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ABSTRACT 

[ENG] 
Novel infrared solid-state lasers based on lanthanide-doped 

crystalline materials 

−   − 
Abstract  
The main objective of this thesis work was the development of innovative and efficient diode-
pumped solid-state lasers operating in the continuous-wave and passively Q-switched operation 
regimes in the near-infrared spectral range at ~1 µm and ~2 µm. For this purpose, laser crystals 
doped with ytterbium (Yb3+) and neodymium (Nd3+) were selected operating at ~1 µm, while 
other crystals doped with thulium (Tm3+) and holmium (Ho3+) were chosen for lasers at ~2 µm. 
Several crystalline materials from different crystals families were studied, such us garnet 
crystals (mixed aluminate garnets and gallium garnet matrices), double molybdates, oxoborates 
and fluorides,  due to their ability to generate stable laser emission, their large interatomic 
distance favouring high doping levels with minimum luminescence quenching, and their high 
absorption and emission cross-sections. Different crystal growth methods used to develop the 
studied crystals are reported. In addition, deep investigation on their physicochemical, 
microstructural, and spectroscopic properties is presented. The laser experiments are reported 
at room temperature for most of the studied gain media and at cryogenic temperature for a 
special case of crystals.  
 
Keywords: Crystal growth; Solid-state lasers; Nd3+, Yb3+, Tm3+ and Ho3+- doped crystalline 
materials; Optical spectroscopy; Optical absorption; Luminescence; Near infrared laser; 
Diode-pumped laser. 
 
[ESP] 

Nuevos láseres de estado sólido en el infrarrojo basados en 
materiales cristalinos dopados con iones lantánidos 

−   − 
Resumen 
El objetivo principal de este trabajo de tesis fue el desarrollo de láseres de estado sólido 
bombeados por diodos, innovadores y eficientes, que operan en los regímenes de operación de 
onda continua y conmutación Q pasiva en el rango espectral del infrarrojo cercano a 
aproximadamente 1 µm y 2 µm. Con este propósito, se eligieron cristales láser dopados con 
iterbio (Yb3+) y neodimio (Nd3+) que operan ~1 µm, y otros cristales dopados con tulio (Tm3+) 
y holmio (Ho3+) para láseres con emisión a ~2 µm. Se han estudiado varios materiales 
cristalinos de diferentes familias de cristales, tales como cristales de granate (granates de 
aluminato mixto y matrices de granate de galio), molibdatos dobles, oxoboratos y fluoruros, 
debido a su capacidad para generar una emisión láser estable, su gran distancia interatómica 
que favorece altos niveles de dopaje con mínimo bloqueo de luminiscencia, y sus altas 
secciones transversales de absorción y emisión. Se detallan los diferentes métodos de 
crecimiento de cristales utilizados para desarrollar los cristales estudiados, así como una 
profunda investigación de sus propiedades fisicoquímicas, microestructurales y 
espectroscópicas. Los experimentos láser se realizaron a temperatura ambiente para la mayoría 
de los medios activos estudiados y a temperatura criogénica para un caso especial de cristales. 

UNIVERSITAT ROVIRA I VIRGILI 
Novel infrared solid-state lasers based on lanthanide doped crystalline materials 
SAMI SLIMI 



ABSTRACT 

 
Palabras clave: Crecimiento de cristales; Láseres de estado sólido; Materiales cristalinos 
dopados con Nd3+, Yb3+, Tm3+ y Ho3+; Espectroscopía óptica; Absorción óptica; 
Luminiscencia; Láser de infrarrojo cercano; Láser bombeado por diodos. 
 
[CAT] 

Nous làsers `d’estat sòlid a l’infraroig proper en materials cristal·lins 
dopats amb ions lantànids 

−   − 
Resum 
L'objectiu principal d'aquest treball de tesi ha sigut el desenvolupament de làsers d’estat sòlid 
novedosos i eficients bombats per díodes que operin en els règims tant d'ona contínua com de 
commutació del factor Q de forma passiva en el rang d'infraroig proper, al voltant de ~1 µm i 
~2 µm. Amb aquest propòsit, es van triar cristalls làser dopats amb iterbi (Yb3+) i neodimi 
(Nd3+) que operen al voltant d’ 1 µm, i altres cristalls  dopats amb tul·li (Tm3+) i holmi (Ho3+) 
per a làsers amb emissió al voltant de 2 µm. S’han estudiat diversos materials cristal·lins de 
diferents famílies de cristalls,  com ara cristalls de granat (granats d'aluminat mixte i matrius de 
granat de gal·li), molibdats dobles, oxoborats i fluorurs, degut a  la seva capacitat per generar 
una emissió làser estable, la seva gran distància interatòmica que afavoreix alts nivells de 
dopatge amb mínim bloqueig  de luminiscència, i les seves altes seccions transversals d'absorció 
i emissió. Es detallen els diferents mètodes de creixement de cristalls utilitzats per obtenir els 
cristalls estudiats, així com una profunda investigació de les seves propietats fisicoquímiques, 
microestructurals i espectroscòpiques. Els experiments làser es van realitzar a temperatura 
ambient per a la majoria dels medis actius estudiats i a temperatura criogènica per a un cas 
especial de cristalls. 
 
Paraules clau: Creixement de cristalls ; Làsers d'estat sòlid ; Materials cristal·lins dopats amb 
Nd3+, Yb3+, Tm3+ i Ho3+ ; Espectroscòpia òptica ; Absorció òptica; Luminescència, Làser 
d'infraroig proper ; Làser bombat per díode. 
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CHAPTER 1: General introduction and Overview 
1.1 Introduction 
The rapid advancement of infrared laser technology has led to its extensive application across 
various sectors. Near-infrared (NIR) lasers are employed in many areas of applications such as 
laser weaponry, clinical surgery, precision manufacturing, and secure communications, spectral 
analysis and spectroscopy, medical therapies, and remote sensing technologies [1–9]. 

