜𝑢𝑡

𝑟𝑜𝑢𝑡
′ | = |

𝐴∗ 𝐵∗

𝐶∗ 𝐷∗| |
𝑟𝑖𝑛
𝑟𝑖𝑛

′ |  (2.1.1) 
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where the 𝐴∗𝐵∗𝐶∗𝐷∗ matrix is a transfer matrix that is characteristic to the specific 

optical element intersected by the ray. It should be noted that the ray transfer matrix 

analysis is only valid under the Paraxial Approximation. Thus, the angular 

displacements must stay small to enable this approximation. 

 

Figure 2.2. A general two-mirror laser cavity. The cavity consists of two mirrors 

(Mirror 1 and 2). 𝛾 defines a reference plane inside the cavity. An intracavity ray 

intersects the reference plan 𝛾 at 𝑃0(𝑟0, 𝑟0
′) and 𝑃1(𝑟1, 𝑟1

′). 

For a generic two-mirror cavity with no limiting aperture shown in Figure 2.2, there is 

a ray leaving point 𝑃0(𝑟0, 𝑟0
′) of a reference plane 𝛾 and propagating to the right. After 

reflection from mirrors 2 and 1, the ray will intersect the reference plane at point 

𝑃1(𝑟1, 𝑟1
′). This process can be described with the ray transfer matrix by considering the 

entire laser cavity as an optical element. According to Equation (2.1.1), the radial and 

angular displacements of the ray at point 𝑃1 are given by 

|
𝑟1
𝑟1

′| = |
𝐴 𝐵
𝐶 𝐷

| |
𝑟0
𝑟0

′| (2.1.2) 

where the 𝐴𝐵𝐶𝐷 matrix is the cavity round trip matrix  [11]. 

In the case of a resonator which consists of two curved mirrors M1 and M2 with radii 

of curvature 𝑅1 and 𝑅2 and spacing 𝐿, the corresponding 𝐴𝐵𝐶𝐷 matrix can be obtained 

from the product of matrices of the individual optical elements. Thus, the cavity round 

trip matrix of this two-mirror resonator is given by 

|
𝐴 𝐵
𝐶 𝐷

| = |
1 0

−2 𝑅1⁄ 1
| |

1 𝐿
0 1

| |
1 0

−2 𝑅2⁄ 1
| |

1 𝐿
0 1

| (2.1.3) 
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If the wavefront curvature of the Gaussian beam matches the mirror curvature at each 

mirror, the optical resonator can support both the lowest-order Gaussian mode and 

higher-order Hermite-Gaussian or Laguerre-Gaussian modes. 

The complex beam parameter denoted by 𝑞 is used to specify the properties of the 

Gaussian beam. The 𝑞 parameter of a beam is defined as 

1

𝑞
=

1

𝑅
− 𝑖

𝑀2𝜆

𝜋𝑤2
 (2.1.4) 

where 𝑅 is the radius of curvature, 𝑀2 is the beam quality factor, 𝜆 is the wavelength 

of the beam, 𝑤 is the waist size of the beam. If a Gaussian beam is a mode of an optical 

cavity, the beam must reproduce itself and its 𝑞 parameter must be unchanged after one 

round trip. According to the 𝐴𝐵𝐶𝐷  law of Gaussian beam [64], the requirement is 

given by 

𝑞1 =
𝐴𝑞0 + 𝐵

𝐶𝑞0 + 𝐷
= 𝑞0 (2.1.5) 

where 𝑞0 and 𝑞1 are the complex beam parameters at the reference plane 𝛾. 𝐴, 𝐵, 𝐶 

and 𝐷 are the components of the cavity round trip matrix given by Equation (2.1.3). 

According to Equation (2.1.5), the complex beam parameter 𝑞0  must satisfy the 

following equation 

𝐶𝑞0
2 − (𝐴 − 𝐷)𝑞0 − 𝐵 = 0 (2.1.6) 

The solution of the above quadratic equation is given by 

𝑞0 =
(𝐴 − 𝐷) ± √(𝐴 + 𝐷)2 − 4(𝐴𝐷 − 𝐵𝐶)

2𝐶
 (2.1.7) 

where (𝐴𝐷 − 𝐵𝐶)  is the determinant of the  𝐴𝐵𝐶𝐷  matrix. The determinant of a 

product of square matrices is the product of the determinants of elementary matrices, 

and each of the elementary matrices has unity determinant, so 𝐴𝐷 − 𝐵𝐶 = 1. Because 

the 𝑞 parameter (𝑞0) always has an imaginary part, the expression under the square root 

in Equation (2.1.7) has to be negative, which gives 
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1

4
(𝐴 + 𝐷)2 < 1 (2.1.8) 

Equation (2.1.8) is the stability condition for the two-mirror resonator, which means a 

Gaussian beam can only be sustained by stable resonators. This condition can also be 

written as 

0 <
1

4
(𝐴 + 𝐷 + 2) < 1 (2.1.9) 

From the cavity round trip matrix (Equation (2.1.3)), the stability condition (Equation 

(2.1.9)) can be expressed as 

0 < (1 −
𝐿

𝑅1
) (1 −

𝐿

𝑅2
) < 1 (2.1.10) 

It is customary to introduce the g parameters of the cavity. The parameters are defined 

as 

g1 = 1 −
𝐿

𝑅1
    and    g2 = 1 −

𝐿

𝑅2
 (2.1.11) 

With Equation (2.1.11), the stability condition of Equation (2.1.10) transforms to a 

simple relation given by [65] 

0 < g1 g2 < 1 (2.1.12) 

The stability condition can then be conveniently translated into the cavity stability 

diagram shown in Figure 2.3.  
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Figure 2.3. Stability diagram for a two-mirror optical resonator. The shaded area 

corresponds to the stable region. 

The hyperbola in the diagram corresponds to the boundary condition of g1g2 = 1. The 

other boundary condition g1g2 = 0  (either g1 = 0  or g2 = 0 ) is automatically 

represented by the horizontal and vertical axes. The shaded area enclosed by these 

boundaries corresponds to the stable region. Every two-mirror optical resonator can be 

represented by a point (g1, g2) on the stability diagram. Resonators will be marginally 

stable if the point (g1, g2) lies on the boundary lines. If the point (g1, g2) falls in the 

unstable region outside the shaded area, the two mirrors will form an unstable optical 

resonator. 

Practically, laser resonators are often used with internal lenses for mode control. 

Interestingly, the gain medium itself can act as an intracavity lens due to thermal 

lensing. Therefore, the majority of laser cavities investigated in this work can be 

approximated to follow the design shown in Figure 2.4. This cavity consists of two 

curved mirrors 𝑀1
∗ and 𝑀2

∗ with radii of curvature 𝑅1
∗ and 𝑅2

∗ and an intracavity lens of 

focal length 𝑓. The lens is spaced a distance 𝐿1 away from 𝑀1
∗ and 𝐿2 away from 𝑀2

∗. 
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Figure 2.4. Two-mirror laser resonator with an internal lens of focal length 𝑓. The radii 

of curvature of mirrors are 𝑅1
∗ and 𝑅2

∗. The distances between the mirrors and the lens 

are 𝐿1 and 𝐿2. 

The g parameters of this optical resonator are given by 

g1
∗ = 1 −

𝐿2

𝑓
−

𝐿′

𝑅1
∗   and  g2

∗ = 1 −
𝐿1

𝑓
−

𝐿′

𝑅2
∗  (2.1.13) 

Where 𝐿′ = 𝐿1 + 𝐿2 − 𝐿1𝐿2/𝑓  is an effective length used to simplify the equations. 

The stability condition for this case is consistent with that for a two-mirror resonator, 

and given by 

0 < g1
∗  g2

∗ < 1 (2.1.14) 

The beam radii on the resonator mirrors (𝑤1 & 𝑤2) are given by [64,66] 

𝑤1 = √
λ|L′|

π
[

 g2
∗

g1
∗(1 − g1

∗g2
∗)

]

1 4⁄

 (2.1.15) 

𝑤2 = √
λ|L′|

π
[

 g1
∗

g2
∗(1 − g1

∗g2
∗)

]

1 4⁄

 (2.1.16) 

where λ is the laser wavelength. The beam radius is defined as the distance from the 

beam axis to where the optical intensity drops to 1 𝑒2⁄  of the value on the beam axis 

(1 𝑒2⁄  intensity). The beam radius on the lens (𝑤3) can be obtained by propagating the 

Gaussian beam from 𝑀1
∗ (or 𝑀2

∗) for a distance 𝐿1 (or 𝐿2), which gives 
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𝑤3 = √
λ

π
[
4𝑢1𝑢2g1

∗g2
∗ + (𝑢1 − 𝑢2)

2

g1
∗g2

∗(1 − g1
∗g2

∗)
]

1 4⁄

 (2.1.17) 

where 𝑢1 = 𝐿1(1 − 𝐿1 𝑅1
∗⁄ ) and 𝑢2 = 𝐿2(1 − 𝐿2 𝑅2

∗⁄ ) are two variables introduced for 

simplifying the analysis [67]. 

2.1.2 Thermal Lensing 

For most solid-state lasers, the pump wavelength is shorter than the laser wavelength, 

which means the energy of pump photons is larger than that of laser photons. The so-

called quantum defect is defined as the energy difference between pump and laser 

photons. The energy difference (∆𝐸) is expressed as 

∆𝐸 = ℎ𝜈pump − ℎ𝜈laser = ℎ𝜈pump (1 −
𝜆pump

𝜆laser
) (2.1.18) 

During the pumping process, this difference in energy (∆𝐸) is lost and released as heat 

in the gain medium [68]. The quantum defect causes inevitable energy loss and sets an 

upper limit on the power efficiency. 

The quantum defect heating is the main origin of heat generation in solid-state lasers. 

In addition, there are many other mechanisms (e.g. excited-state absorption and up-

conversion) which can also lead to heat generation. The heat generated in the gain 

medium results in the thermal lensing effect. To explain this, it should first be noted 

that the refractive index of a gain medium is temperature-dependent, which is 

quantified with the thermo-optic coefficient (𝑑𝑛 𝑑𝑇⁄ ). The gain medium is hotter on 

the beam axis as compared to the outer region, which gives rise to some transverse 

gradients of the refractive index and thus a lensing effect. The temperature gradients 

generate mechanical stresses in the gain medium. The stresses lead to further refractive 

index changes via the photo-elastic effect, which results in additional lensing effect. 

Thermally induced stresses can also lead to the deformation of the end faces of the gain 

medium. In an end-pumping configuration, this effect turns the crystal into a thick lens 

due to differential expansion [69]. 
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In the case of end-pumped lasers with rods of cylindrical symmetry, the combined 

effects of the temperature- and stress-dependent variation of the refractive index and 

the deformation of the end faces give the expression for the focal length of the thermal 

lens [7] 

𝑓 =  
𝐾𝐶𝐴

𝑃ℎ
(
1

2

𝑑𝑛

𝑑𝑇
+ 𝑛0

3𝛼𝐶𝑟,𝜙 +
𝛼𝑟0(𝑛0 − 1)

𝑙
)

−1

 (2.1.19) 

where 𝐾𝐶 is the thermal conductivity of the gain medium, 𝐴 is the pumped area, 𝑃ℎ is 

the total heat power dissipated in the rod which is proportional to the absorbed pump 

power, 𝑛0 is the refractive index at the center of the rod, 𝛼 is the thermal expansion 

coefficient, 𝐶𝑟,𝜙 is the photo-elastic coefficient, 𝑟0 is the radius of the rod and 𝑙 is the 

length of the rod. The first term on the right side of Equation (2.1.19) corresponds to 

thermal lensing caused by the temperature variation, the second item denotes the stress-

dependent effect, and the last term is due to the deformation of the pump face. Hence, 

the dioptric power (1 𝑓⁄ ) of the thermal lens induced by temperature gradients and 

stresses can be numerically analyzed using this equation. 

Thermal lensing leads to the degradation of both laser beam quality and output power. 

In extreme cases, stress fracture could occur if the thermally induced stress exceeds the 

ultimate tensile strength of the gain medium. Obviously, the presence of thermal 

lensing poses challenges to the cavity design. In principle, thermal lensing can be 

compensated by adjustments of the laser system design. Therefore, it is necessary to 

analyze a number of factors including the pumping geometry, the heat-sinking 

arrangement, and the properties of the gain medium [70]. 

2.1.3 Cavity Modes 

A mode of a resonator is defined as a self-consistent distribution of the electromagnetic 

field. The field distribution reproduces itself after one round trip. Stable modes of 

oscillation can be sustained, and their transverse intensity profile and phase must be 

unchanged after multiple traverses in the resonator. Laser modes are typically divided 

into two categories: transverse modes and longitudinal modes. 
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Transverse Modes 

Transverse modes are found through solving the paraxial wave equation with spherical 

cavity boundaries. The Solutions in rectangular coordinates give the Hermite-Gaussian 

modes. Within the paraxial approximation, the electric and magnetic fields of the 

modes are approximately transverse to the propagation direction, so they are designated 

TEMmn (Transverse Electric Magnetic). The indices m and n refer to the form of the 

transverse field distribution.  

The lowest order mode (TEM00) is the fundamental transverse mode of the resonator 

and has circular symmetry. The field distribution is defined by a Gaussian function. 

The width of the Gaussian mode changes as the beam propagates along its axis. All 

other modes with more complicated intensity distributions are termed higher-order 

transverse modes and have symmetry in Cartesian coordinates. Their electric field 

distributions are described by the product of Hermite and Gaussian functions and given 

by 

𝐸𝑚𝑛(𝑥, 𝑦, 𝑧) =
𝑤0

𝑤(𝑧)
𝐻𝑚 (

√2𝑥

𝑤(𝑧)
)𝐻𝑛 (

√2𝑦

𝑤(𝑧)
) 𝑒𝑥𝑝 (−

(𝑥2 + 𝑦2)

𝑤(𝑧)2
−

𝑖𝑘(𝑥2 + 𝑦2)

2𝑅(𝑧)

− 𝑖[𝑘𝑧 − (1 + 𝑚 + 𝑛)𝜙(𝑧)])                                                          (2.1.20) 

where 𝐻𝑚(𝑝)  is the Hermite polynomial with non-negative integer index 𝑚 . The 

indices 𝑚  and 𝑛  are the transverse mode numbers and determine the shape of the 

profile in the 𝑥 and 𝑦 direction respectively. 𝑘 = 2𝜋/𝜆 is the wavenumber, and 𝑤0 is 

the radius of the beam waist (at 1 𝑒2⁄  intensity cut-off). 𝑤(𝑧), 𝑅(𝑧) and 𝜙(𝑧) are the 

beam radius, radius of curvature and Gouy phase shift, respectively. These parameters 

evolve in the 𝑧 direction just as for a Gaussian beam, and their expressions are  

𝑤(𝑧) = 𝑤0√1 + (𝑧 𝑧𝑅⁄ )2 (2.1.21) 

𝑅(𝑧) = 𝑧 + 𝑧𝑅
2 𝑧⁄  (2.1.22) 

𝜙(𝑧) = tan−1(𝑧 𝑧𝑅⁄ ) (2.1.23) 
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where 𝑧𝑅 = 𝜋𝑤0
2 𝜆⁄  is the Rayleigh range. The cross-sectional intensity profiles of the 

Hermite-Gaussian modes are shown in Figure 2.5. It can be seen that the mode numbers 

also indicate the number of zero fields in the corresponding axis [11,65].  

 

Figure 2.5. Intensity profiles of the Hermite-Gaussian modes (TEMmn modes). 

Starting with TEM00 (upper left-hand side) and going up to TEM33 (low right-hand 

side). All profiles generated with Matlab. 

For 𝑚 = 𝑛 = 0, Equation (2.1.20) reduces to the Gaussian solution as the Hermite 

polynomial of zeroth order is a constant. The Gaussian beam (fundamental transverse 

mode) with a circularly-symmetric spatial profile is the preferred output from a laser 

cavity since it can be focused down to a very small spot size to achieve a high-power 

density.   

It is worthwhile to mention that the electric field distributions of the Hermite-Gaussian 

modes form a set of functions which are complete and mutually orthogonal, so every 

arbitrary field distribution can be decomposed using Hermite-Gaussian modes.  

Longitudinal Modes 

A longitudinal mode is a standing wave pattern formed by waves confined in a cavity. 

The cavity not only give rise to a transverse mode structure but also imposes a mode 

structure on the longitudinal frequencies. The frequencies have a dependence on the 

transverse modes because of different phase shifts for different order modes. In fact, 

transverse and longitudinal modes can be viewed as different facets of an electric field 

distribution. 
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According to Equation (2.1.20) and (2.1.23), the phase of the field for an 𝑚𝑛-th order 

Hermite-Gaussian mode is given by 

Ф(𝑧) = 𝑘𝑧 − (1 + 𝑚 + 𝑛) tan−1(𝑧 𝑧𝑅⁄ ) (2.1.24) 

The condition for a resonator mode requires the field distribution to be self-reproducing, 

which implies the phase can only change by an integer multiple of 2π after one round 

trip, or the one-way phase shift must be an integer multiple of π. Therefore, the phase 

shift from one end of cavity to the other is given by 

𝑘(𝑧2 − 𝑧1) − (1 + 𝑚 + 𝑛)[𝑡𝑎𝑛−1(𝑧2 𝑧𝑅⁄ ) − 𝑡𝑎𝑛−1(𝑧1 𝑧𝑅⁄ )] = 𝜋𝑞 (2.1.25) 

where 𝑞 is an integer and represents the longitudinal mode number. It has been shown 

that the Guoy phase shift (the expression in the square brackets) is equivalent to 

cos−1(±√g1g2) [71]. Writing the frequency of the mode as 𝜈𝑚𝑛𝑞 = 𝑐 𝜆⁄  and using 

Equation (2.1.25), the frequencies of the allowed modes are given by 

𝜈𝑚𝑛𝑞 =
𝑐

2𝐿
(𝑞 +

1

𝜋
(1 + 𝑚 + 𝑛) cos−1(±√g1g2)) (2.1.26) 

where 𝐿 = (𝑧2 − 𝑧1) is the optical path length, and the g parameters of the cavity are 

defined by Equation (2.1.11). The positive sign is for the point (g1, g2) in the positive 

quadrant of the stability diagram, while the negative sign is for the point in the negative 

quadrant.  

2.1.4 Mode Analysis 

In general, laser applications require specific laser modes. Therefore, the analysis of 

the laser modes is of practical significance. Diagnostic techniques are needed to analyse 

transverse and longitudinal modes. The measurement and characterization of the 

transverse mode profiles are usually discussed using a single parameter – beam quality 

factor (or 𝑀2  factor). The observation and analysis of the longitudinal modes are 

performed using a Fabry–Pérot interferometer.  

Beam Quality Measurement 
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The 𝑀2 factor is a parameter introduced to quantify the beam quality of laser beams. It 

is defined as the ratio of the beam parameter product (BPP) of the measured beam to 

that of a diffraction limited Gaussian beam with the same wavelength. The BPP is the 

product of a laser beam’s divergence angle and the radius of the beam waist. The 

definition of 𝑀2 is thus given by 

𝑀2 =
𝑤𝜃

𝑤0𝜃0
=

𝜋𝑤𝜃

𝜆
 (2.1.27) 

where 𝑤 is the radius at the beam waist,  𝜃 is the beam’s divergence angle, 𝑤0 and 𝜃0 

are the beam waist radius and beam’s divergence angle of an ideal Gaussian beam, 𝜆 

is the wavelength. Therefore, the parameter 𝑀2 indicates the degree of variation of a 

beam from an ideal Gaussian beam which has an 𝑀2 factor of 1. For a real laser beam, 

𝑀2 is greater than 1. 

According to ISO 11146 standards, the 𝑀2 factor can be obtained from the evolution 

of the beamwidth along the propagation direction (𝑧). The beamwidth is defined based 

on second-order moments of the intensity distribution 𝐼(𝑥, 𝑦). The second-moment 

beam radius in the 𝑥-direction is defined as 

𝑊𝑥 = 2√
∬(𝑥 − 𝑥̅ )2 𝐼(𝑥, 𝑦) 𝑑𝑥𝑑𝑦

∬𝐼(𝑥, 𝑦) 𝑑𝑥𝑑𝑦
 (2.1.28) 

where 𝑥̅ is the centroid coordinates of the intensity distribution. The beam radius 𝑊𝑦 in 

the 𝑦  direction can be defined in a similar manner by replacing (𝑥 − 𝑥̅ )2  with 

(𝑦 − 𝑦̅ )2 in the upper integral.  This way of defining the beamwidth is also known as 

D4σ method, as the beam diameter is 4 times the standard deviation of the intensity 

distribution. For an ideal Gaussian beam (TEM00 mode), the second-moment beam 

radius 𝑊𝑥 is consistent with the Gaussian beam radius 𝑤(𝑧) defined in Section 2.1.2. 

The second-moment beam radius propagates in free space in the same way as the ideal 

Gaussian beam spot size, so the second-moment radii for an arbitrary beam are given 

by 
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𝑊𝑥(𝑧) = 𝑊0𝑥√1 + (
𝑀𝑥

2𝜆(𝑧 − 𝑧0𝑥)

𝜋𝑊0𝑥
)

2

 (2.1.29) 

and 

𝑊𝑦(𝑧) = 𝑊0𝑦
√1 + (

𝑀𝑦
2𝜆(𝑧 − 𝑧0𝑦)

𝜋𝑊0𝑦
)

2

 (2.1.30) 

where 𝑀𝑥
2 and 𝑀𝑦

2 are the beam quality factor in the 𝑥 & 𝑦 directions, 𝑊0𝑥  and 𝑊0𝑦 

are second-moment radii of the beam waist, 𝑧0𝑥 and 𝑧0𝑦 are the locations of the beam 

waist along the 𝑧-axis in the respective directions.  

To determine the 𝑀2 factor, the second-moment beam radius is measured at multiple 

transverse planes along the beam propagation axis. Using Equation (2.1.29) and 

(2.1.30), a fitting algorithm is applied to determine 𝑀𝑥
2 and 𝑀𝑦

2 if the wavelength is 

known. In an actual measurement, a laser beam is normally focused with a lens of 

known focal length fixed in position, as shown in Figure 2.6. A CCD or CMOS camera 

in conjunction with a translation stage is used to record the beam’s two-dimensional 

intensity profile and hence measuring the characteristics of the beam. 

 

Figure 2.6. Characteristics of a laser beam as it passes through a converging lens. 

Multiple beamwidth measurements are taken in the near field and far field. 

A Hermite-Gaussian beam related to a TEM𝑚𝑛 mode has an 𝑀2 factor of (2𝑚 + 1) in 

the 𝑥  direction and (2𝑛 + 1) in the 𝑦  direction. In practice, a laser oscillates on a 
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mixture of transverse modes rather than a pure mode. For an incoherent superposition 

of the lowest and higher-order Hermite-Gaussian modes, the beam quality factor is 

given by a weighted sum of all the modes present, hence 

𝑀𝑥
2 = ∑|𝑃𝑚𝑛|2 × (2𝑚 + 1)

𝑚,𝑛

 (2.1.31) 

𝑀𝑦
2 = ∑|𝑃𝑚𝑛|2 × (2𝑛 + 1)

𝑚,𝑛

 (2.1.32) 

where |𝑃𝑚𝑛|2 is a normalized power coefficient for a Hermite-Gaussian mode 𝑇𝐸𝑀𝑚𝑛. 

Therefore, the value of the beam quality factor depends on the distribution of the total 

power over transverse modes [72]. The 𝑀2 factor quantifies the beam quality with a 

single number and predicts the evolution of the beamwidth. However, this single 

number alone cannot be considered as a complete characterization of beam quality, as 

there are different combinations of modes that could result in the same 𝑀2 factor. 

Frequency Measurement 

Commercial spectrometers with nanometer accuracy are not suitable for resolving fine 

spectral features of lasers due to their resolution limitations. Instead, a Fabry–Pérot (FP) 

interferometer can be used as a spectrum analyser to resolve the fine structure of 

longitudinal modes. A FP interferometer is typically made of a plane-parallel 

transparent plate with two surfaces of high reflectivity 𝑅. The transparent plate has a 

thickness of 𝑑 and a refractive index of 𝑛′. If a beam of light is incident on the FP 

interferometer at an angle of 𝜃. The transmission 𝑇𝐹𝑃 of the FP interferometer is given 

by 

𝑇𝐹𝑃 =
1

1 + 4𝑅 (1 − 𝑅)2⁄ ∗ sin2(2𝜋𝜈𝑛′𝑑 cos 𝜃 𝑐⁄ )
 (2.1.33) 

where 𝜈  is the frequency of the incident beam [11]. The transmission achieves its 

maximum value (100%) when 2𝜋𝜈𝑛′𝑑 cos 𝜃 𝑐⁄ = 𝑙𝜋, where 𝑙 is a positive integer and 

represents the interference fringe order. The frequencies of these maxima are thus given 

by 
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𝜈 =
𝑙𝑐

2𝑛′𝑑 cos 𝜃
 (2.1.34) 

The free spectral range of the interferometer is defined as the frequency shift between 

adjacent order of fringes. The value is hence given by the frequency difference between 

two consecutive maxima. From Equation (2.1.34), the free spectral range 𝛥ν𝑓𝑠𝑟 can be 

written as 

𝛥ν𝑓𝑠𝑟 =
𝑐

2𝑛′𝑑𝑐𝑜𝑠𝜃
 (2.1.35) 

The width (FWHM) of a transmission peak can be obtained by calculating the 

frequency difference between two ‘half-intensity (𝑇𝐹𝑃 = 1/2)’ points. According to 

Equation (2.1.33), the width 𝛥ν𝑐 is given by 

𝛥ν𝑐 =
𝑐

2𝑛′𝑑 cos 𝜃

1 − 𝑅

𝜋√𝑅
 (2.1.36) 

The finesse of the interferometer is defined as the ratio of the free-spectral range 𝛥ν𝑓𝑠𝑟 

to the width 𝛥ν𝑐. With the help of Equation (2.1.35) and (2.1.36), the expression of the 

finesse (𝐹) is written as 

𝐹 =
𝛥ν𝑓𝑠𝑟

𝛥ν𝑐
=

𝜋√𝑅

1 − 𝑅
 (2.1.37) 

The finesse intuitively depends on the reflectivity of the mirrors and is used to specify 

the resolving power of the interferometer. A high finesse gives a high spectral 

resolution. 𝛥ν𝑐 is considered as the minimum frequency interval that can be resolved 

by the interferometer. The resolution of a FP interferometer is typically in the range of 

tens to hundreds of MHz. 
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Figure 2.7. Schematic of the experimental apparatus for longitudinal frequency 

measurement including a FP interferometer, a diverging lens, a converging lens and a 

Camera. 

To observe several orders of interference fringes, the output beam of a laser is diverged 

and propagated into a Fabry–Pérot interferometer with a negative lens, as shown in 

Figure 2.7. This will give a range of incident angles 𝜃 and therefore a range of orders 

𝑙. The beam passing through the interferometer is then focussed by a converging lens, 

the interference fringes could be observed at the focal plane of the lens using a camera. 