A key element for the development of innovative applications and devices in NIR spectral 
ranges is the laser sources by continuous improved characteristics in terms of spectral and 
temporal ranges, power, efficiency, and stability of the output signal. Material science is in the 
heart of the laser development in the sense that the main element of lasers is the active medium. 
This active material can be of different nature: a gas or liquid, also it can be based on 
semiconductors or on rare-earth (RE) or transition-metal -doped dielectric materials. Such 
matrices in laser technology may possess crystalline, amorphous like glasses, or ceramic 
structures and can be shaped into various forms such as bulk crystals and glasses, thin films 
(crystalline or glassy), or optical fibers. Diverse techniques for producing IR lasers are 
facilitated by effectively employing these active media, such as i) semiconductor quantum 
cascade lasers, which are notable for their compact size and efficiency despite their complex 
architecture and limitations in output power and beam quality, ii) free electron lasers, although 
bulky and expensive, they can achieve high power and offer tunability, iii) chemical lasers that 
produce high-energy output with superior beam quality using chemical reactions, but they 
necessitate costly materials and generate harmful byproducts, iv) frequency-doubling lasers that 
offer a broad tuning range and high frequencies down to the deep UV, yet their intricate designs 
contribute to prohibitive costs and, v)  solid-state lasers, including, among others, the slab and 
thin-disk geometries that utilize a straightforward mechanism to deliver high-power and 
efficient laser performance. 

Solid-state lasers fall into two primary categories, differentiated by their gain medium: those 
using rare earth (RE) ions (referred sometimes as lanthanide ions (Ln)) and those using 
transition-metal (TM) ions. Lasers doped with TM ions typically struggle with inadequate 
pumping sources and difficulties in achieving high-energy outputs at standard room 
temperature, primarily because of the quick decay of the upper level laser [10–12]. In contrast, 
lasers utilizing RE ions such as Ce, Dy, Ho, Nd, Tm, Sm, Pr, Eu, Tb, Er, and Yb have 
demonstrated efficient laser output generation [13–17]. These ions feature elaborate energy 
level arrangements, enabling them to produce multiple emission signals and thereby allow for 
the building of lasers that operate across a range of wavelengths. NIR solid-state lasers, which 
incorporate REs are notable for their compact size, high energy conversion efficiency, excellent 
beam quality, wide range of tunability, and diverse modes of operation, making them a central 
subject of ongoing research in this field. Since the appearance of lasers, the pursuit of 
developing materials with appropriate structural, microstructural, physicochemical, 
spectroscopic, and optical qualities has been paramount, constituting the foundational elements 
of these devices. Concurrently, extensive research has been conducted worldwide on various 
methods to synthesize these types of laser materials. This includes efforts to grow bulk crystals 
and epitaxial crystalline thin films, as well as advancements in glass technology for developing 
new glass compositions and processes for crafting complex optical fiber designs. Progress in 
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materials science is crucial for broadening the selection of new crystal gain media available for 
NIR solid-state lasers. 

Typically, laser emission in the near-infrared at ~1µm is achieved using solid-state materials 
doped with trivalent RE ions such as Yb (laser wavelength λL~1µm) or Nd (λL ~0.9, 1.06 and 
1.3 µm).  The Yb3+ ions, when doped into solid-state laser materials [18–21], provide several 
advantages over traditional other dopants. One of the key benefits is their simple electronic 
structure, which reduces non-radiative losses and results in high quantum efficiency. This 
simplicity also minimizes the effects of up-conversion and concentration quenching, allowing 
for higher doping concentrations and more efficient energy storage. The development and 
refinement of Yb-doped solid-state lasers have led to significant advances driven by their 
reliability, compact size, and capability to generate high power levels. The Nd3+ ions offer 
several laser lines in this spectral region from the 4F3/2 upper laser level into the 4I13/2, 4I11/2, and 
4I9/2 manifolds. The strongest and most used laser transition 4F3/2→ 4I11/2 emits between 1050 
and 1100 nm [21]. This wavelength is advantageous for a range of applications due to its ability 
to be efficiently absorbed and its relatively low interaction with atmospheric water vapor, 
making it ideal for long-distance transmission and precision tasks. Nd-doped solid-state lasers 
are well known for their high efficiency, good beam quality, and the ability to produce both 
continuous and pulsed outputs. These attributes make them invaluable in a variety of fields, 
including materials processing [22–24], where they are used for cutting, welding, and 
engraving; in the medical field for procedures like laser surgery and skin resurfacing; and in 
scientific research for spectroscopy and the pumping of other laser systems [25–27].  

Tm and Ho -doped (or a combination (co-doping) of them) solid-state lasers are among the 
most efficient sources in the range of λL~1.9-2.1 µm. Based on the type of gain medium they 
can be bulk, fiber, slab, thin-disk or waveguide lasers. Trivalent Tm3+ and Ho3+ ions, when 
doped into suitable host materials, can be excited into higher energy states by various pumping 
sources such as diode lasers and fiber lasers. These excited ions then emit laser in the ~2 µm 
region through radiative transitions between specific electronic states. The choice of the host 
material, typically crystals or ceramics, and the doping concentration are critical to achieving 
desired laser properties like tunability of emission wavelength and high slope efficiencies. Such 
2 μm lasers are extremely versatile. In medical applications, they are used for cutting and 
ablating soft tissues with high precision and minimal collateral damage, which is crucial in 
surgeries. In environmental monitoring, these lasers serve as powerful tools for detecting gases 
and pollutants through differential absorption lidar techniques.  

The goal of this thesis work was to develop novel inorganic crystal materials doped with RE 
ions and explore their efficiency for lasers, at room and cryogenic temperatures, in the NIR 
range at ~1µm using Nd3+ and Yb3+ ions, and in the ~1.9-2.1 µm range using Tm3+ and Ho3+ 
ions. To achieve this, several crystalline materials were chosen as laser hosts, such as garnet 
crystals (mixed aluminate garnets and gallium garnet matrices), double molybdates, oxoborates 
and fluorides, owing to their excellent spectroscopic properties.  

1.2 Key achievements 
The key outcomes of this thesis are summarized below. The units used here and throughout the 
thesis are consistent with those applied in the respective scientific articles. 
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1. An ytterbium doped mixed yttrium–lutetium aluminum garnet, with novel composition 
denoted as (Y0.638Lu0.212Yb0.150)3Al5O12, was grown by the Czochralski method (Cz) where a 
detailed structural characterization, and a deep spectroscopic examination were performed. 
Efficient continuous-wave laser operation (CW) at λL~1µm, with tunable output wavelength, 
was successfully achieved under Ti: sapphire pumping. Furthermore, with microchip geometry,  
power scaling with a maximum output power of approximately 9 W at 1.05 µm was achieved, 
exhibiting a slope efficiency of 76%. 
2. Demonstration of the first laser operation of ytterbium-doped potassium yttrium double 
molybdate crystal (Yb:KY(MoO4)2) grown by LTG Cz method. CW laser operation was 
achieved in microchip geometry using a thin crystal plate (thickness: 286 µm) under diode 
pumping. 
3. Demonstration of growth, structure, polarized spectroscopy and efficient CW laser operation 
of an Yb3+-doped disordered calcium gadolinium borate crystal, Yb3+: Ca3Gd2(BO3)4 (Yb: 
GdCB). This laser crystal featured laser scaling capability (output power of 5.58 W at ∼1057 
nm with a slope efficiency of 51.7%) with broadband emission properties. 
4. The first demonstration of optical spectroscopy and CW laser operation of an ytterbium-
doped yttrium gallium garnet (Yb:YGG) crystal at cryogenic temperatures. The cryogenic CW 
laser was achieved by using a volume Bragg grating (VBG)-stabilised laser diode emitting at 
969 nm as the laser pump source. At 120 K, a maximum output power of 17.50 W was reached 
at λL 1024 nm. 
5. Demonstration of CW and passively Q-switched operation of a compositionally “mixed” 
heavily doped 16.6 at. % Yb:(Y,Lu)3Al5O12 garnet crystal at cryogenic temperatures. At 140 K, 
in the CW regime, a maximum output power of 10.65 W was achieved at λL 1029 nm with a 
slope efficiency of 56%. Passive Q-switching of this crystal using Cr:YAG saturable absorber 
resulted in an energy/duration of 0.15 mJ/201 ns, at a repetition rate of 39.7 kHz. 
6. Demonstration of the first CW laser operation of mechanically cleaved crystal-plates of Nd: 
CsGd(MoO4)2 in a microchip-type laser cavity. The laser delivered up to 0.54 W at λL 1066 nm 
with a high slope efficiency of 60.4% featuring low laser threshold of 70 mW and a linearly 
polarized laser emission. 
7. Report on the crystal growth, spectroscopy and first laser operation of a novel double 
molybdate compound – Tm:KY(MoO4)2. CW laser was achieved in such thin films and plates 
of this crystal yielding a maximum output power of 0.88 W at ∼1.9 µm with a slope efficiency 
of 65.8% and a linearly polarized laser output. 
8. Development and characterization of a novel laser crystal with broadband emission 
properties at ∼2 µm – a Tm3+, Li+-codoped calcium tantalum gallium garnet (Tm:CLTGG). 
9. Demonstration of the growth, structure refinement, optical spectroscopy and a tunable CW 
laser operation of a Tm3+, Ho3+-codoped disordered calcium niobium gallium garnet (CNGG) 
crystal emitting in the eye-safe spectral range.  
10. Demonstration of laser characteristics and performance in CW regime of a Tm:YLF crystal 
for ~ 2µm laser using an innovative microchip laser setup operating at cryogenic temperatures. 
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1.3 Thesis synopsis 
Following a brief introduction and a summary of the key achievements in Chapter 1, Chapter 2 
of this thesis provides an overview of the applications of lasers operating in the NIR range. It 
delves into the fundamentals of rare-earth -doped solid-state lasers that emit within this range. 
Chapter 3 details the experimental techniques used to fabricate and characterize the laser gain 
media. Chapter 4 highlights key results, including the growth of the crystals, physical and 
spectroscopic characterization, and laser performance of the studied materials. The thesis 
concludes with a summary of findings and suggestions for future work
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CHAPTER 2: Rare earth-doped materials for near infrared lasers: State-of-art and 
literature review 
2.1. Applications of infrared lasers 
The development of modern laser systems in near infrared (NIR) ranges has been driven by 
many factors, particularly scientific advances, and demand in applications. In terms of their 
applications, we are dealing with a wide range of uses in remote sensing, defense, and medicine. 
These specific areas will be discussed in detail further below. 
 
2.1.1. Clinical applications of near-and mid-infrared lasers 
The impact of a laser on tissue depends on both the tissue's characteristics and the laser's 
properties. Tissue properties include its structure, water content, thermal conductivity, heat 
capacity, density, and its ability to absorb, scatter, or reflect energy. Key laser properties that 
should be controlled in clinical applications are power density, pulse energy for pulsed lasers, 
and wavelength. Different biological targets absorb light differently, with their optimal 
absorption spectra varying based on the laser's wavelength. In human tissues, water, collagen, 
and hydroxyapatite absorb mid infrared light, while visible light and NIR lasers primarily target 
hemoglobin and melanin [28]. Figure 2.1 displays the infrared absorption spectra of water, 
collagen, and hydroxyapatite in human bone and dental tissues. For CO2 lasers, water is the 
main chromophore [29]. Achieving selective photothermolysis involves targeting specific 
chromophores in the tissue with a laser wavelength that they absorb, ensuring minimal damage 
to surrounding tissues. 
 