The interference pattern takes the appearance of a set of concentric rings. The 

longitudinal mode separation 𝛥ν𝑞  can be measured using the diameters (𝐷) of the 

circular fringes according to [73] 

𝛥ν𝑞 = ν𝑞+1 − ν𝑞 = 𝛥ν𝑓𝑠𝑟 (
𝐷(𝑞+1)𝑙

2 − 𝐷𝑞𝑙
2

𝐷𝑞(𝑙−1)
2 − 𝐷𝑞𝑙

2 ) (2.1.38) 

where ν𝑞+1 and ν𝑞 represent frequencies of two adjacent longitudinal modes, while 𝑙 

and 𝑙 − 1 refer to two adjacent orders of interference, for example, 𝐷𝑞𝑙
2  is the diameter 

squared of the 𝑙th order fringe formed by the longitudinal mode ν𝑞. The longitudinal 

mode separation of a laser beam can be measured using a Fabry–Pérot interferometer 

with an appropriate resolution. This technique provides an efficient way of analysing 

the longitudinal frequency structure. 
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2.2 Continuous Wave Laser 

Optical amplification in laser media arises from stimulated emission, where the input 

signal induces transitions of laser-active ions from an upper laser level to a lower laser 

level. In this section, theoretical background required to describe the continuous wave 

(CW) laser behaviour is developed, and idealized models are used to introduce the 

underlying mechanism of the lasing action. An expression for the output power at 

optimum coupling is obtained through theoretical analysis. Methods for constraining a 

laser to oscillate on a single transverse and/or longitudinal mode are also discussed in 

detail. 

2.2.1 Three- and Four-level Lasers 

Lasers are usually classified into two broad categories – ‘three level’ or ‘four level’ 

lasers. Figure 2.8 shows an idealized model of a four-level laser. One main feature of 

this laser is that the energy separation between the lower laser level (level 1) and the 

ground state (level 0) is large enough at the laser operating temperature, 𝐸1 ≫ 𝐾𝑇. This 

guarantees that the thermal equilibrium population of the lower laser level is negligible. 

If the lifetime of atoms in the lower laser level is shorter than that in the upper laser 

level (level 2), the population density of level 1 (𝑁1) can be neglected compared to that 

of level 2 (𝑁2). The threshold condition is satisfied by pumping when 

𝑁2 ≈ 𝑁𝑡 (2.2.1) 

Therefore, the laser starts to oscillate when the population density of level 2 reaches 

the threshold value 𝑁𝑡. 
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Figure 2.8. Energy level diagram of a four-level laser. 

Figure 2.9 shows an idealized model of a three-level laser. The lower laser level for a 

three-level laser is either the ground state or a level which has a small energy difference 

to the ground state 𝐸1 < 𝐾𝑇. Therefore, the majority of the total population occupies 

the lower laser level at thermal equilibrium. 

 

Figure 2.9. Energy level diagram of a three-level laser. 

To meet the oscillation condition, the pump rate needs to be increased until the 

population density of the upper and lower laser levels satisfies the following conditions 

𝑁2 =
𝑁0

2
+

𝑁𝑡

2
 (2.2.2) 

𝑁1 =
𝑁0

2
−

𝑁𝑡

2
 (2.2.3) 
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Where 𝑁0 = 𝑁1 + 𝑁2, 𝑁0 is the density of the active atoms. We therefore have 𝑁2 −

𝑁1 = 𝑁𝑡. In most laser systems 𝑁0 ≫ 𝑁𝑡, it is found that the pump rate at threshold of 

a three-level laser is much higher than that of a four-level laser by comparing Equation 

(2.2.1) with (2.2.2).  The ratio is given by 

𝑁2 (3−𝑙𝑒𝑣𝑒𝑙)

𝑁2 (4−𝑙𝑒𝑣𝑒𝑙)
∼

𝑁0

2𝑁𝑡

(2.2.4) 

Therefore, approximately 𝑁𝑡 atoms need to be maintained in the upper laser level for a 

four-level laser, which corresponds to a minimum expenditure power of  

𝑝𝑠(4−𝑙𝑒𝑣𝑒𝑙) =
𝑁𝑡𝑉ℎ𝜈

𝑡2
 (2.2.5) 

For a three-level, the power is given by 

𝑝𝑠(3−𝑙𝑒𝑣𝑒𝑙) =
𝑁0𝑉ℎ𝜈

2𝑡2
(2.2.6) 

Where 𝑉 is the volume, ℎ is the Planck constant, 𝜈 is the photon’s frequency, and ℎ𝜈 

represents the photon energy per transition. 

2.2.2 Power in Laser Oscillator 

In the case of an ideal four-level laser as shown in Figure 2.8, the population of level 1 

is neglected as 𝐸1 ≫ 𝐾𝑇. 

The rate equations that describe the population of all levels are given by 

𝑑𝑁3

𝑑𝑡
= 𝑃03𝑁0 − 𝛾32𝑁3 (2.2.7) 

𝑑𝑁2

𝑑𝑡
= 𝛾32𝑁3 − 𝑤𝑠𝑡(𝜈)(𝑁2 − 𝑁1) − 𝛾21𝑁2 (2.2.8) 

𝑑𝑁1

𝑑𝑡
= −𝛾10𝑁1 + 𝑤𝑠𝑡(𝜈)(𝑁2 − 𝑁1) + 𝛾21𝑁2 (2.2.9) 

𝑑𝑁0

𝑑𝑡
= −𝑃03𝑁0 + 𝛾10𝑁1 (2.2.10) 
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where 𝑁𝑖 is the population density of level 𝑖, 𝛾𝑖𝑗 is the decay rate of a single atom from 

level 𝑖 to 𝑗, thus 𝛾𝑖𝑗𝑁𝑖  is the density of atoms decayed from level 𝑖 to 𝑗 per second. 

𝑤𝑠𝑡(𝜈) is the probability per second (transition rate) that an atom transits from level 2 

to 1 due to stimulated emission induced by a monochromatic field of frequency 𝜈 (or 

vice versa). 𝑃03 is the rate of atoms pumped per second from the ground state to level 

3. We assume that the relaxation from level 3 to the upper laser level is instantaneous, 

which means 𝛾32 → ∞ and 𝑁3 → 0. 

Then, the total population density 𝑁 is given by 

𝑁 = 𝑁0 + 𝑁1 + 𝑁2 (2.2.11) 

In a steady state, we have  

𝑑𝑁3

𝑑𝑡
=

𝑑𝑁2

𝑑𝑡
=

𝑑𝑁1

𝑑𝑡
=

𝑑𝑁0

𝑑𝑡
= 0 (2.2.12) 

In this case, using Equation (2.2.7) – (2.2.12) we can obtain the population inversion 

𝛥𝑁 = 𝑁2 − 𝑁1 =
𝑁𝑃03(𝛾10 − 𝛾21)

𝑤𝑠𝑡(𝜈)(2𝑃03 + 𝛾10) + 𝛾21𝑃03 + 𝛾10𝑃03 + 𝛾21𝛾10
 (2.2.13) 

We define the stimulated emission probability per second at the saturation state as  

𝑤𝑠𝑎𝑡(𝜈) =
𝛾21𝑃03 + 𝛾10𝑃03 + 𝛾21𝛾10

2𝑃03 + 𝛾10
 (2.2.14) 

Equation (2.2.13) can then be rewritten as  

𝛥𝑁 = (
𝑁𝑃03(𝛾10 − 𝛾21)

𝛾21𝑃03 + 𝛾10𝑃03 + 𝛾21𝛾10
)(

1

𝑤𝑠𝑡(𝜈)
𝑤𝑠𝑎𝑡(𝜈)⁄ + 1

) (2.2.15) 

where the stimulated transition rate (𝑤𝑠𝑡(𝜈)) is further discussed in Ref. [74]  

𝑤𝑠𝑡(𝜈) =
𝐴21𝑐

3

8𝜋𝑛3ℎ𝜈3
ρ(𝜈)𝑔(𝜈) (2.2.16) 
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where 𝐴21 is the spontaneous emission rate, 𝑐 is the velocity of light in vacuum, 𝑛 is 

the refractive index of the medium, ρ(𝜈) is the energy density of the monochromatic 

electromagnetic field that induces the transitions, 𝑔(𝜈) is lineshape function. 

Equation (2.2.16) can be rewritten in terms of the intensity of the optical wave I(𝜈) =

cρ(𝜈)/𝑛 as 

𝑤𝑠𝑡(𝜈) =
𝐴21𝑐

2

8𝜋𝑛2ℎ𝜈3
I(𝜈)𝑔(𝜈) =  

𝜎(𝜈)

ℎν
I(𝜈) (2.2.17) 

where 𝜎(𝜈) is the gain cross section and given by 

𝜎(𝜈) =
𝐴21𝑐

2

8𝜋𝑛2𝜈2
𝑔(𝜈) (2.2.18) 

Equation (2.2.17) indicates that the stimulated transition rate 𝑤𝑠𝑡(𝜈) is proportional to 

the incident light intensity I(𝜈), so Equation (2.2.15) can be rearranged as  

𝛥𝑁 = (
𝑁𝑃03(𝛾10 − 𝛾21)

𝛾21𝑃03 + 𝛾10𝑃03 + 𝛾21𝛾10
)(

1

𝐼(𝜈)
𝐼𝑠𝑎𝑡(𝜈)⁄ + 1

) (2.2.19) 

Where 

𝐼𝑠𝑎𝑡(𝜈) =  
ℎν

𝜎(𝜈)
𝑤𝑠𝑎𝑡(𝜈) (2.2.20) 

is the incident light intensity at saturation state. 

With the help of Equation (2.2.18) and (2.2.19), the gain coefficient of the four-level 

laser system is given by  

𝛼(𝜈) =  𝜎(𝜈)𝛥𝑁 =  
𝛼0(𝜈)

𝐼(𝜈)
𝐼𝑠𝑎𝑡(𝜈)⁄ + 1

 (2.2.21)
 

Where  

𝛼0(𝜈) = 𝜎(𝜈)(
𝑁𝑃03(𝛾10 − 𝛾21)

𝛾21𝑃03 + 𝛾10𝑃03 + 𝛾21𝛾10
) (2.2.22) 
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is the gain coefficient in the absence of significant intracavity radiation, or it is often 

called the ‘small signal gain coefficient’. For most practical 4 level lasers, 𝑃03 ≪ 𝛾21 ≪

𝛾10, we then have 

𝛼0(𝜈) = 𝜎(𝜈) (
𝑁𝑃03

𝛾21
) (2.2.23) 

Thus, the small gain coefficient 𝛼0(𝜈) is proportional to the pump rate 𝑃03. 

The intracavity intensity in the gain medium can be obtained by transforming Equation 

(2.2.21) to 

𝐼(𝜈) =  𝐼𝑠𝑎𝑡(𝜈) (
𝛼0(𝜈)

𝛼(𝜈)
− 1) (2.2.24) 

It is noted that the gain coefficient 𝛼(𝜈) of a continuous wave laser is clamped at the 

threshold gain coefficient 𝛼(𝜈)𝑡ℎ𝑟 for steady-state operation. 

The output power of the four-level laser can be obtained by multiplying the intracavity 

power by the transmission of the output coupler.  

𝑃(𝜈)𝑜𝑢𝑡 = (1 − 𝑅1)𝑃(𝜈)𝑐𝑎𝑣𝑖𝑡𝑦 = (1 − 𝑅1)𝐴𝐼(𝜈) (2.2.25) 

where A is the area of the beam in the gain medium, 𝑅1 is reflectance of the output 

coupler. Therefore, substituting Equation (2.2.24) into (2.2.25) gives 

𝑃(𝜈)𝑜𝑢𝑡 = (1 − 𝑅1)𝐴𝐼𝑠𝑎𝑡(𝜈) (
𝛼0(𝜈)

𝛼(𝜈)𝑡ℎ𝑟
− 1) (2.2.26) 

Because the small gain coefficient is proportional to the pump rate, Equation (2.2.26) 

can also be written as 

𝑃(𝜈)𝑜𝑢𝑡 = (1 − 𝑅1)𝐴𝐼𝑠𝑎𝑡(𝜈) (
𝑃03

𝑃03𝑡ℎ𝑟

− 1) (2.2.27) 

The above expression shows the linear relationship between the output power and the 

pump power for a CW four-level laser operated in a steady state. It is noted that a 

necessary condition for this equation to hold is that 𝑃03 ≥ 𝑃03𝑡ℎ𝑟
. 
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2.2.3 Optimum Output Coupling 

The losses involved in a laser system mainly come from two sources: 1. the inevitable 

losses due to absorption, scattering and diffraction in the laser cavity; 2. the loss due to 

imperfect coupling of output power via partially reflecting mirrors. The first type of 

loss needs to be reduced as much as possible to lower the laser threshold. The second 

type may actually be useful. The laser threshold will be at its minimum value when the 

coupling loss is zero, but there is no output available. Conversely, increasing the 

coupling loss raises the laser threshold, and the output power will again become zero 

when the actual pump power is less than the threshold value. Therefore, for a fixed 

pump rate, there exists an optimal value for the transmission of the output coupler that 

maximizes the output power [75]. 

For a CW four-level laser in a steady state, the net round trip gain is clamped to 1, thus 

we obtain 

𝑅1𝑅2𝑒
2(𝛼(𝜈)−𝑠)𝐿 = 1 (2.2.28) 

where 𝑅1 is the reflectance of the output coupler mirror, 𝑅2 is the reflectance of the 

high reflectivity mirror, 𝑠 is the attenuation coefficient, 𝛼(𝜈) is the gain coefficient, in 

the steady state, 𝛼(𝜈) = 𝛼(𝜈)𝑡ℎ𝑟 , 𝐿 is the gain medium length. 

Let 𝑍 = 1 − 𝑙𝑖 = 𝑅2𝑒
−2𝑠𝐿 , where 𝑙𝑖  represents the fractional losses excluding the 

output coupler transmission. Equation (2.2.28) can be rewritten as 

𝑒2𝛼(𝜈)𝑡ℎ𝑟 𝐿𝑅1𝑍 = 1 (2.2.29) 

Take the logarithms of both sides of Equation (2.2.29), the threshold gain coefficient 

is given by 

𝛼(𝜈)𝑡ℎ𝑟 =
1

2𝐿
(− ln(𝑅1𝑍)) (2.2.30) 

Using the Taylor expansion, for 1 − 𝑅1𝑍 ≪ 1, Equation (2.2.30) can be expressed as 

𝛼(𝜈)𝑡ℎ𝑟 =
1

2𝐿
(1 − 𝑅1𝑍) (2.2.31) 



CHAPTER 2.  LASER THEORY 

69 

 

Substituting Equation (2.2.31) into the expression for the output power (Equation 

(2.2.26)), we have 

𝑃(𝜈)𝑜𝑢𝑡 = (1 − 𝑅1)𝐴𝐼𝑠𝑎𝑡(𝜈)(
𝛼0(𝜈)

1
2𝐿

(1 − 𝑅1𝑍) 
− 1) (2.2.32) 

Maximizing 𝑃(𝜈)𝑜𝑢𝑡  with respect to 𝑅1  by setting 
∂𝑃(𝜈)𝑜𝑢𝑡

∂𝑅1
⁄ = 0  yields the 

optimum value of the reflectance of the output coupler 

 𝑅1 =
1 − √2𝐿𝛼0(𝜈)(1 − 𝑍)

𝑍
 (2.2.33) 

The optimum value of the transmission is thus given by 

𝑇1 = 1 − 𝑅1 =
1

𝑍
(√2𝐿𝛼0(𝜈)(1 − 𝑍) − (1 − 𝑍)) (2.2.34) 

For typical values of 𝑅2 and 𝑠, 𝑍 = 1 − 𝑙𝑖 = 𝑅2𝑒
−2𝑠𝐿 ≈ 1. Using 𝑍 ≈ 1 & 𝑙𝑖 = 1 − 𝑍, 

the optimum output coupling is obtained as 

𝑇1 = 1 − 𝑅1 ≈ √2𝐿𝛼0(𝜈)𝑙𝑖 − 𝑙𝑖 (2.2.35) 

Substituting Equation (2.2.35) into (2.2.32) gives an expression for the output power at 

optimum output coupling 

𝑃(𝜈)𝑜𝑢𝑡−𝑜𝑝𝑡 =  𝐴𝐼𝑠𝑎𝑡(𝜈) (√2𝐿𝛼0(𝜈) − √𝑙𝑖)
2

 (2.2.36) 

Figure 2.10 shows theoretical plots of the output power as a function of the transmission 

of the output coupler with 𝑙𝑖  as a parameter for a He-Ne laser (632.8 nm). The 

experimental data (solid circles) are also presented in the figure. 
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Figure 2.10. Laser output power (𝑃(𝜈)𝑜𝑢𝑡) against output coupler transmission (𝑇1) 

for different cavity losses (𝑙𝑖) for a He-Ne laser [76].   

It is apparent from Figure 2.10 that the optimal output coupling for each 𝑙𝑖 corresponds 

to the maximum output power. 

2.2.4 Single-mode Selection 

Single-transverse-mode Selection 

Transverse-mode selection is important for most laser applications. The most common 

method for selecting the fundamental TEM00 mode is to insert an aperture of suitable 

size into a laser cavity. This method was first used in a ruby laser resonator to restrict 

oscillation to one or a few low-order transverse modes [77]. In this case, the aperture 

introduces high loss to the higher-order modes but very little loss to the lower-order 

ones to achieve mode selection, since the higher-order modes tend to have a larger 

lateral spread in intensity than the lower-order ones. The effective restraint of higher 

order modes also requires their losses to be greater than the gain [78].  

To quantify the ability of the aperture to select the TEM00 mode, the transverse mode 

discrimination (TMD) is introduced and defined by the ratio of L10  to L00, where L10 
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and L00 are the round-trip losses of TEM10 and TEM00 modes, respectively. Their values 

depend on the aperture size and the geometry of the resonator [79]. For an aperture 

with a radius of 𝑎, the Fresnel number of the cavity is given by 𝑁 = 𝑎2 𝐿𝜆⁄ , where 𝐿 

is the cavity length, 𝜆 is the optical wavelength. The Fresnel number is a measure of 

the effect of an aperture at both cavity mirrors. As the Fresnel number decreases, the 

value of TMD will increase [80]. A large value of TMD indicates a good selectivity of 

the resonator. However, this mode-selection method inevitably introduces loss for the 

TEM00 mode itself. 

The selectivity is greatest for confocal resonators and least for plane-parallel 

resonators [81]. Modified plane-parallel resonators have been reported to have better 

selectivity by using a prism reflector which has high reflectivity for a very narrow 

angular range [82] or shaping the reflector to match the field distribution shape of the 

desired mode [83]. Since the confocal resonators have the smallest fundamental mode 

volume of any resonator geometries, a ‘cat’s-eye’ resonator has been used to achieve 

mode volume enhancement and fundamental transverse mode operation [84]. Figure 

2.11 shows a schematic diagram of the ‘cat’s-eye’ resonator. The mode volume can be 

enhanced to fill the gain medium by narrowing the aperture size at the mirror M2. The 

mode selectivity of this system is equivalent to a conventional confocal resonator. 

 

Figure 2.11. The ‘cat’s-eye’ resonator. M1 and M2 are resonator mirrors. L is an 

antireflection coated lens with focal length f. 

On the other hand, unstable resonators which can also have large mode volumes have 

been used for large diameter active medium to achieve fundamental mode oscillation. 

The use of this kind of unstable resonators for transverse mode selection was first 

proposed by Siegman in 1964 [85]. Previously, unstable resonators were mainly used 

in high-gain laser systems and have been studied both theoretically and 
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experimentally [86–89]. Figure 2.12 shows two typical unstable resonators used in 

laser systems. One or both of the cavity mirrors have divergent spherical surfaces. 

 

Figure 2.12. Unstable laser resonators. (a) Unstable. (b) Cassegrainian unstable. 

Unstable resonators have significant diffraction losses. The diffraction losses become 

higher for higher order modes.  The intrinsic mode discrimination is the key to achieve 

single transverse mode operation. The diffracted energy can be employed as a useful 

laser output rather than a loss via diffraction coupling [85,90]. 

Single-longitudinal-mode Selection 

Even when a laser operates with a single transverse mode, its oscillation can still occur 

on several longitudinal modes. The longitudinal-mode frequency spacing in a cavity is 

given by 𝛥𝜈 = 𝑐/2𝐿, where 𝑐 is the velocity of light, and 𝐿 is the cavity length. For 

some cases, the single-longitudinal-mode operation can be achieved by using a short 

cavity length to meet the following condition  

𝛥𝜈 ≥ 𝛥𝜈0 2⁄  (2.2.37) 

where 𝛥𝜈0  is the gain linewidth. In this case, the frequency spacing between 

longitudinal modes is relatively large, if a longitudinal mode is tuned to coincide with 

the center of the gain curve, the adjacent modes are far away enough from the center 

that they cannot lase. The required condition for this technique can be rewritten as 

𝐿 ≤ 𝑐 𝛥𝜈0⁄  (2.2.38) 

For a practical laser, the mode tuning is achieved by fine control of the cavity length 

using a cavity mirror with a piezo-electric transducer. This method is effectively 
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applied to lasers with small gain linewidths. For instance, a He-Ne laser has an 

inhomogeneously Doppler-broadened gain curve with a linewidth 𝛥𝜈0 of 1.5 GHz (at 

632.8 nm). According to Equation (2.2.38), this corresponds to a maximum cavity 

length of 20 cm. A number of single-frequency He-Ne lasers have been developed in 

this manner  [91–94]. For solid-state lasers, the gain linewidths are usually much larger 

(typically a few hundred GHz). To fulfil Equation (2.2.38), the cavity length becomes 

too small (3mm for 100 GHz) to be practical for some application scenarios. For this 

reason, single-longitudinal-mode selection can be realized by other techniques 

discussed below. 

Fabry–Pérot Etalons 

Internal mode-selection techniques have been extensively used since great selectivity 

can be obtained with a device that is placed inside the resonator. The device introduces 

losses that are greater than the gain to suppress unwanted modes. A Fabry–Pérot Etalon 

is an example of such devices and was first used in a ruby laser for longitudinal mode 

selection [95]. One or more FP etalons can be inserted into the laser cavity to achieve 

single-longitudinal-mode selection. Figure 2.13 shows the configuration for single-

longitudinal-mode selection using a FP etalon. The FP etalon is inclined at a small 

angle 𝜃0 to the z-axis, and the refraction angle of the beam within the etalon is 𝜃.  

 

Figure 2.13. Single-longitudinal-mode operation of a solid-state laser using a Farbry-

Pérot etalon. 

The width (𝛥ν𝑐) of an etalon transmission peak is given by Equation (2.1.35), and the 

free-spectral range (𝛥ν𝑓𝑠𝑟) of the etalon is given by Equation (2.1.34). According to 

Equation (2.1.36), the free-spectral range can also be written as 
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𝛥ν𝑓𝑠𝑟 = 𝐹𝛥ν𝑐 (2.2.39) 

where 𝐹 is the finesse of the etalon.  

The angle 𝜃 needs to be fine-tuned such that a transmission peak of the etalon coincides 

with the longitudinal mode closest to the peak of the gain curve. If the longitudinal-

mode frequency spacing 𝛥𝜈 = 𝑐/2𝐿 is larger than or equal to half of the width of the 

transmission peak 𝛥𝜈𝑐, the mode closest to the line center will be selected. Thus, the 

discrimination between adjacent modes requires that 

𝛥𝜈 ≥ 𝛥𝜈𝑐 2⁄  (2.2.40)  

According to Equation (2.2.39), this can be rewritten as 

𝛥𝜈 ≥ 𝛥ν𝑓𝑠𝑟 2𝐹⁄  (2.2.41)  

To achieve single-longitudinal mode operation, it is also required that the free-spectral 

range 𝛥ν𝑓𝑠𝑟 of the etalon to be larger than or equal to half of the gain linewidth 𝛥𝜈0, 

which gives 

𝛥ν𝑓𝑠𝑟 ≥ 𝛥𝜈0 2⁄  (2.2.42) 

Otherwise, the two adjacent transmission peaks of the etalon will allow the 

corresponding modes to lase. 

Combining Equation (2.2.41) and (2.2.42) gives the condition for achieving single-

longitudinal-mode operation using the FP etalon 

2𝐹𝛥𝜈 ≥ 𝛥ν𝑓𝑠𝑟 ≥ 𝛥𝜈0 2⁄  (2.2.43) 

According to the equation above and 𝛥𝜈 = 𝑐/2𝐿, a necessary condition is given by 

𝐿 ≤ 2𝐹𝑐 𝛥𝜈0⁄  (2.2.44) 

By comparing Equation (2.2.38) and (2.2.44), it is noticed that the cavity length can 

now be increased by a factor of 2𝐹 compared to a cavity without using an etalon. 

Two or more etalons can be used to achieve single-longitudinal-mode operation if the 

cavity length still does not meet Condition (2.2.44). In the case of using two etalons, 
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the thicker one is used to discriminate against adjacent longitudinal modes of the laser 

cavity, whereas the thinner one is responsible for discriminating against adjacent 

transmission peaks of the thicker etalon. Denoting the free spectral ranges of the thicker 

and thinner are 𝛥ν𝑓𝑠𝑟 and 𝛥ν𝑓𝑠𝑟
′  respectively; assuming they have the same finesse 𝐹, 

then the condition for achieving single-longitudinal mode operation is given by 

4𝐹2𝛥𝜈 ≥ 2𝐹𝛥ν𝑓𝑠𝑟 ≥ 𝛥ν𝑓𝑠𝑟
′  ≥ 𝛥𝜈0 2⁄  (2.2.45) 

For a laser system using two etalons, the cavity length needs to satisfy the following 

condition 

2𝐹𝑐 𝛥𝜈0⁄ ≤ 𝐿 ≤ (2𝐹)2𝑐 𝛥𝜈0⁄  (2.2.46) 

Therefore, the cavity length can be further increased by another factor of 2𝐹 compared 

to a cavity with using only one etalon. 

Unidirectional Ring Resonators  

Diode-pumped solid-state lasers can also be forced to operate on a single longitudinal 

mode using a unidirectional ring laser design. This approach has been widely promoted 

for diode-pumped solid-state lasers [96–101]. In this case, higher output power is 

achievable because the entire active material rather than just those regions around the 

maxima of the standing-wave pattern contribute to the laser output. 

 

Figure 2.14. Folded unidirectional ring resonator using an optical diode. 

A typical example of a folded ring configuration is shown in Figure 2.14. The 

resonance frequencies are obtained by imposing the condition that the total phase 
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accumulation along the ring path to be a multiple of 2π. The expression for the 

resonance frequencies are given by 

𝜈 = 𝑛
𝑐

𝐿𝑟
 (2.2.47) 

where 𝐿𝑟 is the effective optical path length of the ring resonator, and n is an integer. 

The longitudinal mode spacing in a ring resonator is therefore given by 

𝛥𝜈 =
𝑐

𝐿𝑟
 (2.2.48) 

To achieve unidirectional operation, a unidirectional device (or an optical diode) is 

inserted in the ring cavity to allow for only one propagation direction of the intracavity 

light. Otherwise, a standing wave pattern will be formed in the resonator and hence 

cause the spatial hole burning effect. This effect limits the single-frequency 

characteristics of a laser and reduces the laser efficiency.  

In many cases, directionality control is achieved via introducing different losses for the 

two possible propagation directions with the unidirectional device. Conventionally, the 

device is a Faraday rotator combined with polarizing elements [97,100–102] For 

example, for the forward propagating wave (represented by the red arrow in Figure 

2.14), the Faraday rotator alters the polarisation by an angle, and the polarisation-

rotating element rotates the polarisation back. Therefore, these two rotations cancel 

each other out, and there is no net effect. For the counter-propagating light wave, these 

rotations are cumulative and lead to a net loss [102]. For a low gain laser, a total rotation 

of only a few degrees introduces enough loss discrimination to ensure unidirectional 

operation.  