 
Figure 2.1. Absorption spectra for major tissue components relevant to the management of 
bone and dental hard tissues, with absorbance levels compared to irradiation wavelengths. The 
key tissue components highlighted are water, in blue, collagen in green, and both 
hydroxyapatite (HA) and carbonated HA (CHA), shown in white [30]. 
 

The shift towards minimally invasive procedures in healthcare has highlighted the importance 
of NIR lasers across various medical specialties. These lasers are essential in the operating room 
and are extensively used in ophthalmology, stone fragmentation, cancer treatment, and cosmetic 
procedures. In the realm of lithotripsy, for example, lasers have revolutionized the treatment of 
urinary and biliary stones through methods such as photoacoustic/photomechanical and 
photothermal effects. The pulsed Ho:YAG laser, which emits at 2.1 µm that is effectively 
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absorbed by water, is particularly prominent in this area and has been the subject of extensive 
research [31]. It has proven more effective in endoscopic removal of ureteral stones than 
pneumatic lithotripsy, according to research by Cimino [32], Figure 2.2(a). Teichman’s review 
confirms the laser’s safety and efficacy [33], making it a preferred method for both ureteral and 
biliary stones. Another notable example is the Q-switched Nd: YAG laser (Figure 2.2(b)), which 
operates similarly but creates larger shockwaves, enhancing its effectiveness [34]. 
 

 
Figure 2.2. A commercial Ho:YAG lithotripsy laser [32] (a) and a Nd: YAG dermatologic laser 
[35](b). 

 

2.1.2. LIDAR Systems Based on Infrared Solid-State Lasers 
Lidar (Light Detection and Ranging) is a remote sensing technology that measures distance by 
illuminating a target with infrared laser light and analyzing the reflected light. It is widely used 
in various fields, including autonomous vehicles, environmental monitoring, and topographic 
mapping, see Figure 2.3. The focus of this introduction is on lidar systems that utilize infrared 
solid-state lasers, highlighting their principles, advantages, and applications [36–38]. 
 

 
Figure 2.3. Atmospheric LIDAR working principle [39] . 

 

Lidar systems operate by emitting laser pulses toward a target and measuring the time it takes 
for the reflected pulses to return to the sensor. This time-of-flight measurement is then converted 
into distance information. The basic components of a lidar system include: 
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- Infrared laser Source 
- Scanner and Optics: Direct the laser pulses and collect the reflected signals. 
- Photodetector: Converts the reflected light into electrical signals. 
- Timing Electronics: Measure the time interval between emission and reception of the 

pulses. 
- Data Processing Unit: Analyzes the data to generate distance and three-dimensional 

information. 
The lasers at the core of Lidar systems should provide coherent light necessary for accurate 
distance measurements. The choice of laser source is critical for the performance of a Lidar 
system, influencing factors such as range, resolution, and the ability to penetrate different types 
of media (e.g., vegetation, fog, and atmospheric particles) [40–42]. Infrared solid-state lasers 
emitting in the range 1-2.1 µm are a popular choice for Lidar systems due to their specific 
advantages: 

- Wavelength: Infrared wavelengths are less affected by atmospheric conditions such as 
fog, rain, and dust, providing more reliable data. 

- Eye Safety: Lasers operating at 1550 nm or at ~2 µm are generally considered eye-safe 
at higher power levels, making them suitable for applications where human exposure is 
a concern. 

- Compactness and efficiency: Solid state lasers are compact, efficient, and can be easily 
integrated into various platforms, from drones to autonomous vehicles. 
 

Ho and Tm doped lasers have garnered significant interest for Lidar applications [37,43,44]. 
These lasers operate in the eye-safe wavelength region, making them suitable for applications 
where human safety is a concern. Additionally, the unique properties of Ho and Tm lasers, such 
as high efficiency, tunable wavelengths, and the ability to generate high peak powers, make 
them ideal candidates for advanced Lidar systems. High repetition frequency, high energy, and 
single longitudinal mode 2.1 μm lasers can be used for wind and atmospheric pollutant 
measurements. Recently, a high-power coherent Lidar based on Tm,Ho:YLF has been reported 
[44]. 
 
2.1.3. Pump source for OPO and OPA lasers systems  
Optical conversion in optical parametric oscillators (OPO) and amplifiers (OPA) is an 
extensively utilized and versatile method for generating tunable-efficient laser sources [45–47]. 
This technique is particularly crucial in the mid infrared (mid-IR) part of the spectrum, which 
lacks a broad range of solid-state coherent laser sources, with quantum cascade lasers and 
chalcogenide-based lasers doped with transition metals being the primary options. Non-linear 
optical crystals like Zinc Germanium Phosphide (ZGP) are well-suited for mid-IR conversion 
when pumped near 2 µm [48,49], benefiting from a variety of high-power pump lasers, mainly 
Ho and Tm lasers, known for their superior beam quality [50–52]. ZGP crystals stand out for 
their excellent thermal and mechanical properties, making them ideal for high-power and high-
energy demands. Recent improvements in crystal growth techniques have notably reduced 
residual pump absorption at 2 µm to 0.02 cm−1 and raised the laser-induced damage threshold 
for nanosecond pulses to 4−5 J/cm². These lasers are increasingly sought after in areas like 
remote sensing, free-space communication, and defense countermeasures. The effectiveness of 
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these advancements is exemplified by a newly developed OPO system that uses a 2 µm Ho:LLF 
laser, as illustrated in Figure 2.4. 
 