Unidirectional operation and SLM output for ring resonators have also been obtained 

using an intracavity acousto-optic modulator [98,99,103–106]. With radio-frequency 

power input and careful alignment of the modulator, a loss difference between the 

counter-propagating waves can be achieved. The use of the acousto-optic modulator 

has the advantage of low insertion loss. Alternatively, unidirectional ring resonators 

with no intracavity elements have been shown to achieve SLM operation [96,107] in 
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this case the gain medium itself (Nd:YAG) within a magnetic field was used as a 

Faraday rotator, since it exhibits a significant Verdet constant. The Faraday rotation in 

one direction was thus compensated using a non-planar resonator design. This approach 

allows a compact system to efficiently achieve single-longitudinal-mode output.   

2.3 Q-switching Operation 

Q-switching is a technique used to generate laser pulses of high peak power and short 

pulse duration. This technique involves modulating the intracavity losses and thus 

switching the cavity ‘Q factor’. The Q factor is defined as the ratio of the energy stored 

in the cavity to the energy loss per round-trip. The lower the Q factor, the higher the 

losses. The dynamics of the Q-switching process and typical methods of realizing Q-

switched operations are presented in this section. 

2.3.1 Q-switching Theory 

Conventional Q-switching involves frustrating the lasing action by decreasing the Q 

factor such that the population inversion increases significantly beyond the threshold 

value. The population inversion approaches its maximum value on a time scale 

comparable to the upper state lifetime of the gain medium. In this process, energy is 

stored in the gain medium by the pumping. Once the population inversion is close to 

its maximum value, the Q factor can be switched to a higher value such that the lasing 

action is initiated. Since the population inversion and the gain coefficient have built up 

while lasing has been frustrated, the excess excitation is discharged in an extremely 

short time. Therefore, Q-switching produces high peak power pulses of duration on the 

order of nanoseconds. 

The Q-switching operation of a four-level laser is considered here. For the sake of 

simplicity, it is assumed that the switching of the Q factor from low to high values is 

instantaneous. If the laser cavity has a length of 𝐿 and the gain medium is of length 𝑙, 

a fraction 𝑙/𝐿 of photons is undergoing amplification. The rate of change of the photon 

density is given by [74] 
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𝑑𝜑

𝑑𝑡
= 𝜑 (

𝛼𝑐𝑙

𝑛𝐿
−

1

𝑡𝑐
) (2.3.1) 

where 𝜑 is the photon density in the cavity, 𝑐/𝑛 is the speed of light in the gain medium, 

𝑡𝑐 is the photon lifetime which is the characteristic time constant describing the decay 

of energy in a cavity, 𝛼 is the gain coefficient and proportional to the total population 

inversion 𝛥𝑁, as given by Equation (2.2.21). The term 𝛼𝑐𝑙/𝑛𝐿 is the average growth 

constant, whilst the term −𝜑/𝑡𝑐 represents the decrease in the number of photons per 

unit time caused by losses.  

According to the definition of the photon lifetime, 𝑡𝑐 can be written as  

𝑡𝑐 = 
𝑡𝑟
𝜀

 (2.3.2) 

where 𝑡𝑟 is round-trip time and the 𝜀 is the fractional loss per round trip. The losses in 

the cavity can be expressed as  

𝜀 = 𝜀1 + 𝜀2 + 𝜀3  = − ln𝑅1 − ln𝑅2 + 𝛿 (2.3.3) 

The term 𝜀1 represents the output coupling loss which is dependent on the reflectance 

𝑅1  of the output coupler, the term 𝜀2  represents a loss for the other cavity mirror 

(normally the value of 𝑅2 is very close 1, so this term can be neglected), and the term 

𝜀3 stands for the intrinsic losses due to absorption, dispersion and scattering. 

Multiplying Equation (2.3.1) by 𝑡𝑐 and defining τ = t/𝑡𝑐 as a normalized time variable 

results in 

𝑑𝜑

𝑑τ
= 𝜑 (

𝛼

𝛼𝑡
− 1) (2.3.4) 

where 𝛼𝑡 = 𝑛𝐿/𝑐𝑙𝑡𝑐 is the minimum value of the gain coefficient. As 𝛼 is proportional 

to 𝛥𝑁, the Equation (2.3.4) can be written as 

𝑑𝜑

𝑑τ
= 𝜑 (

𝛥𝑁

𝛥𝑁𝑡
− 1) (2.3.5) 
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where 𝛥𝑁𝑡  is the population inversion density at threshold. The term 𝜑𝛥𝑁/𝛥𝑁𝑡 

indicates the number of photons generated by stimulated emission per unit volume on 

the normalized time scale. A single transition leads to a single photon generation, which 

corresponds to a decrease of 2 in the inversion density, which gives  

𝑑𝛥𝑁

𝑑τ
= −2𝜑 (

𝛥𝑁

𝛥𝑁𝑡
) (2.3.6) 

Dividing Equation (2.3.5) by (2.3.6) results in 

𝑑𝜑

𝑑𝛥𝑁
=

𝛥𝑁𝑡

2𝛥𝑁
−

1

2
 (2.3.7) 

Since the initial number of photons (𝜑𝑖 ) per unit volume is negligible, integrating 

Equation (2.3.7) gives [108] 

𝜑 =
1

2
[𝛥𝑁𝑡 ln

𝛥𝑁

𝛥𝑁𝑖
− (𝛥𝑁 − 𝛥𝑁𝑖)] (2.3.8) 

The peak power of the laser pulse through the output coupler is given by 

𝑃𝑝 = (
𝜀1

𝑡𝑟
) hν𝜑𝑝𝑉 (2.3.9) 

where 𝜑𝑝 is the photon density in the cavity at the peak of the laser pulse, h is Planck’s 

constant, ν is the photon frequency, and the term 𝜀1 𝑡𝑟⁄  gives the rate of photon loss 

due to transmission through the output coupler. Setting  
∂𝜑

∂𝛥𝑁
⁄ = 0, it is found that 

the maximum photon density occurs when 𝛥𝑁 = 𝛥𝑁𝑡. Putting 𝛥𝑁 = 𝛥𝑁𝑡 in Equation 

(2.3.8) results in 𝜑𝑝. Substituting the expression of 𝜑𝑝 into Equation (2.3.9) gives the 

expression for the peak power (𝑃𝑝) of the pulse 

𝑃𝑝 =
𝜀1hν𝑉

2𝑡𝑟
[𝛥𝑁𝑡 ln

𝛥𝑁𝑡

𝛥𝑁𝑖
− (𝛥𝑁𝑡 − 𝛥𝑁𝑖)] (2.3.10) 

If the initial inversion is well above the threshold value, i.e. 𝛥𝑁𝑖 ≫ 𝛥𝑁𝑡 , the peak 

power can be approximated as 
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𝑃𝑝 (𝛥𝑁𝑖≫𝛥𝑁𝑡) ≃
𝜀1hν𝛥𝑁𝑖𝑉

2𝑡𝑟
 (2.3.11) 

Equation (2.3.11) indicates that if 𝛥𝑁𝑖 ≫ 𝛥𝑁𝑡, the maximum number of photons stored 

inside the cavity is 𝛥𝑁𝑖𝑉/2. The build-up of the pulse to its peak value occurs on a 

time scale shorter than the cavity photon lifetime. Therefore, at the peak of the pulse, 

when 𝛥𝑁 = 𝛥𝑁𝑡 , most of the photons (roughly 𝛥𝑁𝑖𝑉/2) generated by stimulated 

emission remains in the cavity, and the energy stored in the cavity reaches its maximum 

value. Thereafter, the stimulated transitions continue to decrease the inversion to a final 

value 𝛥𝑁𝑓 (𝛥𝑁𝑓 < 𝛥𝑁𝑡). Figure 2.15 shows a typical numerical solution of Equation 

(2.3.5) and (2.3.6). 

 

 

Figure 2.15. Inversion and photon density during the evolution of a giant pulse [108]. 

Q-switched laser pulses are widely used in applications (e.g. remote sensing, material 

machining and drilling, range finding and tattoo removal) which require high peak 

power and relatively short pulse duration. In most cases, regular pulse trains are 

generated using repetitive Q-switching, the pulse repetition rate is very system 

dependent, which typically ranges from Hz to MHz in frequency. The first Q-switched 

operation of a ruby optical maser was demonstrated in 1961 [109]. Since then, a variety 
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of methods have been developed to achieve Q-switching. Generally, they are divided 

into two categories: active and passive Q-switching, which will be discussed separately 

for clarity in the following section. 

2.3.2 Active Q-switching 

Active Q-switching is realized with an active control device, typically either an 

acousto-optic or electro-optic modulator. Mechanical devices such as spinning prisms 

have also been used historically for Q-switching [110]. These active Q-switches all 

need to be driven by external sources. 

Acousto-optic Q-switching 

In acousto-optic Q-switching, a transparent optical material (usually fused quartz) acts 

as a phase grating when an ultrasonic wave passes through it. The ultrasonic wave is 

launched by a piezoelectric transducer driven by a radiofrequency oscillator. The strain 

field of the ultrasonic wave leads to changes in the local refractive index due to the 

photoelastic effect [111]. The resultant phase grating has an amplitude proportional to 

that of the acoustic wave and a period the same as the acoustic wavelength. 

 

Figure 2.16. Schematic setup of an acousto-optic modulator. 

If a light beam is incident on the grating, as shown in Figure 2.16, a fraction of the 

beam will be diffracted out of the incident beam direction. Thus, when a proper driving 

voltage is applied to the transducer, an acousto-optic modulator in a laser resonator 

provides an additional loss (due to beam diffraction) to frustrate lasing. The laser is 

then returned to the high Q-state by switching off the driving voltage [7]. 
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Acousto-optic modulators possess the advantage of having low insertion loss, and they 

can be operated at high repetition rates for repetitive Q-switching. However, the loss 

introduced into a cavity in the low Q-state is rather limited. Compared with electro-

optic modulators, the switching speed is rather slow, which is limited by the transit 

time of the acoustic wave through the laser beam.  

Electro-optic Q-switching 

Electro-optic modulators are the most widely used active devices for Q-switched lasers. 

They exploit an electro-optic effect, usually the Pockels effect, to produce Q-switching. 

The Pockels effect is the phenomenon manifested when the refractive index of a 

medium is modified in proportion to the strength of an applied electric field. A Pockels 

cell that comprises a nonlinear crystal is a typical electro-optical device that is used to 

modulate the intracavity losses of lasers. The nonlinear crystal exhibits birefringence 

under the influence of an external electric field. The birefringence in the crystal is 

typically characterized using two orthogonal directions – ‘fast’ and ‘slow’ axes. The 

refractive indices in the ‘fast’ and ‘slow’ axes are defined as [112] 

𝑛𝑓 = 𝑛0 −
1

2
𝑛0

3𝑟𝐸, 𝑛𝑠 = 𝑛0 +
1

2
𝑛0

3𝑟𝐸  (2.3.12)   

where 𝑛0 is the nominal refractive index, 𝑟 is the electro-optic coefficient, and 𝐸 is the 

electric field applied to the nonlinear crystal. If a linearly polarized beam is incident on 

the crystal at 45° to both the ‘fast’ and ‘slow’ axes, the beam will split into two 

orthogonal components, and each component will experience a different refractive 

index. For a crystal of length 𝑙 , this leads to a phase difference between the two 

components after traversing the Pockels cell. The phase difference 𝛥φ is given by 

𝛥φ = (
2π

λ
)𝛥𝑛𝑙 (2.3.13) 

where  

𝛥𝑛 =  𝑛0
3𝑟𝐸  (2.3.14) 
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is the value of the induced birefringence, which is obtained according to Equation 

(2.3.12). As can be seen from the equations listed above, the phase difference is 

dependent on the voltage applied to the Pockels cell. 

Pockels cells have two types of geometries concerning the direction of the applied 

electric field: longitudinal and transverse devices. The former have the electric field in 

the direction of the light beam (see Figure 2.17 (a)), whereas the transverse devices 

have the electric field perpendicular to the light beam (see Figure 2.17 (b)).  

 

Figure 2.17. (a) Pockels cell with longitudinal electric field. (b) Pockels cell with 

transverse electric field. 

For a longitudinal Pockels cell, the voltage is applied along the crystal length 𝑙 . 

According to Equation (2.3.13) and (2.3.14), the phase difference between the 

orthogonal electric field vectors (Ex and Ey) after passing through a longitudinal device 

is given by  

𝛥𝜙𝑙 =
2𝜋

𝜆
𝑛𝑜

3𝑟𝑉 (2.3.15) 
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where 𝑉 is the applied voltage (𝑉 = 𝐸𝑙). From this equation, it can be concluded that 

the voltage is independent of the crystal dimensions. However, the phase difference of 

light passing through a transverse Pockels cell is given by  

𝛥𝜙𝑡 =
2𝜋

𝜆
𝑛𝑜

3𝑟𝑉
𝑙

𝑑
 (2.3.16) 

where 𝑙 is the crystal length, and 𝑑 is the dimension of the crystal along the direction 

of the applied voltage. The phase difference 𝛥𝜙𝑡 is proportional to the applied voltage 

𝑉 and the crystal aspect ratio (𝑙/𝑑). For a certain phase difference, a large crystal aspect 

ratio means a low switching voltage. 

Figure 2.17 shows a common arrangement that involves a Pockels cell and a polarizer 

to realise Q-switching operation. The Pockels cell is oriented such that the 

birefringence axes are both orthogonal to the axis of the resonator. The transmission 

axis of the polarizer is at an angle of 45° to the birefringence axes. 

 

Figure 2.18. Schematics illustrating a Q-switched laser using an electro-optic device, 

i.e. Pockels cell.  

If the voltage applied to the Pockels cell is set to produce a phase difference 𝛥φ = π/2, 

the Pockels cell functions as a quarter-wave plate, so the linearly polarized light passing 

through it becomes circularly polarized. After being reflected at the Mirror (M2), the 

radiation again passes through the Pockels cell and its two orthogonal components 

acquire an additional π/2 phase difference. Thus, the total phase difference is π. The 

radiation becomes linearly polarized again but orthogonal to its original polarisation 

axis. As a result, the radiation is ejected from the cavity by the polarizer (see Figure 

2.18), thus creating a high intracavity loss. When the voltage on the Pockels cell is 
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switched off, the induced birefringence disappears, and the linearly polarized light 

passes through the Pockels cell without any change of polarisation. Oscillation inside 

the cavity will build up, and a Q-switched pulse will be generated after a short 

delay [11].  

The required voltage for operating the Pockels cell as a quarter-wave plate is called the 

quarter-wave voltage. For Q-switching, the half-wave voltage leading to a half-wave 

retardation (𝛥φ = π) is also of some interest, since a combination of a Pockels cell and 

two crossed polarizers can also be used to achieve Q-switching. Therefore, a Pockels 

cell can be used as a voltage-controlled waveplate by applying a constant voltage.  For 

active Q-switching, the pulse energy and duration depend on the laser gain, which is 

related to the pump power and the pulse repetition rates. The pulse repetition rates of 

an active Q-switched laser can be controlled via the pockels cell.  

2.3.3 Passive Q-switching 

For passive Q-switching, the losses are modulated with a saturable absorber. The 

switching operation is automatically achieved by the optical nonlinearity of the 

saturable absorber. Semiconductor saturable absorber mirrors (SESAMs) are typical 

saturable absorbers widely used for passive Q-switching.  

 

Figure 2.19. Structure of a typical SESAM for passive Q-switching operation. 

A SESAM consists of a single quantum well absorber layer and a semiconductor Bragg 

mirror, as shown in Figure 2.19. The material of the Bragg mirror has relatively large 

bandgap energy, so absorption does not occur in this region. A thicker absorber layer 

can be used to obtain a large modulation depth. The saturable absorption of a SESAM 
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is related to an intraband transition, the energy of the absorbed photons is transferred 

to electrons, which are then excited from the valence band to the conduction band. The 

absorption of the device remains unsaturated at low incident optical intensity because 

only a small number of electrons are excited from the valence band to the conduction 

band. Laser action starts when the gain exceeds the sum of the loss of the saturable 

absorber and the unsaturable cavity losses. The intracavity optical intensity builds up 

quickly from the noise arising from spontaneous emission. At relatively high intensity, 

the excited electrons accumulate until the states in the conduction band are fully 

occupied. Therefore, the absorption is reduced due to saturation. After the generation 

of a very powerful pulse, the absorption recovers on a time scale of picoseconds level. 

Typical parameters of a SESAM includes the operation wavelength, saturation 

intensity, modulation depth, and absorption recovery time, which can be designed for 

certain operation by varying the material compositions and design parameters [113]. 

There are also other types of saturable absorbers with very different parameters for a 

variety of applications, including saturable absorber crystals (e.g. Cr4+:YAG) [114], 

Gallium arsenide (GaAs) [115], thin layers of carbon nanotubes [116,117], quantum 

dots dopped glasses [118], single or multiple graphene layers [119,120], alcohol [121] 

and even pure water [122]. 

Compared to active Q-switching with a Pockels cell, pulse energy and pulse duration 

are fixed for passive Q-switching with a SESAM at a certain pump level. Passive Q-

switches using SESAMs provide a simple method of Q-switching with which 

implementation will benefit from a penetration depth of several micrometers. The 

increase of the cavity length is negligible, thus maintaining the original cavity length. 

Whereas, active Q-switching requires a bulky modulator to be placed inside the cavity. 
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Chapter 3 

Diode-pumped Alexandrite Lasers 

The suitability of a crystal as a laser gain medium is dependent on several factors, 

including crystal growth methods, physical properties of the host crystal and 

spectroscopic properties of the dopant. This chapter analyses the physical and 

spectroscopic properties of Alexandrite that make it suitable as a gain medium for high 

power lasers. The physical properties of Alexandrite are also compared with several 

common laser crystals to demonstrate its advantages. Interestingly, Alexandrite lasers 

can operate as either a 3-level or a 4-level system, and the corresponding laser 

mechanisms in both cases are explained. This thesis work focuses on the characteristics 

of Alexandrite as a vibronic 4-level laser. Moreover, the 4-level model can be used to 

predict the temperature-dependent characteristics, which are necessary to consider to 

access the full potential laser wavelength tuning range of Alexandrite [46]. The 

wavelength tuning limits are explained by combining absorption and emission 

processes. Due to the special energy level structure of Alexandrite with broad 

absorption bands, the choice of pump source is diverse, which enables different 

requirements for various applications. 

3.1 Alexandrite Physical Properties 

Alexandrite is the common name for Chromium-doped chrysoberyl (Cr3+:BeAl2O4). 

Natural Alexandrite gemstones first discovered in 1830 in the Ural Mountains were 
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highly prized because of its unique colouring. The observed colour of Alexandrite 

changes from greenish blue under daylight to red under incandescent illumination. As 

a laser medium, synthetic Alexandrite crystals can be produced by the Czochralski 

growth method in large boules [49].  

 

Figure 3.1. C-axis view of chrysoberyl structure. Adapted from [123]. Examples of a 

mirror site and an inversion site are indicated.  

The host material chrysoberyl has an orthorhombic structure with BeAl2O4  forming a 

unit cell. The c-axis view of the chrysoberyl unit cell is illustrated in Figure 3.1. The 

dimensions of the unit cell are a = 0.9404 nm, b = 0.5476 nm, c = 0.4425 nm [123]. 

There exist two types of aluminium ions sites in the lattice, one with mirror symmetry 

and the other with inversion symmetry. The mirror sites can better accommodate the 

Cr3+ ions. Therefore, when Al3+ are replaced by Cr3+, approximately 78% of the total 

Chromium ions depositing into the mirror sites [49]. The ions on the mirror sites 

dominate the optical properties and are crucial for laser emission [45,124]. The dopant 

concentration of Cr3+ is expressed in terms of the percentage of Al3+ ions that have been 

substituted by Cr3+ ions. Typical Cr3+ doping concentrations of Alexandrite laser 
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crystals ranges from 0.05 at. % to 0.3 at. %, where the optimum concentration depends 

on the crystal dimensions, pump source, and the practical applications [49]. 

Table 3. Comparison of material parameters of Alexandrite, Ruby and 

Nd:YAG [7,45,125–127]. 

Gain Medium Alexandrite Ruby Nd:YAG 

Doping concentration (at. %) 0.05-0.3 0.05 1.0 

Density (g/cm3) 3.7 4.0 4.6 

Refractive index (Avg.) 1.74 (750 nm) 1.76 (694 nm) 1.82 (1064 nm) 

Nonlinear refractive index (x10-20 m2/K) 2.0 ± 0.3 2.5 ± 0.35 7.23 ± 1.4 

dn/dT (x10-6 K-1)  8.0 12.6 7.3 

Hardness (kg/mm2) 2000 1.7 1215 

Thermal conductivity (W/(cm*K)) 0.23 0.42 0.14 

Thermal expansion coefficient (x10-6/K) (Avg.) 6.2  5.8 7.9 

Thermal fracture limit (W/cm) 600 1000 120 

Melting point (°C) 1870 2040 1970 

The physical properties of Alexandrite compared to Ruby (Chromium-doped sapphire) 

and Nd:YAG (Neodymium-doped Yttrium Aluminium garnet) are summarized in 

Table 3. Ruby is one of the most robust solid-state laser materials in terms of hardness. 

It is interesting as a comparison to Alexandrite as they are both Chromium-doped 

crystals. Ruby is also mechanically and optically similar to Alexandrite. Nd:YAG is 

one of the most commonly used solid-state laser materials in real-world applications. 

It possesses a combination of properties favourable for laser operation, such as 

substantial laser gain and good optical quality. For these reasons Ruby and Nd:YAG 

are good examples of typical laser material properties, although Ruby being a three-

level laser has high inversion requirement limiting its practicality for commercial use. 

Alexandrite has many superior properties, including relatively high strength, high 

thermal conductivity and high thermal fracture limit, which enables it to be pumped 

with high power/energy, both CW and pulsed, without thermal fracture. The thermal 

conductivity of a laser material is an important parameter as it is a measure of its ability 

to conduct heat. Higher thermal conductivity allows for faster heat dissipation and 

results in less heat-induced effects, such as thermal lensing and thermally induced 

depolarisation. The high thermal conductivity (0.23 Wcm-1K-1) of Alexandrite is 

roughly twice that of Nd:YAG and two-thirds that of Ruby. The thermal fracture limit 
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is also of significance as it determines the maximum power loading per unit length that 

can be tolerated without fracture. This parameter is proportional to the thermal 

conductivity and inversely proportional to the square root of the thermal expansion 

coefficient. Alexandrite’s high thermal fracture limit (600 W/cm) is five times that of 

Nd:YAG and sixty percent that of Ruby. 

 

Figure 3.2. Refractive indices (na, nb and nc) of Alexandrite versus wavelength for the 

E∥a, E∥b and E∥c polarisations. Adapted from [45]. 

Alexandrite is optically biaxial because of its orthorhombic symmetry. The refractive 

indices for the wavelength range 0.25-2.5 μm are shown in Figure 3.2. The nonlinear 

refractive index coefficient of Alexandrite is more than 3 times lower than that of 

Nd:YAG; therefore, Alexandrite is less susceptible to self-focusing at extreme power 

levels. 

The optical damage threshold for both surface and bulk of Alexandrite has been 

reported to exceed power densities of 23 GW/cm2 and fluences of 270 J/cm2, which 

was obtained using a focused beam with 12 ns pulse duration and 16 μm diameter spot 

size [49]. However, optical damage has also been shown to occur at 1.5 GW/cm2 in 

experiments with Alexandrite oscillators. The substantially decreased optical damage 

threshold was attributed to randomly distributed surface defects [49].  
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3.2 Alexandrite Laser Properties 

Alexandrite is of great interest as a solid-state laser material since it has a broad 

emission band (701-858 nm) [45,46] and a high intrinsic slope efficiency of 65% [48]. 

The lasing mechanisms and spectroscopic properties of Alexandrite are studied in 

detail in this section as they provide vitally important information for understanding 

the lasing characteristics. 

3.2.1  Lasing Mechanisms 

Alexandrite can be operated as a 3-level system or a 4-level vibronic laser. Two 

theoretical models have been well developed for describing the different kinetics. As a 

3-level laser system, the energy level structure of Alexandrite lasers is similar to that 

of Ruby lasers. 

 

Figure 3.3. Simplified energy level structure for Chromium ions in Alexandrite. The 

transition occurring between the vibronically broadened 4T2 and 4A2 levels 

corresponds to a 4-level laser system. 

The simplified energy level diagram of Chromium ions in Alexandrite is shown in 

Figure 3.3. The 4A2 level is the ground state. The vibronically broadened 4T1 and 4T2 

levels, arising from the strong coupling between the outmost unshielded electrons of 

the transition ions Cr3+, are two adjacent absorption state energy continua. Similar to 
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Ruby, Alexandrite has a metastable level 2E, which acts as a storage level and lies 800 

cm-1 below the 4T2 level [7]. Ions excited to the 4T1 and 4T2 states rapidly decay to the 

2E state, and the lifetime of the 2E state (~1.5 ms) is much longer than that of the 4T1 

and 4T2 states (the lifetime of the 4T2 state is ~6.6 μs) [49]. The 2E level is actually a 

doublet that consists of R1 (680.4 nm) and R2 (678.5 nm) lines. The emission cross 

section at 680.4 nm is significantly larger than that at 678.5 nm. Therefore, lasing at 

the vicinity of the 680.4 nm wavelength can be obtained utilizing the transition from 

the 2E level to the 4A2 ground level, which corresponds to the R-line emission lasing at 

694.3 nm of the Ruby laser [6]. In the 3-level mode, the metastable 2E state is regarded 

as the upper laser level, whereas the 4A2 level is viewed as the lower laser level. As a 

3-level system, Alexandrite has a high laser threshold, low efficiency and fixed output 

wavelength of 680.4 nm at room temperature [7]. 

Alexandrite is of interest primarily because of its vibronic nature. For the 4-level mode, 

transitions from the upper laser level 4T2 to vibrationally excited states within 4A2 

results in vibronic lasing. Then, the immediate emission of the phonon enables the 

whole system to recover equilibrium. The vibrational states are higher than the ground 

level. The upper laser level 4T2 is always in thermal equilibrium with the 2E level since 

the energy difference (800 cm-1) between 4T2 and 2E corresponds to only a few KT at 

room temperature. A considerable population will be present in the 4T2 state when the 

2E state has been populated. By contrast, the energy difference between the 4T2 and 2E 

levels in Ruby is 2300 cm-1 [37]. Hence, effectively all the excited populations are 

stored in the 2E level in Ruby. The laser wavelength of Alexandrite depends on which 

vibrational state acts as the terminal level of the transition. Therefore, the transition 

occurring between two broad energy bands results in broadly tunable radiation of 

Alexandrite lasers. During the lasing process, because of Alexandrite’s vibronic nature, 

the emission of photons is accompanied by the emission of phonons. Due to strong 

coupling, ions with remnant energy in the vibrational states (the lower laser level) 

return to the ground level 4A2 via non-radiative phonon relaxation. In other words, the 

remnant energy is carried off by the vibrational phonons. Additionally, the fact that the 
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2E and 4T2 levels are in thermal equilibrium in Alexandrite is a critical reason why the 

performance of Alexandrite laser is temperature-dependent [46,128]. 

3.2.2  Spectroscopic Characteristics 

The room-temperature absorption spectra of Alexandrite for Cr3+ doping concentration 

of 0.063 at.% are shown in Figure 3.4. The spectra arise from absorption mostly due to 

the mirror-site ions which dominate the spectroscopic properties of Alexandrite under 

non-cryogenic conditions [45]. 

 

Figure 3.4. Alexandrite absorption spectrum for Cr3+ dopant concentration of 0.063 

at.%. Inset: R-line absorption spectra. The E∥a and E∥c polarisations have been 

amplified by the amounts indicated. Adapted from [45].  

The absorption spectra effectively cover the entire visible spectral region. The sharp 

structure appearing at 680 nm is associated with R line absorption. The two broad bands 

centered at 410 nm and 590 nm are transitions from 4A2 to the vibrational states of 4T1 

and 4T2, which are vibrationally broadened. Absorption from the 4A2 to the 4T2 level is 

weaker and shifted to higher energies for the E∥a and E∥c compared to E∥b. This is 

partly due to the fine structure of the degenerate 4T2 level [129]. The crystal field and 
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spin-orbit interactions split the 4T2 level into three states denoted as T1, T2 and T3 in 

order of low to high energy. The transition from 4A2 to the higher energy level T3 is 

dominant in E∥a and E∥c polarisations, so the vibronic absorption occurs with higher 

energy (shorter wavelength) photons. 

The sharp lines are associated with transition from the 4A2 state to the 2E level (R-lines). 

Since the absorption spectra have a relatively low resolution at R-lines, it is difficult to 

ascertain the change of the absorption coefficient with different polarisations. The data 

of R-line absorption are given in the inset of Figure 3.4. The intensity of the transition 

to the R1 line is significantly larger than the transition to the R2 line for the E∥b 

polarisation.  

 

Figure 3.5. Alexandrite fluorescence rate spectra at 300 K. The E∥a and E∥c 

polarisations have been amplified by the amounts indicated. Inset: High-resolution 

spectra at R-lines. Adapted from [45,130].  

The fluorescence spectra of Alexandrite at room temperature are shown in Figure 3.5. 

The inset shows the high-resolution spectra around the R-lines. The fluorescence 

spectrum for the E∥b polarisation shows strong emission at R-lines. The sharp lines are 

accompanied with a broad background fluorescence spectrum. The broad spectrum that 
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arises from the vibronic transitions (4T2 → 
4A2) is responsible for the tunable vibronic 

laser gain. The fluorescence in the E∥b polarisation is an order of magnitude larger than 

the fluorescence in the E∥a and E∥c polarisations. The reduced vibronic fluorescence 

intensity for the E∥a and E∥c polarisations is partly due to a lower occupancy of the T3 

level of the 4T2 triplet, and partly because of a weaker vibronic strength [45]. This 

results in polarised vibronic laser emission from Alexandrite because of the 

relationship between the laser gain and fluorescence intensity [131]. The gain along the 

b-axis polarisation is approximately 10 times that along the a- or c-axis polarisation.  

3.2.3 Lasing Temperature Dependent Characteristics 

Fluorescence Lifetime 

The fluorescence lifetime of Alexandrite has a strong temperature dependence. In the 

4-level laser model, the vibronic level 4T2 is in thermal equilibrium with the long-lived 

state 2E. The effective lifetime of the upper laser level at room temperature can be 

calculated by assuming that the upper level consists of these two strongly coupled 

levels in a Boltzmann distribution with energy spacing of 𝛥𝐸=800 cm-1. Therefore, a 

two-level model can be used to predict the fluorescence lifetime of Alexandrite. The 

fluorescence lifetime is dependent on the relative populations of these two levels. In 

this case, the effective lifetime (τ𝑒𝑓𝑓) is given by 

1

τ𝑒𝑓𝑓
=

𝑓𝐸
τ𝐸

+
𝑓𝑇

τ𝑇
 (3.2.1) 

where 𝑓𝐸  is the fractional population of the 2E state, 𝑓𝑇 is the fractional population of 

the 4T2 level, and 𝑓𝐸 = 1 − 𝑓𝑇. The 2E and 4T2 levels have a lifetime of τ𝐸 = 1.54 ms 

and τ𝑇 = 6.6 μs, respectively. The population of each level will obey the Boltzmann 

distribution, thus, 

𝑓𝑇 =
𝑒

−
𝛥𝐸
𝑘𝑏𝑇

1 + 𝑒
−

𝛥𝐸
𝑘𝑏𝑇

 (3.2.2) 
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where 𝛥𝐸 is the energy spacing between the 4T2 and 2E levels, 𝑘𝑏 is the Boltzmann 

constant. Substituting Equation (3.2.2) into (3.2.1) gives the expression of the effective 

fluorescence lifetime, 

τ𝑒𝑓𝑓 = τ𝐸

[
 
 
 1 + 𝑒

−
𝛥𝐸
𝑘𝑏𝑇

1 + (
τ𝐸

τ𝑇
) 𝑒

−
𝛥𝐸
𝑘𝑏𝑇

]
 
 
 
 (3.2.3) 

It can be seen from Equation (3.2.3) that the effective fluorescence lifetime of 

Alexandrite is temperature dependent. It can be viewed as a combination of the lifetime 

of the 4T2 level and that of the storage 2E level. The fluorescence lifetime over a 

temperature range of 4 - 500 K was successfully predicted by Walling et. al. using the 

two-level model [45], as shown in Figure 3.6. The fluorescence lifetime of Alexandrite 

is approximately 260 μs at room temperature and 130 μs at 100 °C. 

 

Figure 3.6. The fluorescence lifetime of Alexandrite as a function of temperature. The 

experimental data (discrete black points) and the simulation curve (red solid line) are 

indicated. Adapted from [45].  

In the range of 4 to 70 K, the lifetime increases with increasing temperature, due to 

thermal excitation of ions from the lower 2E level to the longer lifetime upper 2E level. 

The reduced lifetime with temperatures greater than 70 K is caused by thermal 

excitation to the higher lying 4T2 triplet levels with a higher decay rate [45,129]. 
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Another study on the fluorescence lifetime of Alexandrite was conducted in the range 

of 293 to 973 K. It found the two-level model could not predict the rapid reduction in 

the fluorescence lifetime at higher temperatures. The study suggested that when the 

temperature exceeds approximately 673 K, nonradiative transitions will prevail and be 

responsible for the rapid relaxation of the excited ions [132]. Whereas, the nonradiative 

transitions of the excited ions are negligible at lower temperatures.  

Alexandrite’s long fluorescence lifetime is a particular advantage over widely 

wavelength-tunable Ti:sapphire lasers that possess a fluorescence lifetime of only 3.2 

μs at room temperature. The long fluorescence lifetime of Alexandrite indicates a great 

potential for energy storage and thus Q-switching operation. 

Stimulated Emission Cross Section 

As the temperature of Alexandrite increases, the effective emission cross section of 

Alexandrite increases. The effective emission cross section σ𝑒(E) is related to the 

fluorescence, which is given by [45] 

σ𝑒(E) = 𝑓Ω
∗(E)

ℎ3𝑐2

𝐸2𝑛Ω
2  (3.2.3) 

where  𝑓Ω
∗(E) is the total emission rate at energy E for photons with polarisation Ω, ℎ 

is the Planck’s constant, 𝑐 is the speed of light, 𝑛Ω  is the refractive index for light 

polarized along Ω. 𝑓Ω
∗(E) is proportional to the measured fluorescence spectrum, and 

the proportionality factor can be determined from the fluorescence lifetime τ𝑒𝑓𝑓 by the 

following relation [45] 

1

τ𝑒𝑓𝑓
=

8𝜋

3ℎ
∑∫ 𝑑𝐸𝑓Ω

∗(E)
∞

0Ω

 (3.2.4) 

The effective emission cross section σ𝑒(E)  increasing with temperature has been 

experimentally confirmed by Shand et al. [133]. This is mainly because the 

fluorescence lifetime τ𝑒𝑓𝑓 decreases with increasing temperature, as discussed earlier. 
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The temperature dependence of the effective emission cross section can also be 

explained using the 4-level model. The 2E level act as a storage level for the 4T2 level. 

As the temperature rises, the occupation fraction of the 4T2 level increases compared to 

that of the lower lying 2E level due to thermal excitation. The increased population in 

the upper laser level (4T2) will increase the probability of stimulated emission.  

Ground State Absorption 

Ground state absorption (GSA) arises from transitions from vibrational states of the 

ground level to the 4T2 level. The ground state absorption cross section in the lasing 

wavelength region is orders of magnitude smaller than that in the pump bands. It was 

determined over a lasing wavelength range from 690 to 830 nm by Shand et al. both 

theoretically and experimentally [124]. By extending the McCumber theory [131] and 

applying it to Alexandrite, the formula for determining the GSA cross section is given 

by [45,124]  

𝜎𝑎(𝐸) = 𝜎𝑒(𝐸)𝑒𝑥 𝑝 [
(𝐸 − 𝐸∗)

𝑘𝑏𝑇
] (3.2.5)  

where 𝜎𝑎(𝐸) is the GSA cross section, 𝜎𝑒(𝐸) is the effective emission cross section, 𝐸 

is the photon energy, 𝐸∗  is the effective non-phonon energy level energy, 𝑘𝑏  is the 

Boltzmann constant, and T is the temperature of the Alexandrite crystal. The theoretical 

value of 𝜎𝑎(𝐸) is in good agreement with experimental data, as shown in Figure 3.7. 

The figure also shows the comparison between 𝜎𝑎(𝐸) and 𝜎𝑒(𝐸). GSA is insignificant 

at the long-wavelength part of the gain region since 𝜎𝑎(𝐸) is many orders of magnitude 

smaller than 𝜎𝑒(𝐸). However, 𝜎𝑎(𝐸) is relatively large at high energies and hence acts 

as a limit to the shortest lasing wavelength. This results in the shortest wavelength that 

has been demonstrated of 701 nm.  
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Figure 3.7. The GSA and emission cross sections of Alexandrite. The solid curve is 

the theoretical value of the GSA cross section. The dotted curve represents the 

experimental data of the GSA cross section. The red dashed curve shows the value of 

the emission cross section. Adapted from [124]. 

Excited State Absorption 

Excited state absorption (ESA) occurs when the pump or laser radiation is absorbed by 

laser ions in the upper laser level. The ions are excited to a higher-lying energy level 

and then decay back to the upper laser level non-radiatively in Alexandrite. This 

constitutes a loss mechanism since the optical energy is converted into heat after 

absorption. The additional loss leads to an increase in the lasing threshold and a 

reduction of the slope efficiency. In Alexandrite, ESA initiates from both the 2E and 

4T2 levels. The ESA cross section from 4T2 is seven times larger than that from 2E [134]. 

Therefore, it can be assumed that ESA mainly initiates from 4T2, which is consistent 

with other studies [133,135,136]. 

ESA occurs at wavelengths throughout the pump and laser bands. Figure 3.8 shows the 

ESA cross section in the pump band (420-680 nm) of Alexandrite. The ESA cross 

section is of the same order of magnitude as the GSA cross section, which means a 
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relatively large portion of the pump energy can be directly lost at high population 

inversion due to the existence of ESA [135].  

 

Figure 3.8. The ESA cross section compared with the GSA cross section for light 

polarized along the b-axis of Alexandrite. Adapted from [135]. 

 

Figure 3.9. The ESA cross section in the lasing wavelength region compared with the 

emission cross section. Adapted from [136]. 

Figure 3.9 shows the ESA cross section compared with the emission cross section in 

the lasing region (700-850 nm). ESA in the lasing wavelength region has a substantial 
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impact on the laser performance as it competes with the laser emission process. It will 

reduce the gain and even prevent lasing when the ESA and emission cross sections are 

equal. The extreme case occurs at 818nm (at 28 °C), which limits the long wavelength 

side of the tuning range [133]. Kuper et al. have demonstrated this limit can be pushed 

to 858 nm by operating the Alexandrite laser at an extremely high temperature of 

513 °C [46]. The ESA cross section increases with increasing temperatures at a rate 

equal to that of the emission cross section [133]. The increase in ESA cross section can 

also be explained by the increased population of the 4T2 level at elevated temperature.  

3.3 Optical Pumping of Alexandrite Lasers 

Lasing mechanisms of Alexandrite have been discussed with reference to the simplified 

energy level diagram (Figure 3.3) in Section 3.2.1. Transitions from the ground level 

4A2 to 4T1/
4T2 create two broad absorption bands peaking at around 410 and 590 nm. 

Furthermore, the 4A2 → R1/2 transitions generate two narrow bands peaking at 678.5 

and 680.4 nm. These different excitation bands offer diverse pump source options for 

Alexandrite, such as arc lamps [137–140], flashlamps [45,128,133,135,136,141,142], 

krypton ion lasers [143], dye lasers [48], frequency-doubled Nd-doped lasers [144–

147], laser diodes [37,48,148–159], LEDs [160] and even visible solar radiation [161]. 

Historically, lamp pumping has been the most popular and prolific scheme mainly 

because extremely high pump powers can be generated by lamps (often with average 

powers of several kilowatts). Laser output power in excess of 50 W has been achieved 

with a Xenon arc Lamp-pumped Alexandrite laser; however, lamp pumping leads to 

low slope efficiency (maximum 2.5%) [139]. Krypton ion gas laser pumping was used 

primarily to characterize the laser parameters of Alexandrite, but it has also proven to 

be an effective way to generate tunable emission. Although a slope efficiency of 51% 

was obtained with Krypton laser pumping, the overall system was limited by the high 

cost and complexity of the pump source [143]. Similarly, dye laser pumping achieved 

a very high slope efficiency of 64% but also resulted in a high cost and practicality 

issues of the pump system [48]. Frequency-doubled Nd:YVO4 laser (532 nm) pumping 

provided a relatively high output power of 1.4 W with 36% slope efficiency, however, 
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the complicated pump system and high quantum defect limites its usability for the 

Alexandrite laser [145]. Since the performance of LEDs has experienced improvement 

and their cost has dropped sharply since the early 2000s, LEDs have been reconsidered 

for laser pumping in the visible spectral range. Although LED pumping offers a low-

cost option, the low irradiance of LEDs needs to be improved using additional 

luminescent concentrator . A LED pumped Ce:YAG concentrator has been used as a 

pump source for Alexandrite, but the overall efficiency is still low (with optical 

efficiency of 1.7%) [160]. 

The potential of red-diode-pumping Alexandrite, which leads to simplicity and high 

efficiency, has been recognized by the academic community since the early 1990s. 

Scheps et al. demonstrated the first diode-pumped Alexandrite laser in 1990 [152] and 

then achieved 25 mW output power with 28% slope efficiency in 1993 [48]. Through 

diode-bar-pumping, Peng et al. obtained 1.3W output power with 24.5% slope 

efficiency in 2005 [153]. Then, Beyatli et al. utilized a high-brightness tapered diode 

laser (TDL) as the pump laser and achieved 200 mW output power with a slope 

efficiency of 38% in 2013 [37]. In the same year, Teppitaksak et al. demonstrated that 

diode-end-pumped Alexandrite laser can be operated to achieve multi-ten watt (>26 W) 

output power with a slope efficiency of 49% [154]. Using a fiber-coupled diode module, 

Kerridge-Johns et al. obtained a slope efficiency of 54% in 2018, which is the highest 

slope efficiency diode-pumped Alexandrite laser to date [148]. Early studies on diode 

pumping of Alexandrite lasers were limited by the brightness of the laser diodes. In 

contrast, the remarkable progress made in diode-pumped Alexandrite lasers in recent 

years has benefited from significant advances in high-brightness visible laser diodes. 

These and other studies have shown that diode-pumping of Alexandrite lasers is a 

promising route to high efficiency, low cost and compactness. 

3.4 Applications of Alexandrite Lasers 

Application for Alexandrite lasers are emerging in many areas, including remote 

sensing, dermatology, spectroscopy and nonlinear optics. These use the attractive 
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properties of Alexandrite, such as the broad tunability and capability of pulsed 

operations (both Q-switching and mode-locking). 

Despite having low efficiency, lamp-pumped Alexandrite lasers have played a leading 

role. Due to the superior thermo-mechanical properties of the material, high powers 

and energies were obtained using extremely high pump power [49,137,138]. The broad 

wavelength emission could be extended by nonlinear optical processes like frequency 

doubling. Therefore, lamp-pumped Alexandrite lasers have been widely applied in 

scientific research and industrial applications. PALTM pulsed Alexandrite laser system 

designed by Light Age, Inc. is a typical example. Based on a flashlamp pumped scheme, 

the PALTM is a tunable and versatile laser system that can produce pulse energy up to 

1 J. It can be operated at any fixed wavelength between 720 and 800 nm. Pulses with 

durations as short as 100 ps can be generated under mode-locked operation. This 

sophisticated product can be used in the fields of illumination, spectroscopy, metrology 

and material processing [162]. 

Alexandrite lasers are used for treating skin disorders (e.g. pigmented lesions) [163,164] 

and cosmetic skin surgery (e.g. hair removal [165,166] and tattoo removal [167–169]). 

They were found to treat pigmented lesions well due to its ability to target 

melanin [163]. They are also effective in the treatment of unwanted hair, as the laser 

energy is absorbed specifically by the hair follicle rather than any other target on or 

within the skin surface [165]. Tattoo removal treatment is used to remove black, blue 

and green pigment since these colours can effectively absorb the wavelength emitted 

by Alexandrite lasers. The application of Q-switched Alexandrite lasers has remarkably 

improved the process of tattoo removal. Previous treatment methods including surgical 

removal, cryosurgery and dermabrasion require tissue destruction and hence leaving 

scars. Commercial Alexandrite lasers allow the energy to be precisely confined to the 

tattoo pigments and significantly reduce the risk of scarring [167]. They can precisely 

destroy the target lesion or pigment and ensure tissue in the surrounding area remains 

undamaged.  
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LIDAR (Light Detection and Ranging) is an optical remote sensing technology that 

performs measurements by illuminating a target with pulsed laser light and measuring 

the reflected signals with a sensor. LIDAR systems are powerful tools for a range of 

remote sensing applications. These include investigating physical attributes of the 

atmosphere (e.g. temperature and wind speed), measuring atmospheric composition 

(e.g. clouds, aerosols and ozone), and characterizing the Earth environment (e.g. 

vegetation and water cover) [170]. Such information is of significance for meteorology 

and atmospheric research and allows scientists to investigate natural and artificial 

environments with precision and flexibility. For LIDAR systems, highly stable pulsed 

lasers with high energy, narrow linewidth, and near diffraction limited beam quality 

are often required to guarantee measurement accuracy. For example, for a backscatter 

LIDAR, it requires specifications as follows: pulse energy - multi-tens of mJ (singal-to 

noise ratio), pulse duration <100 ns (vertical resolution), pulse repetition rate - 100 Hz 

(lateral resolution), spectral width >50 MHz (spectral resulation), spatial beam quality 

M2<1.5 (spatial resolution). Flashlamp-pumped Q-switched Alexandrite lasers have 

been developed for differential absorption LIDAR systems to measure atmospheric 

humidity and temperature since the tuning range of Alexandrite covers high absorption 

lines of species of interest (water vapor for humidity (720-730 nm) and oxygen for 

temperature (760-770 nm) [171–175]. Pulsed Alexandrite lasers have also been 

employed by potassium LIDAR systems for mesopause temperature profiling, which 

is based on measuring the Doppler broadened line width of potassium at 770 

nm [176,177].  

The development of diode-pumped Alexandrite lasers has been of great interest since 

the early 1990s because the advancement of high power, cost-efficient and visible 

wavelength laser diodes can result in efficient, compact and low-cost formats. 

Therefore, diode-pumped Alexandrite lasers can address remote sensing applications 

as a more efficient and compact laser approach [170,178]. They are also suitable for 

laser-based altimetry, which can measure the height of the terrain to provide a 

topography mapping with high spatial resolution. 
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It is worth mentioning that diode-pumped Nd:YAG lasers are established systems for 

LIDAR applications [179–182]. However, Nd:YAG lasers that lack wavelength 

tunability can only deliver a fixed wavelength of 1064 nm. Although other wavelengths 

can be achieved via harmonic generation or optical parametric conversion, the overall 

efficiency is relatively low. Diode-pumped Alexandrite lasers with broad tunability are 

versatile laser sources for LIDAR applications as compared with Nd:YAG lasers. The 

broad spectral range of Alexandrite overlaps the Red-Edge of vegetation, where the 

reflectance of vegetation changes steeply from low to high reflection in the near 

infrared range [183]. This makes Alexandrite a suitable laser source for monitoring 

vegetation. The frequency-doubled Alexandrite laser, operating as a tunable UV source, 

provides simplification and efficiency advantages over Nd:YAG where third-harmonic 

generation is required. The tunable UV Alexandrite laser can be used for Doppler 

LIDAR in detection of wind shear [184]. Recent work on Q-switched diode-pumped 

Alexandrite lasers for LIDAR applications has achieved significant 

progress [157,185,186] which also demonstrates exciting prospects of Alexandrite 

lasers as a wavelength-tunable source for addressing remote sensing applications. 

This chapter has presented an overview of the properties of Alexandrite and its 

suitability as a gain medium for high power lasers. Laser kinetics for Alexandrite 

operated as either a 3-level or a 4-level system have been explained in depth. To better 

understand the behaviour of Alexandrite and to optimize the laser performance, the 

temperature-dependent characteristics have been investigated. Multiple pump source 

options and the versatility of the Alexandrite lasers have resulted in a broad range of 

applications. 
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Chapter 4 

Actively Q-switched Alexandrite Lasers 

Laser sources with short-pulse output capability are beneficial in many applications, 

for example in remote sensing where high temporal resolution is required or multi-

photon microscopy where high peak power is needed. Alexandrite is an attractive gain 

medium for these applications. It has a long upper-state lifetime of 260 μs at room 

temperature which enables great energy storage in Q-switched operation. In the 

previous work of our group, the first diode-pumped Q-switched Alexandrite laser was 

demonstrated in 2014. The pump module was operated in quasi continuous wave 

mode [154]. Subsequent studies have also shown the potential for short-pulse 

(femtosecond level) operation of Alexandrite lasers [146,187]. 

This chapter aims to describe the developments of diode-pumped Q-switched 

Alexandrite lasers. It starts with the introduction of the pump sources used in this thesis 

work. The design and experimental results of the first Q-switched Alexandrite laser 

under CW pumping are shown. The Q-switching was achieved via loss modulation 

through the use of a BBO Pockels cell. The Q-switched operation was demonstrated at 

repetition rates up to 10 kHz, which is an order of magnitude higher than that of the 

previous study. Due to the low gain characteristics of Alexandrite, a pulse duration of 

a few nanoseconds, for example as required for altimetry LIDAR, can hardly be 

achieved with the standard Q-switching method. In order to obtain short pulses with 

high peak power, a cavity-dumped Q-switched Alexandrite laser was developed, and 
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the experimental results are given at the end of this chapter. Some of the results in this 

chapter have contributed to the published work [157]. 

4.1 Laser-diode Pump Source 

High power red diode lasers have become commercially available in recent years. Two 

commercial laser diode modules were used as pump sources in this work: a tailored 

free-space laser module (see Figure 4.1 (a)) and a fiber-coupled one (see Figure 4.1 

(b)). The free-space laser-diode module provides high output power, high polarisation 

purity, but low beam quality as compared with the fiber-coupled one. The high-power 

free-space module was used in actively Q-switching (Chapter 4) and unidirectional 

single-frequency operation (Chapter 6) of Alexandrite lasers, whereas the fiber-coupled 

diode module was employed in passively Q-switched Alexandrite laser (Chapter 5). 

The properties of these two pump modules are depicted below. 

 

Figure 4.1. Two commercial laser-diode modules used as pump lasers in this work. (a) 

Free-space laser-diode module. (b) Fiber-coupled laser-diode module. 

4.1.1 Free-space Laser Diode Module 

The free-space laser diode module consists of 7 red conduction-cooled diode bars 

operating nominally at the central wavelength of 638 nm with a bandwidth (FWHM) 

of 1.5 nm. Cooled with a water chiller the diode module is capable of providing 66 W 

optical power in CW mode at 16°C with beam quality factor M2
x = 265 in horizontal 

and M2
y = 30 in vertical. Beam quality measurement throughout this thesis was made 
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using ISO standard D4σ method, which has been explained in section 2.1.4. The overall 

package has dimensions 90 x 150 x 40 mm.  

The optical output of each bar has both fast and slow axis collimation optics. The 

collimated outputs of the 7 bars are re-assembled by a set of turning mirrors such that 

the outputs are optically stacked one above the other with a bar-to-bar separation of 0.8 

mm. The output emission is emitted through a rectangular window, and the overall 

effective size is nominally 5 x 5 mm at the window. An image of the output directly 

onto a CMOS camera is shown in Figure 4.2.  

 

Figure 4.2. Beam profile of 7-bar diode module showing the individual bars. 

The output of the diode module is controlled by a constant current diode driver. 

Adjustment of the driving current controls the output power. The module has external 

electrical connection points for attaching the cabling for current drive. A water-cooling 

manifold beneath the module is used to provide heat dissipation and temperature 

control of the diodes via the thermal base plate under the bars. 

Figure 4.3 (a) shows the output power and compliance voltage of the diode module 

against the drive current at a water temperature of 16°C. Figure 4.3 (b) depicts the 

corresponding peak wavelength of the output versus drive current. 
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Figure 4.3. (a) The output power and compliance voltage of the 7-bar diode pump 

module against drive current. (b) The peak wavelength against drive current at water 

temperature of 16°C. 

The diode pump module had a threshold of 3.0 A. The power-current slope efficiency 

was 6.2 W/A. 66 W pump power was obtained at the maximum drive current of 14 A 

(with 15.4 V voltage) resulting in a wall-plug efficiency (the ratio of optical output to 

consumed electrical input power) of 30.6%. The output of the module was near-linearly 

polarized with polarisation purity of 99%. The power curve is approximately linear 

with drive current, but there is a small rollover at higher drive currents. This is because 

increasing drive current leads to heat generation and temperature rise in the laser diode 

chip, and the efficiency of the diode drops at higher temperatures. The peak wavelength 

of the output is not fixed but experiences a redshift as the temperature increases, as 

shown in Figure 4.3 (b). 

4.1.2 Fiber-coupled Laser Diode Module 

The fiber-coupled red diode laser operates at the central wavelength of 636 nm with a 

bandwidth (FWHM) of 1.5 nm. This module consisting of multiple single emitter 

diodes was mounted on a water-cooled copper block. The output of the diode module 

was coupled into a multi-mode fiber with a core diameter of 105 µm and a numerical 

aperture of 0.22. The output of the multimode fibre had a measured beam quality M2
x 

= 45 and M2
y = 46.  This module has a relatively small footprint with dimensions 43 x 
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74 x 13 mm, which can enable the compactness of the entire system. It was driven by 

a DC power supply and provided 5.3 W of optical power in CW mode at a drive current 

of 0.7 A. The fiber-coupled diode module had been shown previously to produce watt-

level laser power with a TEM00 beam from Alexandrite lasers [156,188]. 

An aspheric fiber collimator with a focal length of 35 mm was used to collimate the 

output of the fiber-coupled diode module. As the fiber delivery partially scrambles the 

polarisation of the pump laser, the maximum polarisation axis of the pump laser 

contained only 70% of the pump power. The output power of the diode module was 

measured as a function of drive current at three different coolant temperatures (16, 20 

and 24 °C), as shown in Figure 4.4 (a). The results show that the threshold decreases 

while the slope efficiency increases at lower temperatures. 
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Figure 4.4. (a) The pump power of the diode module against drive current for three 

different coolant temperatures. (b) Spatial mode profile of the pump beam with M2
x = 

45 and M2
y = 46 at 5.3 W pumping power. (c) Cross sections and beam width 

measurements (1/e2) of the spatial mode profile in X and Y directions. 