 
 Figure 2.4. Experimental setup of recently developed OPO cavity based on ZGP nonlinear 
crystal pumped by 2 μm Ho:LLF laser [53]  

 
Yb-doped lasers are widely used in high-power applications due to their excellent thermal 
management properties and high efficiency. Yb lasers typically operate in the 1.03–1.08 μm 
wavelength range, depending on the host medium. The broad emission spectrum of Yb lasers 
also enables tunability, making them ideal for pumping OPOs where fine control over the pump 
wavelength can optimize the OPO performance, an example of such approach is presented in 
Figure 2.5(a). Nd-doped lasers, particularly those pulsed operated in the Q-switched regime 
with nanosecond (ns) and picosecond (ps) pulse duration and with high repetition rate, are 
another popular choice for OPO pumping, see an example Nd pumped OPO laser in Figure 
2.5(b). These lasers typically emit at 1.064 μm and can be efficiently pumped by diode lasers. 
The choice of Nd lasers as pump sources for OPOs is often driven by their well-established 
technology and compatibility with widely used nonlinear crystals, such as KTP (potassium 
titanyl phosphate) and LBO (lithium triborate), PPLN (periodically poled lithium niobate), 
which efficiently convert the pump wavelength to other wavelengths via parametric processes. 
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Figure 2.5. (a) Experimental setup for intracavity picosecond idler-resonant OPO pumped by 
an Yb-fiber laser; (b) Experimental schematic diagram an OPO pumped by Nd vanadate laser 
[54,55]. 
 

2.1.4. IR Lasers in materials processing engineering 
NIR-and mid-IR lasers are used in material processing and can be classified into two main 
categories based on the required energy and the resulting effects. The first category involves 
applications that require low energy and induce minimal microstructural changes in small areas 
without altering the material's state. Examples include semiconductor annealing, polymer 
curing, and marking integrated circuit substrates. The second category requires substantial 
energy to cause state changes and phase transformations in larger areas, such as cutting, 
welding, surface hardening, alloying, and cladding. In these applications, the processes involve 
significant energy input due to the rapid phase changes. Different types of lasers can be used 
for both categories, either in continuous wave (CW) or pulsed mode, as long as the appropriate 
power/energy density and interaction time are applied for the specific wavelength [56–58]. 
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Figure 2.6. Process map (schematic) in terms of laser power density as a function of interaction 
time for different examples of laser material processing [59]. 
 

The different processes for laser treatment of materials can be categorised in terms of laser 
power and interaction time, as shown in Figure 2.6. These procedures are grouped into three 
main classes: heating (without melting or vaporising), melting (without vaporising) and 
vaporising. Processes such as transformation hardening, bending and magnetic domain control, 
which require surface heating without melting, require low power density lasers. On the other 
hand, operations such as surface melting, glazing, coating, welding and cutting, which involve 
melting, require high power density lasers. In addition, processes such as cutting and drilling, 
which vaporise the material, require very high-power density, which is delivered in very short 
interaction or pulse times. 
While it might seem convenient to use a single scalar parameter like energy density (power 
density multiplied by time) for simplification, this approach is impractical. The critical factor 
is not just the total energy delivered but how it interacts with the material in both time and 
space. For example, an energy density of 102 J/mm² could result in either surface hardening or 
surface melting, depending on the specific combination of power density and interaction time 
[59]. Thus, the level of energy and the manner in which it is applied are key to obtaining the 
necessary changes in the material. For example, a commercial Q-switched laser system, 
TruMark 5020, based on a Nd:YAG crystal laser with a wavelength of 1064 nm was used for 
laser ablation processing of surfaces, and four pulse rates (L1: 400 kHz, L2: 200 kHz, L3: 100 
kHz, L4: 10 kHz) could be chosen in this system, from low to high laser fluences [60]. In the 
same report, we found that laser glasses doped with Nd, Er and Yb were used for surface 
processing to bond metallic materials. 

2.2. Solid-state lasers: fundamental and rare earths-based NIR lasers 
2.2.1. Interaction of light with matter 
2.2.1.1. Absorption and emission of light 
Figure 2.7 illustrates the spectroscopic processes occurring in ions, atoms or molecules, such 
as ground-state absorption (GSA), spontaneous emission, stimulated emission (SE), and 
multiphonon relaxation. 
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Figure 2.7. Spectroscopic processes occurring in a two-level system (ionic, atomic or 
molecular). 

 

When a photon with energy Ephot = hν encounters an ion, atom or molecule with two distinct 
energy levels, as illustrated in Figure 2.7(a), absorption occurs if the condition Ephot = E2 - E1 is 
fulfilled. This causes the specimen to become excited, a phenomenon referred to as GSA. The 
alteration in the electronic population of the lower energy state, N1, can be represented as 
follows: 

ቀௗேభ
ௗ௧
ቁ
௔௕௦

= −𝑊ଵଶ𝑁ଵ = −𝜎ଵଶ𝐹𝑁ଵ, Eq.2.1 

The transition probability between 1 and 2 levels is given by W12, whereas F is the photon flux, 
and σabs is the GSA cross-section. 

If an ion is already in an excited state, it can emit a photon exhibiting properties identical to 
those of the absorbed photon (same frequency, propagation direction, and polarization). This 
process is called stimulated emission (SE), Figure 2.7(c). The population N2 of the excited state 
changes as: 

ቀௗேమ
ௗ௧
ቁ
ௌா

= −𝑊ଶଵ𝑁ଶ = −𝜎ଶଵ𝐹𝑁ଶ, Eq.2.2 

where W21 is the transition probability from 2 to 1 level, and σSE is the SE cross-section. 

Radiative transitions also encompass the process of excited-state absorption (ESA). In a three-
level system, this requires the condition E3 – E2 = E2 – E1 to be met. This indicates that a photon 
with a specific energy can be absorbed by a specimen that is already in an excited state. 