At 16 °C, the diode module had a threshold current of 0.14 A. The power-current slope 

efficiency was 9.6 W/A. An output power of 5.3 W was achieved at the recommended 

maximum drive current (0.7 A). Although a higher output power is achievable at lower 

temperatures, the lowest temperature used was 16°C to avoid condensation in the diode 

module. Figure 4.4 (b) shows the spatial profile of the pump beam waist at 16°C, which 

had an approximately super Gaussian beam shape. Figure 4.4 (c) shows the beam cross 

sections and beam width measurement. The laser beam has a diameter (1/e2) of 160 µm 

(x) by 159µm (y). 

Figure 4.5 shows the central wavelength of the pump module against drive current for 

three different coolant temperatures (16, 20 and 24 °C). The central wavelength shifts 

to longer wavelengths at higher temperatures and higher drive current due to the heating 

effect. 
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Figure 4.5. The central wavelength of the pump module against drive current for three 

different coolant temperatures. 

By comparison, it is found each of the two red diode modules has its own advantages 

and disadvantages. The free-space diode module with high power and high polarisation 

purity can facilitate high power operation of Alexandrite laser, whereas the fibre-

coupled device can produce a better beam quality and achieve a more compact footprint 

of the overall system.  

4.2 High Efficiency Diode-end-pumped Alexandrite Laser 

A compact cavity was developed and investigated to assess the power and efficiency 

potential of the diode-end-pumped Alexandrite laser. Figure 4.6 shows the schematic 

of the laser configuration. The laser system consisted of a pump module, a pump beam 

shaping system, a compact cavity and an Alexandrite rod.  

 

Figure 4.6. Schematic of the diode-end-pumped compact cavity Alexandrite laser. 
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The pump module used was the high-power free-space diode laser discussed in Section 

4.1.1. Due to the highly-multimode spatial output of the pump module in the horizontal 

direction, the output was spatially redistributed using a beam shaping system to 

improve the M2 in the horizontal slow axis. The beam shaping system is described in 

greater detail in Section 4.2.1. 

The end-pumped Alexandrite rod with a length of 10 mm, a diameter of 4 mm and 0.22 

at.% Cr3+-doping concentration was embedded in a water-cooled copper heat-sink for 

temperature control. The end faces of the Alexandrite rod were plane-parallel and anti-

reflection coated at laser wavelength (~755 nm). The absorption coefficient of the 

alexandrite rod was measured to be 6.0 cm-1 with a He-Ne laser (633 nm) for light 

polarized parallel to the b-axis of the crystal. Approximately 5% of the incident pump 

was reflected by the coated plane surface of the Alexandrite rod, and the remaining 95% 

was almost completely absorbed by the crystal.  

The compact cavity was formed of two plane mirrors: a dichroic back mirror (BM) 

which was highly-transmitting (R<0.2%) for the pump (~638 nm) and highly-reflecting 

(R>99.9%) at laser wavelength (~755 nm) and an output coupler (OC). The compact 

cavity was investigated with three output couplers with reflectances of 99%, 98% and 

97%, respectively. The cavity length was kept at 16mm. 

4.2.1 Pump Beam Shaping 

The pump beam was spatially redistributed with a beam shaping system to improve the 

horizontal beam quality but at the expense of worsening the vertical one. The highly-

multimode spatial output of the diode module was reshaped by the optical system 

shown in Figure 4.7. 
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Figure 4.7. Schematic of the beam shaping system (top view). Mirror A and B are edge 

coated mirrors (HR at pump wavelength at 45°). Mirror C and D are HR mirrors at 

visible wavelengths at 45°. VCL1 and VCL2 are vertical cylindrical lenses with focal 

length of 150 and -50 mm, respectively. HWP is a half-wave plate. 

The pump beam firstly hits a wedge that deflects the beam at a small downward angle 

(4°). The concept of using four mirrors to split and re-stack the pump beam through the 

wedge is shown in Figure 4.8. Two edge coated mirrors (Mirror A and B) are highly-

reflecting (HR) at the pump wavelength (~638 nm) at 45°, and the other two mirrors 

(Mirror C and D) are HR at visible wavelengths at 45°. Mirror A horizontally splits the 

beam into two parts - Part I and II. At the point of splitting, the height of Part I is the 

same as that of Part II. Part II continues downwards until it reaches Mirror D, whereas 

Part I that reflected by Mirror A remains the same height. Part I and Part II, respectively 

reflected by Mirror C and D, were re-combined one above the other in the vertical 

direction at Mirror B.   

 

Figure 4.8. Schematic diagram of splitting and re-stacking the pump beam. 

The re-stacked beam then passed through a Galilean telescope system formed of two 

vertical cylindrical lenses (VCL1 & VCL2) with focal lengths of 150 and -50mm, 
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respectively. This system was used to narrow the pump beam in the vertical direction. 

A half-wave plate (HWP) was used to alter the polarisation state of the pump beam to 

be parallel with the b-axis of the Alexandrite rod for high absorption. The pump beam 

was finally focused by an aspherical lens with 40 mm focal length to a spot with a waist 

diameter of 350 µm (x) by 250 µm (y). The confocal parameters of the pump laser in 

the horizontal (2.0 mm) and in the vertical (3.8 mm) were both longer than the 

absorption depth (1.7 mm) of the Alexandrite rod.  

After passing through the beam shaping system, the beam quality factor M2
x decreased 

from 265 to 231, whilst M2
y increased from 30 to 68. Although the beam quality M2

y 

in the vertical direction degrades, the pump beam became more circular at focus. The 

more circular the pump beam at focus, the better the mode matching, since the laser 

cavity was designed for circular geometry.  The improved beam quality M2
x in the 

horizontal direction resulted in a longer confocal parameter, which allowed a better 

overlap of the pump and laser modes resulting in higher extraction efficiency. 

 

Figure 4.9. The power of the reshaped pump beam incident on the crystal against drive 

current at water temperature of 16°C.  

Figure 4.9 shows the incident pump power of the reshaped beam on the crystal as a 

function of the drive current. An incident pump power of 58 W was obtained at 14 A 

drive current. The threshold was 3.0 A, and the power-current slope efficiency was 5.4 

W/A. In comparison with the power curve shown in Figure 4.3 (a), the maximum power 

dropped by 8 W, due to the reflection losses of the beam shaping optics. 
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4.2.2 Results of Continuous-wave Operation 

Figure 4.10 shows the results of the output power of the compact cavity Alexandrite 

laser against incident pump power for different output couplers. The crystal was cooled 

with a water chiller, and the temperature was set as 18°C. 

 

Figure 4.10. The laser output power against incident pump power for the compact 

cavity Alexandrite laser with three output couplers with reflectances of 99%, 98% and 

97%, respectively. 

The highest slope efficiency was 45.6% for the R=98% OC. The laser produced 17.1 

W output power at a pump level of 43.1 W, corresponding to an optical-to-optical 

conversion efficiency of 39.7%. For the R=99% OC, the power curve at higher 

pumping level tends to roll over. The overall slope efficiency was 42.8% for the R=99% 

OC, but the value was 44.5% when the pump power was under 40 W. 

Increasing the cavity mirror reflectance decreases the laser threshold as expected from 

4-level laser theory. In terms of slope efficiency, there was an optimum reflectance at 

approximately 98% for the compact cavity. Decreasing the reflectance to 97% 

decreased the slope efficiency. This is due to the pump ESA effect, the higher laser 

threshold achieved with lower reflectance increased the population inversion and the 

pump ESA loss. 
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Figure 4.11. (a) The spectrum of the Alexandrite laser with R=99% OC at 43.1 W 

incident pump power with a peak wavelength of 754.5 nm and a bandwidth of 2.9 nm 

(FWHM). The red curve is the Gaussian fit to the spectrum. (b) The lasing peak 

wavelength and bandwidth (FWHM) against OC reflectance at 43.1 W incident pump 

power. 

The spectra of the Alexandrite laser were measured using a spectrometer (Thorlabs 

CCS200, wavelength range: 200-1000 nm, resolution: < 2 nm FWHM @633 nm). At 

an incident pump power of 43.1 W, the laser with R=99% OC had a peak wavelength 

of 754.5 nm with a bandwidth of 2.9 nm (FWHM) deduced from a Gaussian fit to the 

spectrum, as shown in Figure 4.11 (a). The lasing peak wavelength and bandwidth as 

a function of OC reflectance under 43.1 W pumping are shown in Figure 4.11 (b). As 

there were no wavelength control elements in the compact cavity, the peak wavelength 

was determined by the properties of the Alexandrite crystal and the optical coatings of 

the cavity elements. The laser GSA is stronger at shorter wavelengths, so the thresholds 

at these wavelengths are higher. The laser GSA is also stronger at lower population 

inversions. The peak wavelength increases with the increasing reflectance, as 

illustrated in Figure 4.11 (b), since the reduced population inversions push the 

operation to longer wavelength. The CW lasing bandwidth varied from 2.3 to 3.0 nm. 
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4.3 Actively Q-switched Operation with Diode Pumping 

Q-switching is a method for generating energetic laser pulses by modulating the 

intracavity losses. This section describes the first study of a Q-switched Alexandrite 

laser under CW diode end-pumping. Previous diode-pumped Q-switched operation of 

Alexandrite lasers prior to this thesis work was achieved by pulsed pumping [154,187] 

A motivation for developing such a pulsed laser source with Q-switched and TEM00 

operation is to address space-borne remote sensing applications, including laser-based 

LIDAR and altimetry at high pulse rate where CW pumping would be necessary.  

A diode-end-pumped Q-switched Alexandrite laser was investigated in this section. For 

the purpose of achieving the Q-switched operation, the compact cavity of Figure 4.6 

was developed into an extended cavity design with the same end mirrors (plane mirrors) 

and shown in Figure 4.12. The cavity length was 193 mm. A BBO Pockels cell (from 

Eksma Optics, model: PCB3D) driven by a variable electric voltage was employed to 

alter the polarisation state of the intracavity radiation and together with a thin film 

polarizer (from Optida) to provide Q-switching. The rise and fall time (20% and 80% 

points) of quarter-wave voltage to the BBO pockels cell was measured to be 1.7 ns and 

2.4 ns, respectively. The contrast ratio of the thin film polariser is > 200:1. A plano-

convex intracavity lens with 100 mm focal length was used to optimise TEM00 

operation and control cavity stability in the presence of the rod’s thermally-induced 

lensing. The Pockels cell was operated at 2 kV near its quarter-wave voltage. It acts as 

a quarter-wave plate when the drive voltage is switched on. 

 

Figure 4.12. Schematic of diode-end-pumped extended Alexandrite laser cavity design 

for Q-switched operation.  
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A thin film polarizer was placed in the cavity at the Brewster angle to eliminate the S 

polarisation component of intracavity radiation and hence improving the polarisation 

purity. The thin film polarizer was highly reflecting (R>99.5%) for S-polarised light 

and highly transmitting for P-polarized light at the laser wavelength. The quarter-wave 

plate was incorporated into the cavity to address the issue of having the voltage on the 

Pockels cell for a long period. Lasing was inhibited when no voltage was applied to the 

Pockels cell. Therefore, the high voltage was only needed to be applied for a short 

period when Q-switching was required, which effectively extended the Pockels cell’s 

lifetime. The quarter-wave plate was designed for 780 nm but capable of meeting 

requirements at the lasing wavelength. The thin film polarizer and the quarter-wave 

plate solved the problems mentioned above but at the expense of introducing additional 

intracvity losses. The inevitable losses reduced the laser output power and extended the 

build-up time [142]. An output coupler with a reflectance of 97% was used with the 

intention of reducing the intra-cavity flux, so the laser-induced damage could be 

avoided at high peak power Q-switched operation.  

4.3.1 Realization of Q-switched Operation 

A Pockels cell can be used as a voltage-controlled wave plate. It consists of an electro-

optic (nonlinear) crystal and electrodes. There are different types of Pockels cells, such 

as potassium dihydrogen phosphate (KDP) and potassium dideuterium phosphate 

(KD*P) for the visible-to-near infrared region, or cadmium telluride (CdTe) for the 

middle-infrared [11], and beta barium oxide (BBO) for the near infrared to the deep 

ultraviolet.  

BBO Pockels cells have many attractive advantages over other crystal based Pockels 

cells. They have a broad transmission spectral band ~210-2000 nm allowing a wide 

spectral range. The low piezo-electric ringing enables BBO Pockels cells to effectively 

handle high repetition rate [189]. Fast switching time in conjunction with low 

capacitance make them particularly suitable for the Q-switching and cavity dumping. 

Moverover, BBO crystals have a high threshold for laser damage and a low thermo-



CHAPTER 4.  ACTIVELY Q-SWITCHED ALEXANDRITE LASERS 

122 

 

optic coefficient. Therefore, a BBO Pockels cell was selected as an electro-optical 

modulator in our system.  

The BBO Pockels cell used is a transverse device – the applied electric field E is 

perpendicular to the light propagation direction. According to Equation (2.3.16), the 

quarter-wave voltage is obtained by equating the phase difference 𝛥𝜙 to 𝜋/2, which is 

given by 

𝑉𝜆
4

=
𝜆𝑑

4𝑛𝑜
3𝑟22𝑙

 (4.3.1) 

where 𝑛𝑜 is the ordinary refractive index, 𝑟22 is the electro-optic coefficient, 𝑙 is the 

length of the BBO crystal, 𝑑 is the dimension of the crystal along the direction of the 

applied voltage. The quarter-wave voltage 𝑉𝜆/4 is inversely proportional to the crystal 

aspect ratio (𝑙/𝑑). The transverse design with a large crystal aspect ratio allows the use 

of a low quarter-wave voltage.  

Q-switched operation is achieved via loss modulation. Initially, a BBO Pockels cell 

and a polarizing beamsplitter were placed in a laser cavity, as shown in Figure 4.12. 

The BBO Pockels cell had a quarter-wave voltage of < 2.3 kV at 760 nm. The optical 

transmission at 760 nm was greater than 97%. The cell had a diameter of 2.54 mm and 

a length of 37.2 mm. An extra quarter-wave plate was introduced in the laser cavity to 

protect the Pockels cell from long-term working. Without applying the voltage to the 

Pockels cell, the polarisation is rotated by 90° in a double pass due to the additional 

quarter-wave plate. The thin film polarizer then rejects the radiation and thus 

introducing losses into the cavity. With turning the quarter-wave voltage on, the 

Pockels cell acts as a quarter-wave plate. Under the combined action of Pockels cells 

and the quarter-wave plate, the polarisation of the intracavity radiation is rotated by 

180° (or 0°), which means there is no substantial change in the polarisation state. Thus, 

the losses are reduced, and the laser action is initiated.  
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4.3.2 Results of CW Diode-pumped Q-switched Operation 

In this study, the Q-switched pulses were demonstrated with pulse repetition rate 

ranging from 1 to 10 kHz. The frequency range was only limited by the drive 

electronics. This was the first demonstration of a Q-switched Alexandrite laser under 

CW diode pumping at the time of the thesis work. Stable Q-switched pulses were 

obtained throughout this pulse repetition rate range.  

 

Figure 4.13. The pulse average power against CW diode pump power for Q-switched 

Alexandrite laser with R=97% output coupler at different pulse repetition rates (1 kHz, 

5 kHz and 10 kHz). Lines are linear fits to the power curves. 

Figure 4.13 shows the variation of the pulse average power with CW diode pump power 

for different pulse repetition rates (1 kHz, 5 kHz, and 10 kHz). The highest slope 

efficiency was 8.24% obtained at 10 kHz producing 1.1 W average output power at 

24.8 W incident pump power. For repetition rates of 1 and 5 kHz, the slope efficiencies 

were 0.95% and 4.97%, respectively. The pump power of the diode module was not 

fully utilized, because the power curves tended to roll over after increasing the pump 

power above 24.8 W. In order to evaluate the results of Q-switched operation more 

intuitively, the pulse average output power was converted to the pulse energy. 
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Figure 4.14. The pulse energy against CW diode pump power for Q-switched 

Alexandrite laser at different pulse repetition rates (1 kHz, 5 kHz and 10 kHz).  

Figure 4.14 shows the corresponding pulse energy against CW diode pump power for 

different pulse repetition rates (1 kHz, 5 kHz and 10 kHz). At 5 kHz, the highest pulse 

energy of 133.6 μJ with 128 ns pulse duration (FWHM) was obtained at 24.8 W 

incident pump power, corresponding to a peak power of 1.04 kW. At 10 kHz, 106.0 μJ 

pulse energy with 177 ns pulse duration was achieved, resulting in a peak power of 

0.60 kW. At higher incident pump power (>18 W), the curves for 1 kHz and 5 kHz 

almost overlap with each other.  

As the incident pump power increases, the pulse energy increases but has a tendency 

to roll over at higher pumping level, which is due to thermal lensing and cavity stability 

issues; whilst the pulse duration decreases because of the growth of the gain. These 

lead to a rapid increase in pulse peak power as incident pump power increases, after 

reaching a characteristic point, the peak power starts to be limited as the energy curve 

rolls over. 
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Figure 4.15. (a) The pulse energy and pulse duration against pulse repetition rate for 

CW diode-pumped Q-switched pulses. (b) The pulse peak power against pulse 

repetition rate for CW diode-pumped Q-switched pulses. 

The pulse energy and pulse duration against pulse repetition rate (from 1 kHz to 10 

kHz) is shown in Figure 4.15 (a). The repetition rate was progressively reduced from 

10 kHz to 1 kHz, and the data were recorded at the same incident pump power (24.8 

W) for each repetition rate. The pulse peak power at different repetition rates can be 

calculated from the corresponding pulse energy and pulse duration. The pulse energy 

reduces with the elevated repetition rate above approximately 3 kHz, whilst the pulse 

duration increases with the elevated repetition rate [157]. Therefore, as the repetition 

rate increases, the pulse peak power has a tendency to decrease, as shown in Figure 

4.15(b). The maximum peak power was 1.19 kW (137.0 μJ pulse energy and 115 ns 

pulse duration) achieved at 1 kHz, while the minimum one was 0.60 kW (106.0 μJ 

pulse energy and 177 ns pulse duration) obtained at 10 kHz.  

The reason why pulse energy rapidly drops with the elevated pulse repetition rate after 

3 kHz is stated as follows: The energy storage is limited to the upper state lifetime 

(~260 μs at room temperature) of Alexandrite, which corresponds to ~3.8 kHz in the 

frequency domain. Therefore, the Q-switched pulse repetition frequency can be 

increased to ~3.8 kHz without significantly reducing the pulse energy. When the pulse 

repetition frequency exceeds this characteristic frequency (~3.8 kHz), the pulse energy 

decreases as the repetition frequency increases. Due to the high frequency, the 
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population inversion cannot recover to its maximum possible value between each pulse 

emission. 

The spatial beam quality M2
 parameter for the Q-switched output mode was measured 

at different repetition rates, as listed in Table 4 below, 

Table 4. M2 for the Q-switched output at various pulse repetition rates. 

Pulse repetition rate M2
x (Horizontal) M2

y (Vertical) 

1 kHz 1.04 1.03 

5 kHz 1.15 1.15 

10 kHz 1.18 1.32 

The results illustrate that the beam quality is very good but there is some degradation 

as the repetition rate increases. At 1 kHz, both the M2
x and M2

y are close to unity, which 

indicates an almost ideal TEM00 mode. Figure 4.16 (a) shows the focused caustic for 

the Q-switched output at 5 kHz repetition rate and 24.8 W incident pump power. Figure 

4.16 (b) shows the spatial mode profile at 5 kHz repetition rate. The beam had a near-

diffraction-limited TEM00 mode with M2 of 1.15 in both x and y directions. 

Astigmatism presented in the laser beam was caused by the asymmetric pump size. 

Figure 4.16 (c) shows beam cross sections and beam width measurements of the spatial 

mode profile in X and Y directions, the beam has a diameter (1/e2) of 120µm and 

132µm. 
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Figure 4.16. (a) M2 caustic fit for the Q-switched output at 5 kHz repetition rate and 

24.8 W incident pump power. (b) Spatial mode profile of the Q-switched output at 5 

kHz and 133.6 μJ pulse energy. (c) Cross sections and beam width measurements (1/e2) 

of the spatial mode profile in X and Y directions. 

4.4 Cavity-dumped Q-switched Operation 

Cavity dumping is a method for producing short laser pulses involving Q-switching the 

laser with cavity mirrors that are highly-reflecting at the laser wavelength. The output 

coupling is set to the maximum between pulses to frustrate lasing. Then the cavity is 

completely closed, and the intracavity radiation builds up in a low-loss resonator. The 

output coupling is switched again to maximum when the intracavity Q-switched pulse 

has reached its maximum intensity, which allows rapid dumping of the entire optical 

energy from within the cavity [190]. Cavity dumping allows the energy stored in the 

cavity to be coupled out in a time scale in principle equal to a single round-trip time. 
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Therefore, providing the switching process is fast enough, the pulse duration is 

primarily related to the cavity length rather than the gain characteristics of the laser 

medium [7]. 

Shorter pulses would be beneficial for applications requiring high precision. For 

example, altimetry requires short pulses to offer high-resolution measurements.  

Furthermore, pulses with shorter duration possess higher peak power for given pulse 

energy, which is useful for improving the efficiency of nonlinear optical processes. The 

motivation for developing a cavity-dumped Q-switched Alexandrite laser source is to 

generate short laser pulses with few nanoseconds duration at high repetition rates for 

harmonic generation and LIDAR applications requiring high ranging precision. 

The performance of a cavity-dumped Q-switched Alexandrite laser under CW diode 

pumping was investigated in this section. Figure 4.17 shows an extended diode-end-

pumped laser cavity used for the cavity-dumped operation. It is a modified version of 

the Q-switched Alexandrite laser cavity (see Figure 4.12). The output coupler in this 

configuration is replaced by a highly reflecting mirror at laser wavelength (~755 nm). 

Output coupling is time-varying and provided by cavity-dumping from the thin film 

polarizer. The cavity length was 190 mm, corresponding to a cavity round-trip time of 

1.3 ns. 

 

Figure 4.17. Schematic of a cavity-dumped Q-switched Alexandrite laser under CW 

diode pumping.  
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4.4.1 Realization of Cavity-dumped Q-switched Operation 

The idea for realizing cavity-dumped Q-switched operation is to keep the optical losses 

of the cavity as low as possible for a short time, allowing a Q-switched laser pulse 

rapidly build up, and then dump the energy contained in the cavity by extracting a pulse 

within about one cavity round-trip time [7,190,191]. Specifically, in combination with 

a quarter-wave plate, the BBO Pockels cell is initially kept in the voltage-off state 

where most of the intracavity flux is coupled out by the thin film polarizer. Lasing is 

inhibited since the population inversion is below the threshold level. The Pockels cell 

is then switched to the voltage-on state, so radiation circulates in the cavity and 

experiences low losses, which results in the fast build-up of the intracavity flux. Finally, 

the Pockels cell is rapidly switched to the voltage-off state (cavity-dumped state), 

ideally when the intracavity flux reaches its maximum value. If the switch is fast 

enough, the cavity radiation will be extracted within around one round-trip time in the 

form of a short pulse. In practice, the pulse duration is dependent on both the cavity 

round-trip time and the switching time of the Pockels cell. 

4.4.2 Results of Cavity-dumped Q-switched Operation 

Initially, a mirror with a reflectance of 97% was employed as one of the cavity mirrors 

to protect the optics from damage caused by high intracavity flux. The laser system 

was operated in Q-switched mode under CW pumping and progressively transitioned 

to cavity dumped operation by reducing the voltage-on time of the Pockels cell. There 

were considerable outputs from both the R=97% cavity mirror and the thin film 

polarizer. However, the output from the R=97% cavity mirror is considered to be a loss 

for the cavity-dumped Q-switched operation. 
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Figure 4.18. The cavity-dumped Q-switched pulse energy against incident pump 

power for pulses from the thin film polarizer and the R=97% cavity mirror, at 5 kHz 

repetition rate. 

Figure 4.18 shows the results of cavity-dumped Q-switched pulse energy as a function 

of incident pump power for pulses from the thin film polarizer at 5 kHz repetition rate 

and simultaneously from the R=97% cavity mirror. For the pulses obtained from the 

R=97% mirror, the pulse energy increases until reaching a peak of 55.7 μJ at 20.5 W 

incident pump power, since then the pulse energy drops down. As the incident pump 

power increases, the pulse energy of the pulses extracted from the thin film polarizer 

steadily increases and then tends to roll over at higher pumping levels. The highest 

pulse energy was 44.0 μJ obtained at 24.8 W incident pump power. The pulse duration 

was 2.9 ns measured using a 70 ps rise-time photodiode. Therefore, pulses of 15.2 kW 

peak power were achieved at 5 kHz repetition rate for the cavity-dumped Q-switched 

Alexandrite laser with R=97% cavity mirror. The peak power is more than ten times 

that of the standard Q-switched pulses.  

The repetition rate was then increased to 10 kHz to investigate laser performance at 

higher repetition rates. Figure 4.19 depicts the pulse energy against incident pump 

power for pulses from thin film polarizer and R=97% cavity mirror. 
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Figure 4.19. The cavity-dumped Q-switched pulse energy against incident pump 

power for pulses from the thin film polarizer and the R=97% cavity mirror, at 10 kHz 

repetition rate. 

As the incident pump power increases, the pulse energy obtained from the R=97% 

cavity mirror increases until it reaches a peak of 76.1 μJ pulse energy (at 20.5 W 

incident pump power). From then on, the pulse energy fluctuates. For the pulses emitted 

from the thin film polarizer, the pulse energy increases with the incident pump power, 

except for a single point at 23.7 W incident pump power. This dip seems to correspond 

to the sudden increase in pulse energy at the same incident pump power for the pulses 

obtained from the R=97% cavity mirror. The highest pulse energy of 36.4 μJ with 2.9 

ns pulse duration was achieved at 24.8 W incident pump power, corresponding to a 

peak power of 12.6 kW. 

Overall, for the pulses obtained from the thin film polarizer, the pulse energy at 5 kHz 

repetition rate is higher than that at 10 kHz under the same pumping condition. Because 

when the repetition rate is greater than the characteristic frequency, the pulse energy 

decreases as the repetition rate increases, as discussed in Section 4.3.2. As a result, the 

highest peak power (15.2 kW) obtained at 5 kHz is 21% larger than that (12.6 kW) 

achieved at 10 kHz. 

Further investigation was conducted with a HR mirror rather than the R=97% cavity 

mirror, thereby reducing the cavity loss and enhancing the cavity dumped pulse energy 

obtained from the thin film polarizer. The HR mirror was highly-reflecting (R>99.9%) 
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at laser wavelength (~755nm). Ideally, no output can be detected from the HR mirror 

when the Pockels cell and the thin film polarizer are properly oriented. 

 

Figure 4.20. The cavity-dumped Q-switched pulse energy against incident pump 

power for pulses from the thin film polarizer and the HR mirror, at 5 kHz repetition 

rate. 

Figure 4.20 displays the results of the pulse energy against incident pump power for 

pulses emitted from the thin film polarizer and the HR mirror at 5 kHz repetition rate. 