2.2.1.2. Energy transfer process 
The upper laser level can be populated not only by absorbing pump photons but also through 
various energy transfer mechanisms. These additional processes, which may enhance or reduce 
efficiency through redistribution of the electronic population, involve nonradiative interactions 
between closely situated laser ions. Typically, these interactions require high doping levels in 
the laser gain medium making the separation among ions to be short enough to favors the 
transfer of energy. The following description will explore scenarios where an excited donor ion 
transfers energy to an acceptor ion that is either in a ground state or partially excited: 

- Energy migration 
Energy migration involves transferring the entire excitation energy from a donor to an acceptor 
specimen (ion, atom or molecule). The acceptor can either be of the same nature as the donor, 
as shown   Figure 2.8(a), or a different laser specimen with resonant energy levels, often 
occurring for instance in codoped systems with a sensitizer ion when talking of solid-state laser 
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systems. The energy may move sequentially between ions, allowing it to travel through the laser 
material, with each donor ion experiencing nonradiative de-excitation. This process can 
decrease laser efficiency if the energy reaches areas of the material with defects, leading to 
nonradiative decay. 

- Upconversion 
Upconversion in optical materials typically occurs via one of the following mechanisms:  

- ESA upconversion: an ion in the material absorbs a photon and moves to an intermediate 
energy level. A second photon is then absorbed, promoting the ion to a higher energy 
state, from which it can emit a photon of higher energy. 

- Or  energy transfer upconversion (ETU): when energy transfer occurs between two ions. 
One ion in an excited state transfers its energy to another ion, elevating the second ion 
to a higher energy state, which can then emit a higher-energy photon. 

This  process is depicted in of Figure 2.8(b). In contrast, excited state absorption upconversion 
involves the sequential absorption of pump photons by a specimen, pushing it beyond the usual 
pump level. While upconversion is often seen as a parasitic loss, it can also be harnessed 
beneficially in upconversion lasers. Depending on the energy level arrangement, this elevated 
excitation can be achieved using a single pump laser or multiple wavelengths to target specific 
transitions. 

 
Figure 2.8. Examples of the nonradiative energy transfer processes: (a) energy migration; (b) 
upconversion; (c) cross relaxation, with labelled donor D and acceptor A. 

- Cross relaxation 
In cross relaxation, energy is transferred such that both the donor and acceptor find themselves 
in intermediate energy levels above the ground state. A schematic representation where both 
specimens achieve the same energy level is depicted in Figure 2.9(c). This process, like energy 
transfer upconversion, occurs between adjacent ions. However, it differs because the acceptor’s  
final energy level is lower than the donor’s starting level, and the acceptor does not need to be 
initially excited. The relevance of this mechanism, especially in Tm3+-doped lasers, will be 
explained in the subsequent section. 

2.2.1.3. Four and quasi-three level lasers systems  
Four-level lasers operate through an energy level system depicted in Figure 2.9(a). This setup 
typically includes a single pump level, E3, where rapid transitions occur to the upper laser level, 
E2, and to the ground state, E0. These quick transitions keep the populations at E3 and E1 
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minimal, facilitating the easy achievement of population inversion at the upper laser level. 
When this inverted medium is positioned between two resonator mirrors, stimulated emission 
begins, triggered by photons that are spontaneously emitted and then reflect between the 
mirrors. This interaction leads to a swift increase in the laser field within the resonator due to a 
cascade effect of photon production. With one mirror being partially transparent, the laser field 
can be released, creating the familiar laser beam [61,62]. 

 
Figure 2.9. Schematic diagrams of the four (a) and quasi-three level (b) systems.  

 
A quasi-three-level laser system involves a distribution of energy levels slightly different from 
that of a four-level system. In this arrangement, the upper and lower laser levels consist of two 
Stark levels. The pump level can either be part of the same Stark manifold as the upper lasing 
level or at a higher energy level, as illustrated in Figure 2.9(b). When the pump and upper lasing 
levels are in the same manifold, this process is called in-band pumping.  However, unlike four-
level systems, the ground level and lower laser level in a quasi-three-level system are not fully 
decoupled. This resulted in a temperature-dependent population at the lower laser level, 
including a significant thermal population. As a result, the reabsorption of the laser emission 
must be considered during the analysis. Additionally, in the case of highly inverted media, re-
emission at the pump wavelength should also be considered. 
 

2.2.2. Rare-earth ions -doped solid-state materials for efficient NIR lasers 
2.2.2.1. Ytterbium and neodymium: dopant ions applied near 1μm lasers 
For high average power operation Yb3+-doped crystals are most interesting because the Yb3+ 
ion exhibits very small Stokes limit, i.e. small quantum defect (different between the pump 
energy photons and laser energy photons) and hence very small heat generation in the laser 
crystal, see Figure 2.10. 

 
Figure.2.10. Levels scheme of Yb3+: Free ion state, electron-electron interactions (Hee), division 
caused by spin-orbit interaction (HSB), and modifications by the crystal field (Hc). Arrows on the 
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diagram denote pump and laser transitions. Parentheses around numbers show the degeneracy 
of each level [63]. 

The discovery of the laser oscillation in Yb3+ doped gain materials was a notable advancement 
in laser technology, with the development of a diode-pumped, Yb:YAG laser at room 
temperature in 1991 [64] reigniting interest in Yb-doped materials for diode pumping at RT. 
Yb3+-doped solid-state lasers present several advantages compared to other rare-earth lasers. 
They possess only two energy states: the ground state 2F7/2 and the excited state 2F5/2, separated 
in energy by roughly 10,000 cm-1. This simplicity avoids excited-state absorption of both pump 
and laser light. The absorption band near 970 nm is well-suited for diode pumping due to the 
well-stablished technology of diode lasers operating at this wavelength, and the emission cross-
sections are adequate for showing net gain. Notably, the quantum efficiency of the upper laser 
state, 2F5/2, is nearly perfect, and the minimal Stokes shift and small quantum defect lead to 
reduced heat generation, making Yb3+ ideal for high-power laser applications. The broad 
emission band of Yb3+ allows for laser tunability and the production of ultrashort pulses. 
Additionally, the upper laser level's radiative lifetime spans from several hundred microseconds 
to a few milliseconds across different crystals, enhancing energy storage efficiency which is 
advantageous for Q-switched laser operation. 

Hundreds of lasers have been realized with Nd3+ ions, mainly in oxide crystal hosts. The Nd 
ion is capable of producing several NIR laser transitions, particularly around 900 nm, 1060 nm, 
and 1300 nm. The primary and most utilized transition is from the 4F3/2 to 4I11/2 energy levels, 
emitting in the 1050 nm to 1100 nm range, as illustrated in Figure 2.11, depending on the 
specific host lattice. Nd lasers are commonly pumped with diode lasers around ~800 nm, which 
is beneficial for designing compact and high power  laser systems due to the existence of 
matured technology of laser diodes operating in this spectral range. [65–67]. 

 
Figure 2.11. Energy-level diagram of Nd3+ ions. Arrows pointing up denote absorption 

processes while arrows pointing down denote emission processes [68]. 

2.2.2.2. Thulium and holmium: laser ions emitting in the ~2–2.1 µm spectral region 
To develop a laser source that emits in the ~2–2.1 µm wavelength range, exploring the 
spectroscopic properties of Tm3+-doped gain media is necessary. This section provides an 
overview of the Tm3+ laser ion, including a concise history of its use in laser sources. 
Additionally, a brief overview of Ho3+ laser ions and Tm, Ho -codoped systems will be 
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discussed to broaden the understanding of various lanthanide dopants capable of emitting in the 
mid-IR region. 

Thulium ion (Tm3+) 
The development of Tm3+-doped gain media, a cornerstone in laser technology, has its roots 
stretching back to the early 1960s. Specifically, in the years 1962 and 1963, foundational 
experiments led by Johnson and his colleagues pioneered the use of Tm3+:CaWO4 and 
Tm3+:SrF2 as laser materials, which were notably operated at the cryogenic temperature of 77 
K, cooled by liquid nitrogen, as documented in their seminal work [69]. It was not until the 
1970s, however, that such lasers were successfully operated at room temperature, marking a 
significant technological advancement [70]. These  laser systems primarily utilized flashlamps 
for pumping and incorporated Cr3+ ions as sensitizers to facilitate the energy absorption and 
transfer processes necessary for laser action. A notable shift occurred in the 1980s with the 
advent of the Ti:sapphire laser, which introduced the capability for direct excitation of Tm3+ 
ions around 800 nm [71]. This development significantly streamlined the excitation process by 
eliminating the need for intermediate sensitizers. In more recent developments, the use of high-
power AlGaAs laser diodes, which were originally developed for Nd3+-doped lasers, has proved 
to be highly effective in pumping Tm3+-doped gain media. This adaptation has led to substantial 
improvements in efficiency, leveraging the advanced capabilities of these diodes. 

Further refining the efficiency of Tm3+-doped lasers, the process of cross-relaxation plays a 
crucial role, particularly in the efficient population of the 3F4 upper laser level when using 800 
nm laser radiation, as detailed in Figure 2.12. This mechanism involves the transfer of energy 
within the 3H4 manifold to a nearby Tm3+ ion, which simultaneously elevates from the ground 
state to the same energy level. Such interactions, often described as "two-for-one" pumping, 
have the potential to theoretically enhance the power efficiency up to 80%, significantly 
exceeding the quantum defect limit that typically constrains efficiency due to the energy 
disparity between the pump and emitted laser photons. 

An additional aspect of Tm3+-doped lasers is their capacity to produce blue upconversion light. 
This phenomenon occurs when the lasers are pumped around 800 nm, leading to emissions 
from the 1G4 manifold that result in the production of blue light near 480 nm. The process is 
initiated through excited state absorption at the 3H5 level, which subsequently populates the 1G4 

level. However, the influence of upconversion on overall laser performance is moderated by the 
relatively brief lifetime of the 3H5 manifold, which undergoes rapid nonradiative decay to the 
3F4 level, thus reducing the duration and impact of this upconversion pathway. The transition to 
the 3H5 level itself is contingent upon prior energy relaxation within the 3H4 level through cross-
relaxation decay [72]. This intricate interplay of energy levels and transitions underpins the 
sophisticated operational dynamics of Tm3+-doped lasers, showcasing their complex yet highly 
efficient nature. 
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Figure.2.12. (a) Energy level diagram for Tm3+ ions illustrating the pumping processes at 0.8 
µm and 1.6 µm for in-band pumping. The cross-relaxation mechanism for the “two-for-one” 
pump strategy is highlighted in orange; (b) Diagram for excited state absorption up-conversion 
depicting the filling of the 1G4 manifold by 0.8 µm pump photons. A dashed grey line shows 
nonradiative relaxations [72].  

The process of directly populating the upper laser level can be achieved through in-band 
pumping at wavelengths 1.6 µm. This technique notably diminishes the quantum defect and 
simultaneously circumvents issues associated with cross-relaxation, ultimately offering a 
theoretical efficiency that is on par with that observed in 800 nm pumping scenarios. The 
underlying mechanism that accounts for the blue upconversion emission observed during this 
in-band pumping process is considerably complex, involving a sequence of energy transitions 
across multiple metastable states that lead up to the 1G4 level. 

This phenomenon can be elucidated by examining the dynamics of excited state upconversion 
within the upper laser level. Initially, ion excitation occurs, moving to the 3H4 level. 
Subsequently, this is followed by a nonradiative decay to the 3H5 level. The process continues 
as further upconversion transpires through the 3F2, and 3F2 manifolds. This pathway mirrors the 
sequence of events typically seen with 800 nm pumping, where similar transitions and 
manifolds are involved, albeit initiated by a different pumping wavelength. Through these 
successive transitions, the system effectively facilitates the generation of higher energy photons, 
manifesting as blue upconversion emissions.  