The pulse energy from the HR mirror is negligible compared to that from the cavity-

dumped output at the thin film polarizer. As the incident pump power increases, the 

pulse energy from the HR mirror levels off. Whereas the pulse energy from the thin 

film polarizer first rises to a peak (196.4 μJ pulse energy at 19.4 W incident pump 

power). It then fluctuates and reaches a maximum of 200.8 μJ at 23.7 W incident pump 

power. The pulse duration was 2.9 ns (FWHM). At 5 kHz repetition rate, the highest 

cavity-dumped peak power achieved with the HR mirror cavity was 69.2 kW. This 

value is almost five times that of cavity dumped Q-switching with R=97% cavity mirror 

and more than sixty-times that of the standard Q-switched operation. Therefore, the 

cavity dumped Q-switching considerably reduced the pulse duration and improved the 

pulse energy, resulting in an immense improvement in the peak power. 
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4.5 Summary 

This chapter has presented results from diode-end-pumped Q-switched Alexandrite 

lasers. Two laser-diode modules (a free-space laser module and a fiber-coupled one) 

were employed as pump lasers in this theis work, and their properties are presented at 

the beginning of this chapter. Compared to the fiber-coupled laser module, the free-

space one has high power output, high polarisation purity, but low beam quality.  The 

free-space laser module was used as the pump for actively Q-switched operation. The 

output was spatially redistributed using a beam shaping system due to the highly 

multimode output along the slow axis.  

Prior to the Q-switched operation, the performance of a high-efficiency Alexandrite 

laser under CW pumping was characterized in terms of the threshold, output power, 

efficiency, peak wavelength and spectral bandwidth. The Alexandrite laser using an 

R=98% output coupler produced 17.1 W output power with a slope efficiency of 45.6% 

at the pump power of 43.1 W. It is noted that the peak wavelength of the output 

increased with the reflectance of output couplers because of the laser GSA effect. 

The Q-switched operation was achieved using a BBO Pockels cell. The laser was 

operated at pulse repetition rates between 1 and 10 kHz, which is the first demonstration 

of a Q-switched Alexandrite laser under CW diode pumping. The pulse repetition rate 

was limited to the inverse of the Alexandrite’s upper state lifetime (260 μs). This means 

the pulse repetition rate can be increased to ~3.8 kHz without pulse energy reduction. 

After exceeding this characteristic frequency, the pulse energy dropped down. The 

peak power was found to decrease with increasing repetition rate. The maximum peak 

power of 1.19 kW was achieved with 137.0 μJ pulse energy and 115 ns pulse duration 

at 1 kHz repetition rate.  

Cavity dumping was implemented to eliminate the limitation of the standard Q-

switching pulse width (115 ns) and to generate shorter pulses with few nanoseconds 

duration (2.9 ns FWHM).  The cavity-dumped Q-switched operation considerably 

reduced the pulse duration and improved the pulse energy, resulting in a significant 

improvement in the peak power. The highest peak power of 69.2 kW (200.8 μJ pulse 
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energy and 2.9 ns pulse duration) at 5 kHz repetition rate demonstrated from the Q-

switched cavity-dumped operation is more than 60 times that of the standard Q-

switching. 

The thesis work presented in this chapter represents the first Q-switched operation in 

an Alexandrite laser under CW diode pumping. The results represent the highest ever 

pulse repetition rates from Alexandrite up to 10 kHz. The 2.9 ns duration pulses 

obtained from the cavity dumped Q-switched operation are the shortest non-mode-

locked pulses produced from Alexandrite. The short pulses possessing high repetition 

rate generated from cavity-dumped Alexandrite lasers provide a valuable resource for 

LIDAR and altimetry applications. 
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Chapter 5 

SESAM Passively Q-switched 

Alexandrite Lasers 

In addition to active Q-switching, passive Q-switching is another technique for 

obtaining energetic short pulses. Passive Q switching is simple and cost-effective as 

compared with active Q-switching. Although the pulse energies are typically lower, 

passive Q-switching is more suitable for very high repetition rate operation.  

This chapter focuses on the developments of diode-pumped passively Q-switched 

Alexandrite lasers. The passively Q-switched operation was achieved using a 

semiconductor saturable absorber mirror (SESAM). In addition, the wavelength 

tunability of the passively Q-switched system was investigated using a birefringent 

filter (BiFi) tuning element. As a precursor study, a compact linear diode-end-pumped 

Alexandrite laser was investigated to explore the output power and efficiency potential. 

A wavelength-tunable X-cavity Alexandrite laser under diode pumping was then 

developed and characterized. After replacing the back mirror with the SESAM, 

passively Q-switched operation was successfully demonstrated with the diode-pumped 

X-cavity Alexandrite laser. Some of the results in this chapter have contributed to one 

published journal article [159]. 
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5.1 Compact Diode-end-pumped Alexandrite Laser 

Figure 5.1 shows the compact diode-end-pumped CW Alexandrite laser with a 

Brewster-angle cut crystal. The pump module used was the fiber-coupled red diode 

laser described in Section 4.1.2. Although the fiber-coupled diode module produces 

less output power than the free-space one, it can generate a circularly symmetrical 

pump beam with better beam quality. The gain medium doped with 0.22% of Cr3+ was 

a c-cut Alexandrite rod with Brewster-angled end faces. It had a length of 8 mm and a 

diameter of 4 mm. The absorption coefficient of the Alexandrite rod was measured to 

be 6.6 cm-1. The Alexandrite rod was contacted with indium foil and embedded in a 

water-cooled copper heat sink. It was mounted with its b-axis orientated horizontally 

in a plane-plane mirror cavity. The laser cavity was formed of two plane mirrors: a 

dichroic back mirror (BM) which was highly-transmitting for the pump and highly-

reflecting at the laser wavelength and an output coupler (OC) with a reflectance of 98.8% 

at the laser wavelength. The temperature of the water-cooled copper heat sink for the 

crystal was maintained at 40°C. 

   

Figure 5.1. Schematic of the compact diode-pumped CW Alexandrite laser with linear 

cavity. BM is a dichroic back mirror, OC is an output coupler with R=98.8%. 

5.1.1 Pump Delivery System 

The pump delivery system for the Alexandrite laser is shown in Figure 5.2. An aspheric 

fiber collimator with a focal length of 35 mm was used to collimate the output from the 

fiber-coupled diode module. As the fiber delivery scrambles the polarisation of the 

pump laser, the polarisation purity of the pump laser is only 70%. The linearly polarised 

power (70%) was rotated by a half-wave plate to match the high absorbing b-axis of 

the Alexandrite laser. An aspheric lens with a focal length fp = 50 mm then focused the 



CHAPTER 5.  SESAM PASSIVELY Q-SWITCHED ALEXANDRITE LASERS 

137 

 

pump beam to a spot on the pump face of the crystal. The focal length of the aspheric 

lens was determined by balancing the following two points: 1. A relatively small pump 

beam waist enabling a high pump intensity; 2. A relatively large pump beam waist 

providing a pump beam with small divergence over the absorbed path. The aspheric 

lens with fp = 50 mm provided a beam waist diameter of 140 µm and a confocal 

parameter of 1.1 mm. 

 

Figure 5.2. Schematic of the pump delivery system for the Alexandrite laser. Diode 

module is a fiber-coupled red diode laser. Fiber collimator is an aspheric lens with 

focal length of 35 mm. HWP is a half-wave plate. fp is an aspheric lens with focal 

length of 50 mm. 

5.1.2 Results of Compact Diode-pumped Alexandrite Laser 

The most efficient operation was achieved by optimising the cavity length to alter the 

cavity mode size and adjusting the location of the pump beam waist with the aspheric 

pump lens (fp) to achieve mode matching condition, which results in a cavity length of 

17 mm.  

Figure 5.3 (a) shows the results of the output power of the compact Alexandrite laser 

against incident pump power on the crystal. The slope efficiency was 28.0% producing 

1.1 W output power at the maximum pumping level of 5.3 W, corresponding to an 

optical-to-optical conversion efficiency of 20.8%. The laser threshold for the system 

with the R=98.8% OC was 1.4 W. It is noted that only ~70% of the pump power parallel 

to b-axis of Alexandrite is absorbed. The slope efficiency is therefore closer to 40% 

with respect to absorbed pump power. The graphs in subsequent sections are also with 

respect to incident pump power, and the same scaling would apply. 
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Figure 5.3. (a) The laser output power against incident pump power for the compact 

Alexandrite laser with R=98.8% OC. Line is linear fit to the power curve. (b) Spatial 

mode profile of the output beam with M2 < 1.1 at 1.1 W output power. (c) Cross 

sections and beam width measurements (1/e2) of the spatial mode profile in X and Y 

directions. 
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Figure 5.3 (b) shows the spatial profile of the laser output. The laser beam had a TEM00 

beam profile with M2
x=1.07 and M2

y=1.03 at the emission wavelength of 756 nm. The 

laser beam size at the output coupler was investigated by using a relay-imaging system 

formed by a pair of f=200 mm lenses onto a CMOS camera. The laser beam was 

measured to be a diameter (1/e2) of 183 µm (x) by 204µm (y), as shown in Figure 5.3 

(c). The ellipticity of the laser beam was induced by the Brewster-angle cut crystal, as 

the Brewster faces induce astigmatism. The astigmatic properties of the Brewster-angle 

cut crystal and curved mirrors used in subsequent X-cavity Alexandrite lasers and a 

method to compensate the astigmatic distortions are discussed in more detail in Section 

5.2. 

5.2 Astigmatic Compensation 

A 4-mirror X-shaped laser cavity with two folded arms requires oblique angles of 

incidence at cavity mirrors. The cavity mirrors used at oblique angles introduce 

astigmatism into the system. The Brewster-cut crystal used in the cavity also causes 

astigmatism. However, astigmatism introduced by the mirrors and the crystal can be 

used to compensate for each other. Firstly, the astigmatic properties of the curved 

mirrors and the Brewster-angle cut crystal are investigated in this section.  

5.2.1 Astigmatic Properties  

 

Figure 5.4. (a) A curved mirror with beam incident at an oblique angle. (b) A 

Brewster-cut gain medium with beam incident at Brewster’s angle. Coordinates used 

in analysis are indicated.  
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A curved mirror with a radius of curvature of 𝑅 has a focal length 𝑓 = 𝑅/2, if the 

incident beam axis is normal to the mirror surface. If the curved mirror is used at an 

oblique angle (see Figure 5.4 (a)), it will focus ray bundles in x and y directions 

differently with two different effective focal lengths 𝑓𝑥 and 𝑓𝑦. The focal lengths 𝑓𝑥 and 

𝑓𝑦 are related to the incidence angle and the focal length 𝑓, given by [192] 

𝑓𝑥 = 𝑓𝑐𝑜𝑠𝜃 =
𝑅𝑐𝑜𝑠𝜃

2
 (5.2.1) 

𝑓𝑦 =
𝑓

𝑐𝑜𝑠𝜃
=

𝑅

2𝑐𝑜𝑠𝜃
 (5.2.2) 

where 𝜃 is the incidence angle as shown in Figure 5.4 (a), 𝑓 is the focal length of the 

mirror with the radius of curvature of 𝑅. 

Brewster-angle faces also act differently on ray bundles in x and y directions. A beam 

traveling through a gain medium that is inclined at Brewster’s angle with respect to the 

propagation direction experiences different lengths in the x and y directions. For a gain 

medium with a length of 𝐿, shown in Figure 5.4 (b), the effective length 𝐿𝑥 and 𝐿𝑦 are 

given by 

𝐿𝑥 =
𝐿√𝑛2 + 1

𝑛2
 (5.2.3) 

𝐿𝑦 =
𝐿√𝑛2 + 1

𝑛4
 (5.2.4) 

Where n is the refractive index of the gain medium. 

5.2.2 Implementation of Astigmatic Compensation 

For the sake of simplicity, we first consider a 3-mirror folded cavity (see Figure 5.5 (a)) 

including two astigmatic elements – a curved mirror (M2) and a Brewster-angle cut 

gain medium.  
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Figure 5.5. (a) Schematic of a folded cavity with 3 mirrors and a Brewster-cut crystal. 

(b) Schematic of an X-shaped cavity with 4 mirrors and a Brewster-cut crystal. 

Astigmatic compensation is implemented by producing a maximum overlap between 

the stability range in x and y directions, which yields the following equation [192] 

𝑓𝑥 − 𝑓𝑦 = 𝐿𝑥 − 𝐿𝑦 (5.2.5) 

The substitution of Equations (5.2.1) - (5.2.4) into Equation (5.2.5) gives 

𝑅 𝑠𝑖𝑛𝜃 𝑡𝑎𝑛𝜃 =
2𝐿(𝑛2 − 1)√𝑛2 + 1

𝑛4
 (5.2.6) 

4-mirror X-shaped cavity (see Figure 5.5 (b)) including two curved mirrors and a 

Brewster-cut gain medium, Equation (5.2.6) is rewritten as 

𝑅 𝑠𝑖𝑛𝜃 𝑡𝑎𝑛𝜃 =
𝐿(𝑛2 − 1)√𝑛2 + 1

𝑛4
 (5.2.7) 

Compared with Equation (5.2.6), a factor of 2 is lost in Equation (5.2.7) since each 

curved mirror is responsible for compensating half the length of the gain medium. 

Equation (5.2.7) indicates that astigmatic compensation can be achieved by selecting 

the radius of curvature (𝑅) of the mirrors and the incidence angle (𝜃) for a Brewster-

cut crystal with a given length. 

Equation (5.2.7) was numerically solved to determine the required parameters, the 

results of the incidence angle against the length of the Alexandrite crystal for curved 

mirrors with 50, 75 and 100mm radii of curvature are shown in Figure 5.6. 
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Figure 5.6. The incidence angle of the curved mirrors as a function of the length of the 

Alexandrite crystal (n=1.74) for radius of curvatures of 50, 75 and 100 mm for the 

astigmatic compensated X-shaped cavity. 

The amount of astigmatism increases with the crystal length, hence requiring a larger 

incidence angle to achieve astigmatic compensation. For an Alexandrite crystal with a 

given length, curved mirrors with a longer radius of curvature require a smaller 

incidence angle to compensate astigmatism. 

5.3 Astigmatic Wavelength Tunable X-cavity Alexandrite 

Laser 

This section describes an attempt at configuring a diode-pumped X-cavity Alexandrite 

laser for wavelength tunable operation. Figure 5.7 shows the pump delivery system for 

the Alexandrite laser. The fp = 50 mm aspheric pump lens in Figure 5.2 was replaced 

with an aspheric lens with focal length fp' = 100 mm. This is with the intention of 

providing more space between the pump lens and the crystal to accommodate a curved 

cavity mirror. Doubling the focal length of the pump lens doubles the pump beam waist 

size. In order to maintain the pump beam waist diameter at 140 µm, a two-element 

telescope system (f1 = -100mm and f2 = 200mm) was introduced to magnify the pump 

beam by a factor of two at the pump lens.  
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Figure 5.7. Schematic of the pump delivery system for the X-cavity Alexandrite laser. 

f1 (-100 mm) and f2 (200 mm) forms a two-element telescope system to double the size 

of the pump beam. fp’ is an aspheric lens with focal length of 100 mm. 

The cavity geometry of the tunable X-shaped diode-pumped CW Alexandrite laser is 

shown in Figure 5.8. A pair of curved mirrors both with the radius of curvature of 

R=100 mm was used to form the X-shaped cavity. According to Figure 5.6, the folding 

angles (θ1, θ2) of these mirrors was selected as θ1 = θ2 = 22° to compensate the 

astigmatic distortions introduced by the curved mirrors and the crystal. The curved 

mirrors (CM1 and CM2) were highly-transmitting for pump and highly-reflecting at the 

laser wavelength. The angled pump-through mirror (CM1) with a plano-concave 

substrate acted as an astigmatic negative lens that increased the pump size and 

negatively impacted the pump beam M2 quality. The temperature of the water-cooled 

copper heat sink for the crystal was decreased from 40°C to 20°C to improve the beam 

stability, as the vibration of the laser beam caused by thermal effect was detected by 

the CMOS camera. The temperature of the red diode pump module was maintained at 

16°C.  

  

Figure 5.8. Schematic of the tunable diode-pumped CW X-cavity Alexandrite laser. 

CM1 and CM2 are curved mirrors with 100mm radius of curvature. M3 is a HR mirror 

for laser. OC is an output coupler. BiFi is a birefringent filter tuner used for wavelength 

tuning. 
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To investigate the wavelength tunability of the X-cavity Alexandrite laser, a quartz 

birefringent filter (BiFi) tuner with a thickness of 0.5 mm and a free spectral range (𝛥𝜆) 

of 130 nm was inserted in the output coupler arm. The BiFi was aligned to sit at 

Brewster’s angle. Wavelength tuning was achieved by rotating the BiFi plate about its 

surface normal via a goniometer. The principle of wavelength tuning through the use 

of a BiFi plate is described in greater detail in Section 5.3.1, along with other methods 

for achieving wavelength tuning.  

5.3.1 Birefringent Filter Wavelength Tuning 

To study the wavelength tuning properties of Alexandrite lasers, it is important to select 

a suitable method to tune the laser wavelength away from the center of the gain 

linewidth. Alexandrite as a broadband gain medium allows a relatively wide tuning 

range [45,46]. For a wide variety of applications, it is necessary to employ a wavelength 

selective element to tune the laser wavelength across the entire available gain spectrum. 

An external feedback grating in Littrow configuration has been used for the wavelength 

tuning of an Alexandrite laser [154]. Wavelength tuning is realized by adjusting the 

angle of the grating since for a given angle there exists a specific wavelength reflected 

back into the laser cavity. However, the tuning range is limited by self-seeding strength. 

Alternatively, a Brewster angle prism has also been used for wavelength tuning as it 

has low insertion losses which is significant for a low gain medium such as 

Alexandrite [45]. Also, the high damage resistance of the prism enables various 

applications of Alexandrite requiring high peak power. Wavelength tuning is achieved 

by prism rotation. Similar to the grating, for a given angular setting of the prism, there 

is a specific wavelength reflected back into the cavity. The Brewster angle prism could 

extend the tuning to a wider range, but the bandwidth is significantly broader. 

Because of the linearly polarised emission of Alexandrite lasers, a birefringent filter 

(BiFi) inclined at Brewster’s angle has been extensively used as a wavelength-selective 

element [30,37,45,46,155,159] The BiFi has low insertion losses and high damage 

resistance. A narrow linewidth (~0.1 nm) could be easily achieved using the BiFi within 

the Alexandrite laser cavity. 
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Figure 5.9. A birefringent filter plate used as a wavelength tuning element for the 

Alexandrite laser.  

Figure 5.9 displays the schematic diagram of the BiFi used for the Alexandrite laser. It 

was a plate of quartz birefringent crystal with thickness d. The incoming P-polarised 

ray is incident on the plate surface at Brewster’s angle (𝜃𝐵). The optic axis of the BiFi 

plate is in a plane parallel to the surface plane, whilst the rotation axis is perpendicular 

to the surface plane. The angle 𝜙 is the angle between the plane of incidence and the 

plane containing the optic axis and the rotation axis. The angle between the optic axis 

and the refracted ray traveling inside the plate is 𝜂. The angle 𝛼 is the angle between 

the plane of incidence and the plane containing the optic axis and the refracted ray. The 

relations among these angles are shown in the following equations 

𝑐𝑜𝑠𝜂 = 𝑐𝑜𝑠𝜙 𝑐𝑜𝑠𝜃𝐵 (5.2.8) 

𝑡𝑎𝑛𝜙 = 𝑡𝑎𝑛𝛼 𝑠𝑖𝑛𝜃𝐵 (5.2.9)  

When the BiFi plate is rotated about th axis shown in Figure 5.9, the change of the 

angle 𝜙 results in the changes of the angle 𝜂 and 𝛼 [193]. 

As the refracted ray is not propagating along the optic axis, the polarisation is projected 

as two components – ordinary and extraordinary. The two polarisation components 

experience different refractive indices and different phase shifts as they pass through 

the BiFi plate. The difference in phase shifts is given by 
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𝛥𝛿 =  
2𝜋(𝑛𝑒 − 𝑛𝑜)𝑑 𝑠𝑖𝑛2𝜂

𝜆 𝑠𝑖𝑛𝜃𝐵
 (5.2.10) 

where  𝜆 is the wavelength, 𝑛𝑜 and 𝑛𝑒  are the ordinary and extraordinary refractive 

indices, respectively. The phase difference 𝛥𝛿 is a function of wavelength 𝜆. For each 

𝛥𝛿 which is an integer multiple of 2π, there is a peak transmission wavelength which 

is given by 

𝜆 =  
(𝑛𝑒 − 𝑛𝑜)𝑑 𝑠𝑖𝑛2𝜂

𝑘 𝑠𝑖𝑛𝜃𝐵
 (5.2.11) 

where 𝑘 is an integer. For these wavelengths, the BiFi plate acts as a full waveplate. 

The incident ray with these wavelengths will be fully transmitted, as the polarisation 

state remains unchanged (P-polarised) after passing through the BiFi plate. All other 

wavelengths will suffer the loss when exiting the Brewster surface of the plate since 

the polarisation is shifted by the plate. Therefore, wavelength tuning is achieved by 

rotating the BiFi plate about the rotation axis, because this gives rise to the change of 

𝜂 through Equation (5.2.8) and hence the change of the peak transmission wavelength 

𝜆 through Equation (5.2.11). 

In principle, the tuning range of the BiFi plate is larger than the gain bandwidth of the 

medium. Assuming the variation of (𝑛𝑒 − 𝑛𝑜) over the wavelength range of interest is 

negligible, the free spectral range of the BiFi plate is given by 

𝛥𝜆 =  
 𝜆 2𝑠𝑖𝑛𝜃𝐵

(𝑛𝑒 − 𝑛𝑜)𝑑 𝑠𝑖𝑛2𝜂
 (5.2.12) 

According to Equation (5.2.12), the available wavelength tuning range is related to the 

plate thickness. The thinner the BiFi plate, the wider the available tuning range and the 

broader the bandwidth of the transmission peaks [11]. However, multiple BiFi plates 

whose thicknesses vary by integer ratios can be used to achieve narrow 

bandwidths [194]. 



CHAPTER 5.  SESAM PASSIVELY Q-SWITCHED ALEXANDRITE LASERS 

147 

 

5.3.2 Results of Wavelength Tunable Alexandrite Laser 

The laser output power against incident pump power for the wavelength tunable X-

cavity Alexandrite laser at the emission wavelength of 759 nm was depicted in Figure 

5.10.  

 

 Figure 5.10.Laser output power against incident pump power for the wavelength 

tunable X-cavity Alexandrite laser with BiFi and R=99.0% OC at constant wavelength 

λ=759 nm. 

The laser threshold was 2.3 W. The slope efficiency was 10.0% producing 306 mW 

output power at the maximum incident pump power of 5.3 W. The M2 beam quality of 

M2
x = 1.56 & M2

y = 1.53 was measured at this output power. It is noted that the slope 

efficiency at higher pumping level was 13.9%, which suggests that the output power 

can be further increased by using more pump power. The reduced slope efficiency 

obtained from the wavelength tunable Alexandrite laser as compared with that (28%) 

of the compact diode-pumped system is due to losses induced by the cavity mirrors and 

BiFi plate. 

The variation of the laser output power as a function of the emission wavelength was 

investigated using two output couplers with reflectance of 99.0% and 99.5%, 

respectively, as shown in Figure 5.11.  
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Figure 5.11. Wavelength tuning curves for the diode-pumped CW X-cavity 

Alexandrite laser using R=99.0% OC (red circles) and R=99.5% OC (black squares). 

The wavelength of the diode-pumped CW Alexandrite laser with the R=99.0% output 

coupler was smoothly tuned from 736 to 793 nm over a range of 57 nm. A maximum 

output power of 306 mW was achieved at 759 nm. For the R=99.5% output coupler, 

the laser wavelength was tuned in the range extended from 725 to 794 nm (69 nm), 

with a maximum output power of 289 mW at 760 nm.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                       

The reflectance plots for these two output couplers are shown in Figure 5.12. The 

wavelength tuning range is seen to be limited by the reduction of output coupler’s 

performance on the short wavelength side. For the R=99.0% OC, the sharp fall in mirror 

reflectivity near 730 –740 nm is seen in the sharp cut-off of the tuning curve near 735 

nm. The R=99.5% OC extends the curve further but has a sharp fall in mirror 

reflectivity near 710-725nm, which indicates the reason for the tuning cut-off near 

725nm. 
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Figure 5.12. Reflectance plots (manufacture data) for R=99.5% OC (black curve) and 

R=99.0% OC (red curve). 

The laser performance on the long wavelength side is partly limited by the temperature 

effect of the Alexandrite crystal. At a relatively low crystal temperature of 20°C, the 

gain cross-section and spectral shape favour shorter wavelengths. This means the long 

wavelength side of the tuning curve can be further extended by increasing the crystal 

temperature. However, the main focus of the study was operating the laser system 

around the SESAM wavelength band.  

5.4 Wavelength Tunable Passively Q-switched Alexandrite 

Laser 

After investigating the wavelength tunable CW Alexandrite laser cavity, the end mirror 

M3 (see Figure 5.8) was replaced with a SESAM to obtain passively Q-switched laser 

pulses. Figure 5.13 shows the schematic diagram of the wavelength tunable passively 

Q-switched diode-pumped Alexandrite laser. The R=99.0% OC was used in this system. 

The BiFi plate was again used to tune the laser wavelength. The cavity had a total 

length of 345 mm. 
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Figure 5.13. Schematic of the wavelength tunable passively Q-switched diode-pumped 

Alexandrite laser. CM1 and CM2 are curved mirrors with 100mm radius of curvature. 

M3 is a HR mirror for laser. OC is an output coupler with R=99.0%. 

5.4.1 SESAM Device 

The SESAM device used for the passively Q-switched Alexandrite laser was bonded 

onto an aluminium disc with thermal adhesive to dissipate heat, as shown in Figure 

5.14. The structure of the SESAM is shown in Figure 5.15. The SESAM consists of 

multiple layers of InP quantum dots on a distributed Bragg reflector. There are 7 groups 

each with 3 quantum dot layers, a total number of 21 quantum dot layers were 

incorporated within the structure for resonant periodic gain. Each InP quantum dot 

layer with a thickness of 0.62 nm was deposited on a layer of AlGaInP and capped by 

a GaInP quantum well to form a dot-in-well structure [195]. 

 

Figure 5.14. (a) Front and (b) top views of the SESAM device bonded on an aluminium 

disc. 
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Figure 5.15. Schematic of the SESAM structure including InP quantum dot layers (7 

x 3 layers) and distributed Bragg reflector. 

The SESAM had a 50 nm reflectivity bandwidth centred at 765 nm shown in Figure 

5.16. It had a saturable absorption with modulation depth of ~0.5% and some 

nonsaturable loss (~1%). Both the modulation depth and nonsaturable loss were 

wavelength dependent. The absorption recovery of the SESAM was bi-exponential 

with 0.4 ps for the fast component and 300 ps for the slow component. The saturation 

fluence of the SESAM was 30 µJ/cm2. 

 

Figure 5.16. Reflectance plot for the SESAM used for the Passively Q-switched 

Alexandrite laser. 

5.4.2 Results of Passive Q-switched Operation 

After optimising the cavity alignment, the system shown in Figure 5.13 started 

passively Q-switching. Characteristics of pulses including the pulse width, repetition 
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rate and average power were recorded for the passively Q-switched Alexandrite laser 

system.  

The wavelength was tuned from 771 to 786 nm, but the laser operated in the passively 

Q-switched regime only between 775 to 781 nm. Figure 5.17 shows the evolution of 

the output power, pulse width, and repetition rate of the pulses obtained within the 

wavelength tuning range. Compared with the tuning curves obtained under CW 

operation of the Alexandrite laser (see Figure 5.10), the tuning range of the passively 

Q-switched Alexandrite laser is much narrower, which is limited by the reflectivity 

band of the SESAM. The resonant character of the SESAM in the wavelength range 

~750-770 nm introduced high passive losses and affected the Q-switching behaviour. 

 

Figure 5.17. Average output power (mW), pulse width (µs), repetition rate (kHz) of 

the pulses obtained within wavelength tuning range for the passively Q-switched 

Alexandrite laser. 

Figure 5.18 (a) & (b) showsthe pulse profile and pulse train, which were obtained at 

778 nm, the spectrum with a spectral width (FWHM) of 0.32 nm is shown in Figure 

5.18 (c). An average power of 73 mW and a repetition rate of 11.2 kHz resulted in the 

Q-switched pulse energy of 6.5 µJ under 5 W pump power. The pulse width (FWHM) 

was 6.9 µs. The relatively long pulse duration was due to the long cavity photon 

lifetime resulted from the large cavity length (345 mm) and the highly reflective output 
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couplers we used (R=99.0%). The mode of the passively Q-switched operation was 

highly stable, as illustrated by the highly regular pulse train shown in Figure 5.18 (b). 

The laser beam from the R=99.0% output coupler was imaged by a relay-imaging 

system (formed by a pair of lenses both with a focal length of 300 mm) onto the CMOS 

camera. The spatial profile is shown in Figure 5.18 (d). The laser beam waist has a 

diameter of 288 µm (x) by 326 µm (y) with M2
 < 1.1 in both axes. Because of the 

symmetry of the laser cavity, the beam size on the SESAM is roughly the same as the 

size on the OC.  At the highest average output power of 73 mW, the estimated fluence 

on the SESAM was 0.88 J/cm2. 

 

Figure 5.18. (a) Pulse profile and (b) pulse train observed from passively Q-switched 

Alexandrite laser at 778 nm with pulse width (FWHM) of 6.9 µs and repetition rate of 

11.2 kHz. (c) The spectrum of the passively SESAM Q-switched Alexandrite laser 

pulses with a peak wavelength of 778 nm and a spectral width of 0.32 nm (FWHM). 

The red curve is the Gaussian fit to the spectrum. (d) Spatial profile of the output beam. 



CHAPTER 5.  SESAM PASSIVELY Q-SWITCHED ALEXANDRITE LASERS 

154 

 

Figure 5.19 shows the results of the output power against incident pump power for the 

passively SESAM Q-switched Alexandrite laser using two output couplers with 

reflectance of 99.0% and 99.5%, respectively. These power curves were obtained with 

the BiFi removed from the cavity to reduce the insertion loss. The R=99.0% coupler 

had a higher threshold and a higher slope efficiency than the R=99.5% one. For the 

R=99.0% OC, the shortest pulse was 5.3 µs obtained at 10.7 kHz repetition rate with 

90 mW average output power, which corresponds to 8.4 µJ pulse energy. For the 

R=99.5% OC, the shortest pulse duration obtained was 3.4 µs with 16.7 kHz repetition 

rate and 76 mW average output power (4.6 µJ pulse energy). Optical damage of the 

SESAM at 4.6 W incident pump power prevented the further increase of the incident 

pump power. 

 

Figure 5.19. Laser output power against incident pump power for the passively Q-

switched Alexandrite laser using R = 99.0% OC (red circles) and R = 99.5% OC (black 

squares). 

5.5 Summary 

This chapter investigated a wavelength tunable passively Q-switched diode-end-

pumped Alexandrite laser. The passively Q-switched operation was realized using an 

X-shaped cavity with a SESAM device. Wavelength tuning of the Alexandrite laser 

was demonstrated using a BiFi plate.  
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Diode-end-pumping was achieved using a fiber-coupled red diode laser that delivers 

symmetric output with relatively high brightness. The fiber delivery partially scrambles 

the polarisation of the pump laser. As a result, only ~70% of the overall pump power 

was effectively used to pump the Alexandrite crystal due to the polarisation dependent 

absorption properties of Alexandrite. 

Initially, a compact linear CW Alexandrite laser was developed to explore the output 

power and efficiency potential. An output power of 1.1 W with a slope efficiency of 

28% was achieved at an incident pump of 5.3 W (~3.7 W absorbed pump power). 

Astigmatic properties of the Brewster-angle cut crystal and the curved mirrors at 

oblique angles were discussed in detail. For a 4-mirror X-shaped cavity including a 

Brewster-angle cut Alexandrite crystal with a given length, astigmatic compensation 

can be achieved by carefully selecting the radius of curvature and the tilt angle of the 

curved mirrors.  

The CW X-cavity Alexandrite laser with a R=99.5% output coupler had a wavelength 

tuning range of 69 nm (from 725 to 794 nm). The short wavelength side of the tuning 

range can be further optimised by using an output coupler with a better-profiled mirror 

spectrum, while the long wavelength side can be extended by optimising the 

Alexandrite crystal temperature.  

The Q-switched operation was observed between 775 and 781 nm. The reduced tuning 

range was due to the limited reflectivity band of the SESAM and the intracavity losses. 

Highly stable passively Q-switched pulses with 73 mW average output power (6.5 μJ 

pulse energy) and 6.9 μs pulse duration were obtained at 778 nm. The pulses had a 

TEM00 beam profile (M2<1.1) and a narrow spectral width (0.32 nm). Pulses with 90 

mW average output power and 5.3 μs duration at 10.7 kHz were obtained without using 

BiFi. 

The results obtained in this study, especially the average output power and pulse energy, 

can be further improved by optimising mode matching and pumping (beam quality and 

pump power). The laser cavity used for the passively SESAM Q-switched operation 

was designed to produce a relatively large laser mode waist to match to the pump beam 
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size at the pump face of the crystal. This necessitated a long distance between the 

curved mirrors with the radius of curvature of 100 mm and the crystal, which adversely 

affected the pump beam because of the negative lensing and aberrations induced by the 

pump-through curved mirror. In the next chapter, an enhanced ‘displaced mode’ cavity 

design using a ‘zero lens’ pump-through mirror with a shorter radius of curvature was 

investigated to solve the above problems. Further development aims to achieve higher 

efficiency and higher pulse energy. The passively Q-switched Alexandrite laser 

provides a simple route to wavelength tunable pulsed operation in the near-infrared 

band and potentially in the ultraviolet region via harmonic conversion. 
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Chapter 6 

Single-longitudinal-mode Operation of 

an Alexandrite Ring Laser 

Diode-pumping is a promising route to constructing simple, compact and inexpensive 

lasers. It would be desirable for diode-pumped Alexandrite lasers to have narrow 

linewidth, well controlled wavelength tunability and high output power to enable a 

multitude of precision applications, including light sources for 

LIDAR [174,175,196,197], high-resolution spectroscopy [198] and fiber-optic 

sensor [199,200]. Flash-lamp-pumped Q-switched unidirectional Alexandrite ring 

lasers injection-seeded by Ti:sapphire or diode lasers were developed for LIDAR and 

spectroscopy applications [174,175,196–198], but the overall laser systems were 

complex, bulky and of low efficiency. Recently, a Q-switched bi-directional 

Alexandrite ring laser [187] and a Q-switched ring system in single-longitudinal-mode 

(SLM) operation achieved by injection-seeding under pulsed diode-pumping have been 

developed for LIDAR applications [185]. These existing studies and the broad 

application prospects have aroused our interest in the SLM operation of Alexandrite 

lasers under diode pumping. 

In this chapter, the development of a CW unidirectional Alexandrite ring laser is 

presented. Narrow-linewidth outputs are achieved with the SLM operation. In addition, 

the system has the advantages of low cost and compactness due to the use of direct 

diode pumping. This chapter begins with the description of a compact linear cavity, 
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which is used to assess the potential of a Brewster-cut Alexandrite rod. Based on the 

X-shaped cavity design used in the passively Q-switched system, an optimized X-

shaped cavity is developed and used as a precursor to the ring cavity. Finally, a method 

for implementing the unidirectional operation is given, along with the results obtained 

with the Alexandrite ring laser. The results and analyses obtained in this chapter have 

contributed to a journal article [149]. 

6.1 High Efficiency Compact Linear Alexandrite Laser 

Prior to the ring laser operation, in order to assess the power and efficiency potential 

of the diode-pumped Alexandrite laser, a compact linear cavity was investigated in this 

section. 

Figure 6.1 shows the schematic of the compact diode-end-pumped Alexandrite laser. 

The gain medium used in this cavity was a c-cut Alexandrite rod with Brewster-angled 

end faces. It had a length of 7.5 mm, a diameter of 4 mm and Cr3+-doping concentration 

of 0.22 at.%. The absorption coefficient of the Alexandrite rod was measured to be 6.6 

cm-1 with a He-Ne laser (633 nm). The rod was embedded in a water-cooled copper 

heat sink for temperature control. The temperature of the Alexandrite rod was 

maintained at 20°C. The b-axis and Brewster faces of the gain medium were orientated 

horizontally in a plane-plane compact linear cavity. The compact linear cavity was 

formed of two plane mirrors: a dichroic back mirror (BM) which was highly-

transmitting (R<0.2%) at pump wavelength (~638 nm) and highly-reflecting (R>99.9%) 

at laser wavelength (~755 nm), and an output coupler (OC) with a reflectance of 98.8% 

at the laser wavelength. The cavity length was 13 mm. 

 

Figure 6.1. Schematic of the diode-end-pumped Alexandrite Brewster-angle cut rod 

with compact linear laser cavity. BM is a dichroic back mirror, OC is an output coupler 

with R=98.8% 
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Pumping was provided with the free-space red diode module, which has been described 

in Section 4.1. The temperature of the pump module was cooled to 16°C with a water 

chiller. The diode module was operated in CW mode. The pump beam was shaped in 

the horizontal direction with a beam shaping system due to the highly multimode 

character of the pump beam, which is described in detail in Section 6.1.1. The 

horizontal beam quality factor was improved but at the expense of the loss of the pump 

power. 

6.1.1 Pump Beam Shaping 

The pump beam was shaped in the horizontal direction with a beam shaping system 

shown in Figure 6.2. A 4° glass wedge and two mirrors (M1 & M2) were used to 

compensate the tilt of the output and control the beam path. The beam was then incident 

onto two inclined square mirrors (SM1 & SM2). Their separation was adjusted by 

micrometer translation stages, so the two square mirrors actually formed an adjustable 

slit aperture that allows a control of the beam quality in the horizontal direction. The 

central part of the pump beam was transmitted by the slit, whilst the rest was reflected 

onto a beam dump. Therefore, the horizontal M2
x value can be improved by narrowing 

the slit aperture but at the expense of losing power. The apertured output was then 

reshaped with a horizontal telescope formed of two cylindrical lenses (HCL1 & HCL2) 

with focal lengths of -50 and 130 mm, respectively.  The telescope was used to match 

the horizontal size of the pump beam to that in the vertical direction at an aspheric 

pump lens (fp). The pump lens with focal length of 50 mm was used to focus the pump 

beam to a spot located near the input face of the Alexandrite rod. A half-wave plate 

(HWP) was used to orient the pump light with high polarisation purity of ~ 99% parallel 

to the high absorbing b-axis of the Alexandrite rod. 
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Figure 6.2. Schematic of the beam shaping optics. fp is an aspheric pump lens with 

focal length of 50 mm. HWP is a half waveplate for matching pump polarisation to 

the crystal b-axis. HCL1 and HCL2 are two horizontal cylindrical lenses with focal 

length of -50 and 130 mm, respectively, formed a horizontal telescope. SM1 and SM2 

are two square mirrors formed an adjustable slit aperature. M1, M2 and M3 are plane 

mirrors. 

An optical power of 5.6 W in CW mode with M2 = 30 in both horizontal and vertical 

directions was available by setting the aperture size to be 1.5 mm.  The waist diameter 

of the output beam was measured to be 123 µm (dx) by 128 µm (dy). Figure 6.3 shows 

the transmitted power as a function of the drive current. The diode threshold was 3.0 A 

and the power-current slope efficiency was 0.53 W/A. 

  

Figure 6.3. Pump power through the beam shaping optics against drive current at 16°C 

when the slit aperture size is 1.5 mm. 
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6.1.2 Results of Compact Linear Cavity 

Figure 6.4 shows the results of the output power of the compact diode-end-pumped 

Alexandrite laser using the R=98.8% OC versus the incident pump power on the crystal. 

 

 

Figure 6.4. (a) Laser output power against CW incident pump power for the compact 

Alexandrite laser with R=98.8% OC. Line is linear fit to the power curve. Inset: 

wavelength spectrum of the compact linear Alexandrite laser. (b) Spatial mode profile 

of the output beam with M2 =1.1 at 1.7 W output power. (c) Cross sections and beam 

width measurements (1/e2) of the spatial mode profile in X and Y directions.  
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The laser threshold was 760 mW. A slope efficiency of 36.3% produced an output 

power of 1.7 W at the incident pump level of 5.4 W, corresponding to an optical-to-

optical conversion efficiency of 31.5%. The spectral profile of the compact Alexandrite 

laser is shown in the inset of Figure 6.4. The spectrum centred at 755 nm with a 

bandwidth (FWHM) of 0.31 nm. Figure 6.4 (b) shows the spatial profile of the output 

of the compact cavity. The laser beam had a TEM00 beam profile with M2 value of 1.1 

in both x and y directions at the maximum pumping. Figure 6.4 (c) shows the cross 

sections and beam width measurement of the laser beam in X and Y directions. The 

laser beam was measured to be a diameter (1/e2) of 99 µm (x) by 123 µm (y). 

6.2 Enhanced X-shaped cavity 

This section describes an investigation of an enhanced X-shaped cavity design based 

on the design investigated in Chapter 5. The pump delivery system and the mode 

matching strategy have been optimized to improve the laser efficiency and to reduce 

the cavity size. A ring cavity can be derived from the enhanced X-shaped cavity shown 

in Figure 6.5. Two identical curved (convex-concave) mirrors (CM1
* and CM2

*) with 

50 mm radius of curvature were used as cavity mirrors. To optimize the compensation 

of the astigmatic distortions introduced by the Brewster-angle cut rod, the folding 

angles (θ1, θ2) of these mirrors were selected as θ1 = θ2 = 28° according to Figure 5.6. 

Mirror M3 with a high reflectance at the laser wavelength was the same as the BM used 

for the compact cavity in Figure 6.1. OC was an output coupler with a reflectance of 

99.0% at the laser wavelength.  
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Figure 6.5. Schematic of diode-pumped X-cavity laser. CM1
* and CM2

* are curved 

mirrors with 50 mm radius of curvature. M3 is a HR mirror for laser. OC is an output 

coupler with R=99.0%. 

The enhanced X-shaped cavity was used as a precursor to the ring cavity design. The 

Alexandrite rod has a physical length of Lc (along with its axis of propagation) and a 

refractive index of n. The distances from the curved mirrors to the rod end faces are L1 

and L2, respectively. The rest of the bow-tie ring section has a length of L. The total 

optical distance (D) as seen by the ring cavity beam is L1 + L2 + nLc + L. The ring cavity 

can be considered as an equivalent X-shaped cavity with arm length L3 and L4 when 

the condition L= L3 + L4 is met. 

6.2.1 Optimization of Pump Delivery System 

The X-shaped cavity design was previously employed for the passively Q-switched 

operation of Alexandrite laser. The pump-through mirror (CM1) with a plano-concave 

substrate was used at an oblique angle (see Figure 5.8) and equivalent to a lens as seen 

by the pump light. In this section, the negative impact of the pump-through mirror on 

the pump light is quantitatively analysed, and a solution has been found to weaken the 

impact of the mirror on the pump light.  

For a lens in air, the focal length is given by the lensmaker’s equation [201]: 

1

𝑓
= (𝑛 − 1) [

1

𝑅1
 −  

1

𝑅2
 +  

(𝑛 − 1)𝑑

𝑛𝑅1𝑅2
] (6.1) 
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where 𝑓 is the focal length, 𝑛 is the refractive index of the lens material, 𝑅1 and 𝑅2 are 

the radii of curvature of the front and rear surfaces of the lens, respectively, and 𝑑 is 

the thickness of the lens. 

For example, for a plano-concave substrate with 𝑅1 → ∞, 𝑅2 = 100 mm, a refractive 

index of 𝑛 = 1.5, and a thickness of 𝑑 = 6.35 mm, the focal length 𝑓𝑝𝑐 is given by 

𝑓𝑝𝑐 =
−𝑅2

(𝑛 − 1)
= −200 𝑚𝑚 (6.2) 

Obviously, the pump-through mirror with the plano-concave substrate acted as an 

astigmatic negative lens that increases the pump size and degrades the beam quality.  

In order to increase the laser efficiency, it is proposed to improve the pump-through 

mirror system to deliver a smaller beam with higher quality. A ‘zero lens’ pump-

through mirror with a convex-concave substrate was introduced in the enhanced X-

shaped cavity design.  

Considering a convex-concave mirror with 𝑅1 = 𝑅2 = 100 mm has 𝑛 = 1.5 and 𝑑 = 6.35 

mm. Putting these parameters in Equation (6.1) results in the focal length 𝑓𝑐𝑐 

𝑓𝑐𝑐 =
𝑛𝑅1

2

(𝑛 − 1)2𝑑
= 9448 𝑚𝑚 (6.3) 

Therefore, the ‘zero lens’ pump-through mirror acts as a very weak positive lens as 

seen by the pump light. 

In order to quantify the impact of the two different pump-through mirrors on the pump 

beam in both horizontal and vertical directions, ray matrices (ABCD matrices) are used 

to simulate the propagation of the pump beam through a pump lens and pump-through 

mirror.   

The ABCD matrices for a curved interface between two dielectric media with an 

incident ray at an arbitrary angle in the horizontal (x) and vertical (y) planes are given 

by [71] 
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𝑀𝑥 = ||

cos 𝜃2

cos 𝜃1
0

(𝑛2cos 𝜃2 − 𝑛1 cos 𝜃1)

𝑅 cos 𝜃1 cos 𝜃2

cos 𝜃1

cos 𝜃2

|| (6.4) 

𝑀𝑦 = |

1 0
(𝑛2cos 𝜃2 − 𝑛1 cos 𝜃1)

𝑅 cos 𝜃1 cos 𝜃2
1
| (6.5) 

where 𝑅 is the radius of curvature of the curved interface (see Figure 6.6 (a)), 𝜃1 is the 

angle of incidence, 𝜃2 is the angle of refraction. The refractive indices of medium 1 

and medium 2 are 𝑛1 and 𝑛2, respectively.   

 

Figure 6.6. (a) A curved interface with an incident ray at an arbitrary angle. (b) A 

convex-concave mirror with an incident ray at an arbitrary angle. (c) A plano-concave 

mirror with an incident ray at an arbitrary angle. 

The ABCD matrices for a convex-concave mirror (Figure 6.6 (b)) with an incident ray 

at an arbitrary angle (equivalent to a tilted curved mirror) can be obtained by applying 

Matrices (6.4) and (6.5) for two curved interfaces (𝑅1 = 𝑅2) separated by a medium 

with a length of 𝑑. The refractive index of the medium is 𝑛. Compared with the convex-

concave mirror, the first surface of a plano-concave mirror (Figure 6.6(c)) is plane (𝑅1 

→ ∞), the rest of the parameters are exactly the same as that of the convex-concave 

mirror. Therefore, the matrices for curved mirrors in the horizontal (x) and vertical (y) 

directions are given by 

𝑀𝑚𝑖𝑟𝑟𝑜𝑟−𝑥 = 𝑀𝑥(𝑅2) |
1

𝑑

𝑛
0 1

|𝑀𝑥(𝑅1) (6.6) 

𝑀𝑚𝑖𝑟𝑟𝑜𝑟−𝑦 = 𝑀𝑥(𝑅2) |
1

𝑑

𝑛
0 1

|𝑀𝑦(𝑅1) (6.7) 
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Figure 6.7.  The schematic of a lens-mirror system consists of a pump lens and a tilted 

pump-through mirror. 

Then, the ABCD matrices for propagating the pump beam through a pump lens and a 

tilted pump-through mirror (see Figure 6.7) for x- and y-directions are 

𝑀𝑙𝑒𝑛𝑠−𝑚𝑖𝑟𝑟𝑜𝑟−𝑥 = |
1 𝑑2

0 1
|𝑀𝑚𝑖𝑟𝑟𝑜𝑟−𝑥 |

1 𝑑1

0 1
| |

1 0

−
1

𝑓
1| = |

𝐴𝑥 𝐵𝑥

𝐶𝑥 𝐷𝑥
|  (6.8) 

𝑀𝑙𝑒𝑛𝑠−𝑚𝑖𝑟𝑟𝑜𝑟−𝑦 = |
1 𝑑2

0 1
|𝑀𝑚𝑖𝑟𝑟𝑜𝑟−𝑦 |

1 𝑑1

0 1
| |

1 0

−
1

𝑓
1| = |

𝐴𝑦 𝐵𝑦

𝐶𝑦 𝐷𝑦
| (6.9) 

where 𝑓 is the focal length of the pump lens, 𝑑1 is the distance between the lens and 

the mirror, 𝑑2 is the distance between the mirror and the location of the pump beam 

waist. 

For the lens-mirror system, the incoming beam is assumed to be collimated, so it is at 

a waist. Thus, the 𝑞 parameter of the incoming beam is  

𝑞𝑖𝑛 = 𝑖
𝜋𝑤𝑖𝑛

2

𝑀2𝜆
= 𝑖𝑧0𝑖𝑛 (6.10) 

where 𝑤𝑖𝑛 is the waist size, 𝑀2 is the beam quality factor, 𝜆 is the wavelength of the 

pump beam, 𝑧0𝑖𝑛 is the Rayleigh range. According to Equation (2.1.4), the q parameter 

of the output beam is given by 

1

𝑞𝑜𝑢𝑡
=

1

𝑅
− 𝑖

𝑀2𝜆

𝜋𝑤𝑜𝑢𝑡
2  (6.11) 
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By applying the ABCD law of Gaussian beam propagation, the q parameter of the 

output beam can also be expressed as 

𝑞𝑜𝑢𝑡 =
𝐴𝑞𝑖𝑛 + 𝐵

𝐶𝑞𝑖𝑛 + 𝐷
 (6.12) 

The substitution of Equation (6.10) into Equation (6.12) then gives 

1

𝑞𝑜𝑢𝑡
=

𝑖𝑧0𝑖𝑛𝐶 + 𝐷

𝑖𝑧0𝑖𝑛𝐴 + 𝐵
=

(𝐵𝐷 + 𝑧0𝑖𝑛
2 𝐴𝐶)

𝑧0𝑖𝑛
2 𝐴2 + 𝐵2

− 𝑖
𝑧0𝑖𝑛(𝐴𝐷 − 𝐵𝐶)

𝑧0𝑖𝑛
2 𝐴2 + 𝐵2

 (6.13) 

Equating the imaginary parts of Equation (6.11) and (6.13), and also using the ABCD 

matrices (Equation (6.8) and (6.9)) of the lens-mirror system, we get the waist size of 

the output beam in x- and y-planes, respectively 

𝑤𝑜𝑢𝑡−𝑥 =
𝑀𝑥

2𝜆(𝑧0𝑖𝑛−𝑥𝐴𝑥
2 + 𝐵𝑥

2)

𝜋𝑧0𝑖𝑛−𝑥(𝐴𝑥𝐷𝑥 − 𝐵𝑥𝐶𝑥)
 (6.14) 

𝑤𝑜𝑢𝑡−𝑦 =
𝑀𝑦

2𝜆(𝑧0𝑖𝑛−𝑦𝐴𝑦
2 + 𝐵𝑦

2)

𝜋𝑧0𝑖𝑛−𝑦(𝐴𝑦𝐷𝑦 − 𝐵𝑦𝐶𝑦)
 (6.15) 

For a given distance (𝑑1) between the lens and the tilted mirror, the waist size of the 

output beam (𝑤𝑜𝑢𝑡−𝑥/𝑦) and the distance (𝑑2) from the tilted mirror to the waist can be 

numerically solved. The waist size (𝑤𝑜𝑢𝑡−𝑥/𝑦) is related to that of the incoming beam 

(𝑤𝑖𝑛−𝑥/𝑦), the radii of curvature of the mirror (𝑅1 & 𝑅2), the lens-mirror separation (𝑑1) 

and the angle of incidence (𝜃1). 

To visually describe the effect of the pump-through mirror on the pump beam, a 

parameter named ‘beam waist size increase factor’ is defined as the ratio of the beam 

waist size of the lens-mirror system and that of the only pump lens system. If the beam 

waist size is decreased by the mirror, the factor will be smaller than 1. Figures 6.8 

shows the beam waist size increase factor as a function of the radius of curvature for 

the two different pump-through mirrors in x- and y- directions, respectively.   
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Figure 6.8. The beam waist size increase factor against the radius of curvature for 

convex-concave mirror and plano-concave mirror in x- and y- directions, respectively. 

The angle of incidence was set as 14°. 

The results show that the plano-concave mirror has a more serious impact on the size 

of the pump beam waist than the convex-concave mirror (‘zero lens’). For example, for 

mirrors with 50 mm radius of curvature, the plano-concave mirror increases the waist 

size by ~20%, whilst the convex-concave mirror decreases the waist size by ~5%. 

Although the impact of these two types of mirrors on the beam size in x and y directions 

is different, the difference is very marginal. As the radius of curvature increases, the 

difference of the beam waist size increase factor between x and y directions is even 

more insignificant. Increasing the radius of curvature causes a weakened effect on the 

waist size for both types of mirrors. For mirrors with 200 mm radius of curvature, the 

plano-concave mirror increases the waist size by ~4.5%, while the convex-concave 

mirror decreases the waist size by only ~1.5%. 
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Figure 6.9. The beam waist size increase factor against the angle of incidence for 

various lens-mirror separations (𝑑1 = 0.4 𝑓 ,  0.6 𝑓  and 0.8 𝑓 ) for a plano-concave 

mirror with 50 mm radius of curvature. Solid lines represent the results for the x-

direction, and dashed lines represent the results for the y-direction. 

Figure 6.9 shows the beam waist size increase factor as a function of the angle of 

incidence for various lens-mirror separations (𝑑1 = 0.4 𝑓, 0.6 𝑓 and 0.8 𝑓) for a plano-

concave mirror with 50 mm radius of curvature. Increasing the angle of incidence 

results in a more negative impact on the beam waist size. For 𝑑1 = 0.6 𝑓, the beam 

waist size increase factor increases from 1.19 at 𝜃1 = 0° to 1.24 at 𝜃1 = 30° in the x-

direction, corresponds to a 5% increase of the beam waist size.  

The solid and dashed lines overlapped at 𝜃1 = 0° gradually diverge away from each 

other with the increasing angle. This indicates that the size of the beam waist in the x-

direction is more sensitive to changes in angle than in the y-direction, especially when 

the lens-mirror separation is relatively small.  

Decreasing the lens-mirror separation dramatically aggravates the negative impact of 

the mirror on the waist size. At 𝜃1 = 0°, the beam waist size increases by ~6% when 

𝑑1 = 0.8 𝑓, and the value increases to ~35% when 𝑑1 = 0.4 𝑓.  
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The results show that the plano-concave mirror defocuses the pump beam and leads to 

significant ellipticity at relatively large incident angles. This effect is even stronger for 

shorter lens-mirror separations. 

 

Figure 6.10. The beam waist size increase factor as a function of the angle of incidence 

for various lens-mirror separations ( 𝑑1 = 0.4 𝑓 ,  0.6 𝑓  and 0.8 𝑓 ) for a convex-

concave mirror with 50 mm radius of curvature. Solid lines represent the results for 

the x-direction, and dashed lines represent the results for the y-direction. 

Figure 6.10 shows the beam waist size increase factor as a function of the angle of 

incidence for various lens-mirror separations (𝑑1 = 0.4 𝑓 ,  0.6 𝑓  and 0.8 𝑓 ) for a 

convex-concave mirror with 50 mm radius of curvature. The angle of incidence also 

has different effects on the beam waist size in different directions. In comparison with 

the plano-concave mirror, the angular change for the convex-concave mirror has a 

small effect on the beam waist size. For 𝑑1 = 0.6 𝑓, the beam waist size increase factor 

decreases from 0.952 at 𝜃1 = 0° to 0.944 at 𝜃1 = 30° in the x-direction, which means 

the beam waist size decreases by only 0.8%. In addition, the beam waist size is less 

affected by the mirror-lens separation for the convex-concave mirror. At 𝜃1 = 0°, the 

beam waist size decreases by ~4.5% when 𝑑1 = 0.8 𝑓 and by ~5.2% when 𝑑1 = 0.4 𝑓.  

In summary, the waist size of the pump beam transmitted through either the plano-

concave mirror or the convex-concave mirror will be more or less affected regardless 
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of the angle of incidence and the radius of curvature. The negative impact of both types 

of mirrors on the pump beam can be minimized by ensuring a relatively small angle of 

incidence and a relatively large mirror-lens separation. The convex-concave mirror has 

a significantly lower impact on the size and ellipticity of the beam waist. Therefore, a 

‘zero lens’ pump-through mirror with a convex-concave substrate was used in the 

enhanced X-shaped cavity. 

6.2.2 Optimization of Cavity Design 

For the Alexandrite laser cavity designs described in previous sections, the strategy for 

TEM00 operation of an end-pumped solid-state laser is a design to produce a laser mode 

waist with the size and location to match to the pump beam at the pump face of the 

crystal, where the majority of the inversion volume is located [55,202,203]. This design 

is denoted as the ‘matched mode’ cavity design, the concept of the design is shown in 

Figure 6.11 (a). The ‘matched mode’ design necessitates a cavity mirror with a large 

radius of curvature and a large aperture size, and also a long distance between the 

mirror and the crystal.  

   

Figure 6.11. Schematic diagrams of (a) ‘matched mode’ cavity design and (b) 

‘displaced mode’ cavity design. The dashed lines indicate the location of the laser 

mode waist. 

In the enhanced X-shaped cavity, we employed a design using a laser mode waist radius 

(~20 µm) that was significantly smaller than the pump beam radius (64 µm) but with 

the waist location displaced from that of the pump face of the crystal. The displaced 

location of the laser waist was chosen to allow the expansion of the laser mode to match 

to the pump size at the pump face of the crystal. We denote this as the ‘displaced mode’ 
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cavity design, as sketched in Figure 6.11 (b). The benefit of the ‘displaced mode’ cavity 

design with a small waist size (and hence high divergence angle) is that it allows the 

employment of curved cavity mirrors with a short radius of curvature, thereby enabling 

the cavity to be more compact. It is worth mentioning that the pump size cannot be 

reduced to this small waist size because of its high M2 and its Rayleigh length needing 

to be matched to the absorption depth (1.5 mm) of the crystal. 

6.2.3 Results of Enhanced X-shaped Cavity 

The enhanced X-cavity Alexandrite laser using the ‘zero-lens’ pump-through mirror 

and ‘displaced mode’ cavity design was investigated in this section. The laser output 

power against the incident pump power for R=99.0% OC is shown in Figure 6.12. The 

laser threshold was 730 mW. At the maximum incident pump power (5.4 W), the 

system produced a laser output power of 1.2 W. The overall slope efficiency was 24.2%, 

but it increased to 30.9% at higher pumping level (>4 W). The anomalous power curve 

discontinuity was correlated to a power-dependent laser mode. The laser cavity was 

optimized at the maximum incident pump power, and thermal lensing varies with the 

pump power. When the pump power drops, the stability of the laser cavity will be 

affected by the thermal lensing accordingly. The laser mode on the end mirror (M3) 

was relay-imaged with a pair of lenses (with focal length f=150 mm) onto a CMOS 

camera to investigate the stability of the enhanced X-shaped cavity. The degradation 

of the laser mode was clearly seen with the decrease of the incident pump power, and 

this phenomenon was observed repeatedly.  
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Figure 6.12. (a) Laser output power against incident pump power for the enhanced X-

shaped Alexandrite laser. The Black line is linear fit to the overall power curve. Red 

Lines are linear fits to the power curve for two different gradients. Inset: Spectrum of 

the diode-pumped X-shaped Alexandrite laser in CW operation. 

The inset of Figure 6.12 shows the laser spectrum with a peak wavelength of 755.3 nm 

and a bandwidth (FWHM) of 0.27 nm. The beam quality of M2
x = 1.10 & M2

y = 1.72 

was measured at the full pumping power, and the laser beam size at the BM was 

measured to be diameter of 698 µm (x) by 456 µm (y). From these results, it can be 

seen that the system was still suffering some astigmatism, although the folding angles 

(θ1, θ2) were selected to compensate the astigmatic distortions. This might be related to 

the strong thermal lensing induced by the nearly linearly polarised pump with high 

intensity. 

6.3 Diode-end-pumped Unidirectional Alexandrite Ring Laser 

A 4-mirror bow-tie ring laser geometry is shown in Figure 6.13. The unidirectional 

operation of the ring laser was achieved by the introduction of a Faraday rotator (FR) 

and a half-wave plate (HWP) to compensate the rotation. A quartz birefringent filter 

(BiFi) plate with a thickness of 0.5 mm was inserted at Brewster’s angle to allow 

wavelength tuning of the output.  Our design was configured to have an ultra-compact 

cavity. The total cavity length was only 380 mm, and the overall footprint of the laser 

had dimensions ~140 x 90 mm. Here, the crystal temperature was increased to 40°C, 

as Alexandrite experiences increased performance at elevated temperatures [45,46]. 
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For the pump module, the size of the slit aperture was increased from 1.5 to 2.7 mm. 

Therefore, the pump power was increased to 10.8 W, and the horizontal beam quality 

lowered to M2
x = 50 whilst the vertical beam quality remain the same (M2

 y = 30).  

    

Figure 6.13. Schematic of the diode-pumped unidirectional Alexandrite ring laser. 

CM1
* and CM2

* are curved mirrors with 50 mm radius of curvature. M3 is an HR mirror 

for laser. OC is an output coupler with R=99.0% at the incident angle (θ1/2) of 14°. 

The laser wavelength could be tuned using the birefringent filter (BiFi). The 

unidirectional operation of the ring cavity was achieved using a Faraday rotator (FR) 

and a half-wave plate (HWP1). The unidirectional laser output P1, P2 could be switched 

by rotation of the HWP1. HWP2 is a second half-wave plate for additional polarisation 

control. 

6.3.1 Realization of Unidirectional Operation 

The unidirectional operation was implemented by introducing a Faraday rotator 

combined with a half-wave plate, which leads to different losses for the two 

propagation directions inside the ring cavity. 

A Faraday rotator is a photonic device that can rotate the polarisation state of the 

transmitted light beam based on a magneto-optic effect [204]. When a linearly 

polarized beam travels through a transparent medium which is exposed to a magnetic 

field, and the magnetic field is applied parallel to the propagation direction of the beam, 

the polarisation direction of the beam is rotated by an angle 𝛽, which is given by 
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𝛽 = 𝑉𝐵𝑑 (6.16) 

where 𝐵 is the magnetic flux density along the propagation direction, 𝑉 is the Verdet 

constant of the material, 𝑑 is the length of the medium. The change of the polarisation 

direction is defined only by the sign of the Verdet constant and the direction of the 

magnetic field. 

Faraday rotators are non-reciprocal elements, which means if a linearly polarized beam 

is transmitted through a Faraday rotator and returned after reflection at a normal  

incidence mirror, the polarisation changes of the two passes add up instead of offsetting 

each other. This non-reciprocal behaviour of Faraday rotators distinguishes them from 

other optical devices such as polarizers and waveplates, which allows Faraday rotators 

to be used as optical isolators in a laser cavity.  

The Faraday rotator employed in our system includes a Brewster-angle cut Terbium 

Gallium Garnet (TGG) crystal with a length of 14.5 mm and a diameter of 4 mm. The 

TGG crystal was used as the magneto-optical medium and placed in a strong 

homogeneous magnetic field. The dimensions of the Faraday rotator are shown in 

Figure 6.14.  

 

Figure 6.14. (a) Front and (b) top views of the Faraday rotator. S and N mark the south 

and north pole of the magnet. 

Light passing through the Faraday rotator from the south (S) to the north (N) of the 

magnetic field experiences a clockwise polarisation rotation when viewed in the S/N 

direction.  For light with a reversed direction of propagation traveling from N to S, the 

polarisation is again rotated clockwise as viewed in the S/N direction.  An additional 

half-wave plate was introduced to offset the polarisation rotation of the Faraday rotator 

in one direction. Therefore, the polarisation of the light propagating in this direction 
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remained unchanged before and after passing through the Faraday rotator and the half-

wave plate, whereas the polarisation was rotated 90 degree for light propagating in the 

opposite direction. In the ring cavity, the combination of the Faraday rotator and the 

half-wave plate acting as an optical diode enforced unidirectional operation, and 

thereby preventing the formation of spatial hole burning that might otherwise arise 

from the standing-waves in a bi-directional ring cavity. 

 

Figure 6.15. Setup used to measure the polarisation rotation of the Faraday rotator. 

The polarisation rotation of the Faraday rotator was measured using a setup including 

an incident laser beam at a wavelength of 755 nm, a cube polarizer and a power meter, 

as shown in Figure 6.15. The cube polarizer was rotated to a position where the 

transmitted power was minimized. At and around this angular position, the transmitted 

power as a function of the cube polarizer’s angle was measured for the Faraday rotator 

in both directions. The measurement was also conducted without using the Faraday 

rotator to confirm the polarisation state of the incident laser beam.  

 

Figure 6.16. The transmitted power as a function of the cube polarizer’s angle. S-N 

(N-S) corresponds to the laser beam travelling though the Faraday rotator from South 

to North pole (North to South pole). 
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Figure 6.16 shows the results of the transmitted power versus the angle of the cube 

polarizer for the system with and without the Faraday rotator. The Faraday rotator alters 

the polarisation of the incident beam by 4.5° (absolute value) in both directions. 

The Faraday rotator was optimised for maximum transmission at 755 nm. The insertion 

loss of the Faraday rotator was then measured using a tunable Alexandrite laser at 755 

nm. The insertion loss was LFR = 0.7%, which was obtained by measuring the incident 

power and transmitted power. It is noted that the loss varied negligibly as a function of 

wavelength. The insertion loss of the half-wave plate measured in the same way as for 

the Faraday rotator was LHWP = 0.1%. 

6.3.2 Results of Unidirectional Operation 

Figure 6.17 (a) shows the results of the output power against incident pump power for 

the unidirectional ring laser without the intracavity BiFi. At the maximum pump power 

of 10.8 W, the unidirectional ring laser produced an output power of 1.05 W (in a single 

direction P2 shown in Figure 6.13). This corresponds to an optical-to-optical conversion 

efficiency of 9.7%. The laser output was in a fundamental TEM00 mode with beam 

quality of M2
x = 1.12 and M2

y = 1.16, as shown in Figure 6.17 (b). Figure 6.17 (c) shows 

the spatial profile of the output. Figure 6.17 (d) shows the cross sections and beam 

width measurement of the laser beam in X and Y directions. The laser beam was 

measured to be a diameter (1/e2) of 163 µm (x) by 186 µm (y). 

The laser slope efficiency was 11%. The lower slope efficiency compared to the 

compact linear cavity was consistent with the high insertion losses of multiple intra-

cavity elements. The laser output power exhibits periodic variation as the incident 

pump power is increased, this is attributed to the variation of the laser spatial mode 

caused by thermally induced mode hopping. The laser leakage from the end mirror (M3) 

was imaged by a relay-imaging system onto a CMOS camera to observe the behaviour 

of laser mode. When the mode hopping occurred, the output power would first decrease 

slightly and then increase with the incident pump power. The stability of the laser cavity 

is strongly affected by thermal lensing. The optical power of the thermal lens varies 

with the pump intensity. Therefore, under different incident pump powers, laser mode 
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will change accordingly to adapt to the new stability conditions, as the cavity was 

optimised only at the maximum incident pump power. This behaviour was also found 

to be reproducible. Small deviations from linearity occurred in the power curve which 

was attributed to the variation of the laser spatial mode induced by thermal lensing at 

mid-pumping power.  
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Figure 6.17. (a) Laser output power (P2) against CW incident pump power for the 

diode-end-pumped unidirectional Alexandrite ring laser with R=99.0% output coupler 

under SLM operation. Line is linear fit to the power curve. (b) M2 caustic fit for the 

SLM output of the unidirectional ring laser. (c) Spatial mode profile of the SLM output 

with M2 < 1.2 at the maximum output power (1.05 W). (d) Cross sections and beam 

width measurements (1/e2) of the spatial mode profile in X and Y directions. 

The spectrum of the laser was investigated by analysing the laser output with a solid 

Fabry-Pérot (FP) etalon with 6.9 GHz free spectral range and a finesse of 50, 

corresponding to a resolving power ~140 MHz. The ring pattern produced by the 

interferometer was viewed on the CMOS camera via imaging in the focal plane of a 

f=150 mm lens. Single longitudinal mode (SLM) output was achieved in the 

unidirectional ring laser at an emission wavelength of 752 nm, which is seen in Figure 

6.18 by the single ring pattern (per free spectral range) observed on the etalon. It is 

noted that the cavity mode spacing of 750 MHz (for the optical path length ~400 mm) 

was readily resolved by the FP etalon, and the single ring pattern confirmed the single 

longitudinal mode operation. This is the first demonstration of unidirectional single-

longitudinal-mode operation with a CW diode-pumped Alexandrite ring laser.  Since 

the cavity was not stabilised nor narrowed with an etalon, the spectrum could fluctuate 

and even operate on more than a single mode on occasion. Further optimization can be 

expected by adding of an intracavity etalon for enhanced spectral narrowing and a 

piezo-electric control of cavity length for wavelength stabilisation. 
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Figure 6.18. Spectral ring patterns from a Fabry–Pérot etalon showing single-

longitudinal-mode operation at output power of 1.05 W and laser wavelength of 752 

nm. 

A brief investigation was conducted to explore the wavelength tunability of the 

unidirectional Alexandrite ring laser. Wavelength tuning was achieved by introducing 

the BiFi plate into the laser cavity and adjusting its angle. In an initial study, the 

variation of the CW output power as a function of the emission wavelength is shown 

in Figure 6.19 (a), and in a later implementation in Figure 6.19 (b). The tuning curves 

were obtained at the maximum pumping power of 10.8W with the unidirectional output 

in P2 direction. 

   

Figure 6.19. Wavelength tuning curves for the unidirectional Alexandrite ring laser, 

(a) using one half-wave plate (HWP1), and (b) using two half-wave plates (HWP1 and 

HWP2). 

In the first study, the unidirectional ring operation was able to be maintained from 727 

to 792 nm over a total tuning range of 65 nm, shown in Figure 6.19 (a). The wavelength 
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tuning curve exhibited modulation with a periodicity of ~12 nm (with 5 main structures 

peaked at 728, 739, 751, 763, 777 nm). This periodic modulation is consistent with a 

birefringent filtering effect of the Alexandrite crystal, which rotates the polarisation of 

the intracavity radiation as a function of the wavelength of the laser light when the 

beam path is not precisely along a crystal principal axis (the c-axis in this case). As a 

result, the intracavity laser light experiences loss from Brewster-cut faces of 

Alexandrite crystal except when the birefringence acts as an integer-wavelength 

waveplate, and thereby resulting in the highest power at these discrete wavelengths but 

preventing a smooth and continuous wavelength tuning. A potential reason for the 

birefringent filtering is that the crystal cut is slightly mismatched with the Brewster-

cut. Smoother wavelength tuning should be expected from better crystal cut.  

To improve the quality of wavelength tuning with the current Brewster-cut Alexandrite 

crystal, some compensation was implemented by adding a second half-wave plate 

(HWP2) between the FR and the BiFi into the ring cavity shown in Figure 6.13. Figure 

6.19 (b) depicts the tuning curve for this case. In this instance, the wavelength was 

tuned more smoothly from 733 to 786 nm with considerably reduced modulation. The 

polarisation of the intracavity light was partially able to offset birefringent rotation in 

the laser crystal but at the expense of lower output power and slightly narrower tuning 

range. 

It is also seen in Figure 6.19 (a) and (b) that abrupt termination of lasing occurred at 

the extremes of the tuning range suggesting an extended tuning range appears possible. 

The tuning range is partially limited by the reduction of spectral coating performance 

of intracavity optics on either wavelength side of the Alexandrite’s central lasing band 

~755 nm. Further long-wavelength extension might also be possible by using higher 

temperatures of the Alexandrite crystal. 

6.4 Summary 

This chapter has presented the results from the first unidirectional SLM operation of a 

CW diode-pumped Alexandrite ring laser with wavelength tunability. Initially, a diode-
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end-pumped Alexandrite laser using a compact linear cavity design was investigated. 

CW laser output with a power of 1.7 W and a slope efficiency of 36.3% in a TEM00 

beam profile (with an excellent M2 value of 1.1) was obtained from 5.4 W pump power 

at 638 nm.  

An enhanced X-shaped cavity was investigated and used as a precursor to the ring 

cavity. The enhanced design was based on the X-shaped cavity employed for the 

passively Q-switched operation described in Chapter 5. The pump-through mirror with 

a plano-concave substrate used in the previous design was equivalent to an astigmatic 

negative lens as seen by the pump light, and its negative impact on the pump light was 

quantitatively analysed. A ‘zero lens’ pump-through mirror with a convex-concave 

substrate was then introduced into the enhanced cavity design. Compare to the plano-

concave mirror, the ‘zero lens’ mirror has been shown to have an insignificant impact 

on the pump light. A novel ‘displaced mode’ cavity design was used in the laser system, 

which allows the use of cavity mirrors with the short radius of curvature and guarantees 

the compactness of the system. 

The unidirectional operation of a bow-tie shaped ring cavity was implemented by using 

a Faraday rotator combined with a half-wave plate. The SLM output was achieved with 

the unidirectional ring laser. The output power exceeded 1 W at 752 nm and the slope 

efficiency was 11%. The laser output possessed a TEM00 mode with a good beam 

quality of M2 < 1.2. In addition, the emission wavelength was tuned between 727 and 

792 nm using a BiFi. 

These results show promise for the diode-pumped Alexandrite ring laser in SLM 

operation with tunability. There is clearly scope for further improvement in efficiency, 

stability and tuning performance, as the investigations were not fully optimized in this 

work. Further optimization is expected to operate the system with better quality optics 

and intra-cavity elements with reduced passive insertion loss and to operate the crystal 

at higher temperatures for efficiency enhancement and extension of tuning range to 

longer wavelengths. An etalon and a piezo-electric cavity length control can be added 

for further spectral narrowing and wavelength stabilisation, respectively.  
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The first successful demonstration of the SLM operation of the wavelength-tunable 

continuous-wave Alexandrite ring laser opens the way for the development of cost-

effective and compact laser systems with narrow linewidth and precise wavelength 

tunability in realizing applications in areas such as LIDAR light source, high-resolution 

spectroscopy and fiber-optic sensors. 
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Chapter 7 

Thesis Summary 

This thesis presented work on red-diode-pumped Alexandrite lasers, with an emphasis 

on developing compact and low-cost formats for potential scientific and industrial 

applications. This final chapter summarizes the key results of the experimental and 

numerical work presented in this thesis, along with some suggestions for further 

improvement. 

Laser diodes typically have a relatively narrow linewidth output. The emission 

wavelength of a laser diode is dependent on the chemical composition ratio of the 

semiconductor material and can be tailored over a wide range.  These properties, along 

with good efficiency and compactness, make laser diodes an ideal pump source for 

solid-state lasers. The choice of pumping scheme is critical to a solid-state laser system 

as it determines the overall efficiency and the laser beam quality. After comparing the 

relative merit of different pumping schemes, end-pumping was selected for laser 

systems discussed in this work since it allows for an output with good spatial quality, 

low lasing threshold and high-power efficiency. End pumping, however, can induce 

thermal lensing which leads to the degradation of both laser beam quality and output 

power. Therefore, efficient thermal management and reasonable cavity design are 

necessary for alleviating the thermal lensing effect.  

Alexandrite has many superior properties as a laser material, including high mechanical 

strength, high thermal conductivity and high thermal fracture limit, which makes it a 
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promising candidate as a gain medium for sustainable high-power operation. The 

spectroscopic properties and temperature-dependent characteristics of Alexandrite 

were studied as they provide important information for understanding the lasing 

characteristics. For instance, ground state absorption in the lasing wavelength region 

and ESA in both the pump and lasing wavelength region normally have significant 

impacts on the laser performance and limit the wavelength tuning range. By exploring 

the multiple excitation bands of Alexandrite, diverse pump source options become 

feasible, which is desirable for a variety of applications. 

Initially, a red-diode-pumped actively Q-switched Alexandrite laser was built. A free-

space laser module possessing nearly linear polarised output (99% polarisation purity) 

and high intensity (CW output as high as 66 W) was used as the pump source for the 

actively Q-switched operation. Due to the highly multimodal nature of the pump diode 

of the output along the slow axis, the pump output was spatially redistributed using a 

beam shaping system. As a result, the pump beam became more circular at focus, which 

facilitates the mode matching condition. Q-switching was then achieved using a BBO 

Pockels cell. The laser was operated at pulse repetition rates between 1 and 10 kHz, 

this is to the best of our knowledge the first demonstration of a Q-switched Alexandrite 

laser under CW diode pumping. The pulse repetition rate can be increased to a 

characteristic frequency (~3.8 kHz) without pulse energy degradation. Past this 

frequency, the pulse energy was found to drop quickly. This is because the 

characteristic frequency is subject to the upper state lifetime (~260 μs) of Alexandrite, 

when the pulse repetition rate exceeds this characteristic frequency, the population 

inversion cannot recover to its maximum possible value between each pulse emission. 

The peak power, therefore, was found to decrease as the repetition rate increased, and 

the maximum peak power achieved was 1.19 kW at 1 kHz repetition rate. 

In order to obtain shorter pulses without compromising the peak power, a cavity-

dumped Q-switched system was developed by modifying the already Q-switched laser 

system. The cavity-dumped Q-switched operation not only considerably reduced the 

pulse duration but also improved the pulse energy parameter, which resulted in a 

significant improvement in the peak power. The highest peak power of 69.2 kW 
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(corresponding to 200.8 μJ pulse energy and 2.9 ns pulse duration) was achieved with 

the Q-switched cavity-dumped Alexandrite laser, which is more than 60 times that of 

the standard Q-switching. 

Additionally, a wavelength-tunable passively Q-switched diode-pumped Alexandrite 

laser was then demonstrated for the first time. As compared with active Q-switching, 

passive Q-switching is simple and cost-effective, which presents an alternative way to 

provide pulsed laser sources. A fiber-coupled laser diode module that delivers 

symmetric output was used as the pump laser. The passively Q-switched operation was 

attained using a SESAM device, and the wavelength tuning was demonstrated using a 

birefringent plate. The laser system used a X-shaped cavity design that contained a 

Brewster-angle cut crystal and curved mirrors. Due to the astigmatism introduced by 

the crystal and curved mirrors, an astigmatism-compensated cavity was developed. The 

compensation was achieved through selecting the radius of curvature and the tilt angle 

of the curved mirrors. Before passively Q-switching, the wavelength tunability of the 

Alexandrite laser was investigated in CW mode, and a wide tuning range of 69 nm 

(from 725 to 794 nm) was obtained. It is believed that the lower limit of the tuning 

range can be further extended by employing an output coupler with better-profiled 

reflectivity spectrum, whereas the upper limit can be expanded by optimizing the 

Alexandrite crystal temperature. 

The Passively Q-switched operation was achieved between 775 and 781 nm. Compared 

to CW operation, the reduced tuning range was due to the narrow reflectivity band of 

the SESAM and the high intracavity losses. Highly stable passively Q-switched output 

yielding 73 mW average output power, and 6.9 μs pulse duration was obtained with the 

repetition rate of 11.2 kHz. Moreover, the pulses had a TEM00 beam profile with an M2 

factor less than 1.1. It is noteworthy that an even higher average power of 90 mW was 

achieved without using the BiFi plate. The average output power and pulse energy can 

be further improved by using a pump source with higher output power and better beam 

quality. Notably, due to the negative lensing and aberrations, the pump-through mirror 

used in this cavity design adversely affected the pump beam and thus the system 

efficiency. This issue, however, was addressed with an enhanced cavity design in the 
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next stage of the project, where a ‘zero lens’ pump-through mirror with a shorter radius 

of curvature was employed instead. 

Consequently, a new design based on the X-shaped cavity of the passive Q-switched 

system was used as a precursor to a ring cavity. This enhanced cavity design employed 

the customized ‘zero lens’ mirror with a convex-concave substrate instead of the mirror 

with a plano-concave substrate used previously. The impacts of these two different 

types of mirrors on the pump beam were quantitatively analysed, and the results 

showed that the ‘zero lens’ mirror had an insignificant impact on the pump beam as 

compared to the adverse spatial impact of the plano-concave mirror. In addition, a 

‘displaced mode’ cavity design allowed the use of cavity mirrors with a short radius of 

curvature thus making the system more compact. 

The unidirectional operation of the ring laser was achieved using a Faraday rotator 

combined with a half-wave plate. The SLM output with power exceeding 1W at 752 

nm possessed a TEM00 mode (with a high beam quality of M2 < 1.2), which represents 

the first successful SLM operation of a CW Alexandrite ring laser under diode pumping. 

Moreover, the emission wavelength was successfully tuned between 727 and 792 nm. 

It is expected that operating the system with better quality optics and low-insertion-loss 

intracavity elements will result in further improvement in efficiency and extension of 

tuning range. On the other hand, a longer extension of wavelength range can be 

achieved using higher crystal temperatures. An intracavity etalon and a piezo-electric 

control can also be added into the system for enhanced spectral narrowing and 

wavelength stabilisation, respectively.  

The work presented in this thesis has contributed to the solid-state laser field, especially 

in terms of the development of diode-pumped Alexandrite lasers. In particular, the first 

demonstration of Q-switched operation in an Alexandrite laser under CW diode 

pumping generated the highest ever pulse repetition rate and the shortest non-mode-

locked pulses, which in turn provide a valuable resource for LIDAR and altimetry 

applications. The first passively Q-switched diode-pumped Alexandrite laser was also 

demonstrated to exhibit favourable properties, such as short pulse capability and 
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wavelength tunability. This provides a simple and cost-effective route to achieve pulsed 

operation of Alexandrite lasers. Despite the low pulse energies achieved with the 

passively Q-switched operation, the results lay the foundation for the further 

optimization and power scaling of this new generation of passively Q-switched 

Alexandrite lasers. Moreover, the first successful demonstration of the SLM operation 

of the diode-pumped CW Alexandrite ring laser unlocks the potential of the 

development of low-cost and compact laser systems with narrow linewidth and 

wavelength tunability. With further improvement and development of these systems, it 

is foreseeable that such high precision systems will be of great interest for applications 

including remote sensing (LIDAR) light sources.
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