Holmium (Ho3+) 
The exploration and development of holmium (Ho3+)-doped laser gain media commenced 
during the 1960s, a period noted in the literature [73]. Although these Ho3+-doped lasers were 
conceptualized around the same time as Tm3+-doped lasers, it wasn't until the subsequent 
decade of the 1970s that Ho3+-doped lasers demonstrated the capacity to operate at room 
temperature. However, these lasers were limited to pulsed operation modes during this initial 
phase of development [74]. In contrast to Tm3+, Ho3+ do not possess significant absorption 
bands in the NIR spectrum. Consequently, in-band pumping strategies have been adopted, 
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specifically around the wavelength of 1.9 µm, which effectively facilitates the 5I7 to 5I8 laser 
transition near 2.1 µm as illustrated in Figure 2.13. 

This method of pumping at 1.9 µm not only supports the necessary energy transitions but also 
offers a high theoretical quantum efficiency. However, one of the substantial challenges in this 
domain involves locating efficient sources for this specific pumping wavelength. Although 
thulium-doped solid-state and fiber lasers have been traditionally employed to pump Ho3+-
doped gain media, advancements in directly diode-pumped Ho3+-doped lasers have been 
somewhat stagnant in recent years. This is in spite of the gradual increase in the availability of 
1.9 µm laser diodes, which have seen limited new demonstrations reported in the literature over 
the last decade. 

Moreover, the physical properties of holmium ions differ notably from those of other common 
dopants like thulium and ytterbium (Yb3+), due to the less pronounced effect of lanthanide 
contraction in Ho3+. This results in the 4f orbital of Ho3+ ions being more effectively shielded 
compared to those of Tm3+ and Yb3+. A direct consequence of this shielding is the narrower 
linewidths of laser transitions observed in Ho3+-doped media. This characteristic typically leads 
to longer pulse durations in Ho3+-doped lasers when compared to those doped with thulium, 
further highlighting the unique operational dynamics and challenges associated with holmium 
as a laser dopant. 

 
Figure.2.13. Energy level schemes and related 2.1 µm laser transitions of Ho3+ ions [75]. 

Tm, Ho-codoping systems 
An alternative approach to produce long emission wavelengths from Ho3+ lasers with the 
convenient and practical use of 800 nm laser pumping is the use of Tm, Ho-codoped gain media. 
In these systems, laser excitation is achieved through established methods and pumping 
processes. The Tm3+ ions absorb the 800 nm pump radiation, leading to an efficienty population 
of the 3F4 level via cross-relaxation. This energy can then rapidly migrate not only among Tm3+ 
ions but also to nearby ground-state Ho3+ ions by resonance, thereby populating the 5I7 upper 
laser level of Ho3+ ions [76–78], as shown in Figure 2.14. 

The development of Tm, Ho-codoped gain media has led to the production of lasers in the 2–
2.1 µm spectral region, including CW, Q-switched and mode-locked lasers, with reported high 
efficiencies (XX%, search for a reference) and pulse durations ranging from 67 fs (79 fs before 
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extra-cavity compression) to 7.8 ps, using different host crystals and saturable absorbers [79–
84]. Despite these successes, these lasers suffer from increased upconversion losses compared 
to single-doped Tm3+lasers. In Tm, Ho-codoped materials, upconversion arises from two main 
processes: excited state upconversion, where an ~800 nm pump photon excites Ho3+ ions from 
the 5I7 to the 5S2/5F4 levels, producing visible fluorescence; and interionic energy-transfer 
upconversion, where Tm3+ ions transition takes place from the 3F4 level to the ground state 
while simultaneously excitation of Ho3+ ions ocurres from the 5I7 to the 5I5 level, which can 
then emit fluorescence around ~900 nm [85]. 

 

 
Figure.2.14. Energy levels diagram of the Tm, Ho codoped system with the energy levels 
involved in the absorption, cross-relaxation, energy transfer, up-conversion and laser 
generation around 2 µm processes [86]. 

2.2.2.3. Geometry of the gain medium in IR lasers  
Choosing the right geometry for the gain medium is crucial for optimizing thermal management 
in solid-state lasers, considering the specific pump and laser wavelengths used. Effective heat 
removal requires a high ratio between the cooled surface and the pumped volume, along with 
minimal distance between them. Since Maiman's initial rod geometry demonstration of a solid-
state laser [87], various geometries have been developed, but none is universally applicable. 
These geometries can generally be classified into the main types shown in Figure 2.15. 
The rod geometry allows for the achievement of several kilowatts of CW output power [88]. 
However, it often suffers from limited beam quality due to radial heat gradients caused by lateral 
heat flow, as depicted in Figure 2.15(a). These gradients induce significant thermal lensing and 
may lead to rod cracking due to stress between the cooler surface and the hot pump channel. 
Conversely, the slab geometry, considered in the context of this thesis and shown in Figure 
2.15(b), provides efficient heat dissipation through the top and bottom surfaces of the gain 
medium. Modern diode-pumped slab lasers typically use edge pumping, leading to a more 
uniform heat distribution along the laser axis. Despite this, there remains a significant 
temperature gradient in the vertical direction. The zigzag slab laser concept was developed to 
counteract beam profile distortion, guiding the laser beam along a zigzag path via total internal 
reflection. This method averages out beam distortions, resulting in better beam quality. An 
output power of 15.3 kW with an M2-value of 1.58 has been achieved using this approach in a 
single Nd:YAG slab [89]. 
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Figure 2.15. Schematic of the main geometries for solid-state laser materials [90]. 

The thin-disk laser design (Figure 2.15(c)) features a disk-shaped active medium, highly 
reflective on the back and water-cooled for effective heat dissipation [91]. The laser axis is 
perpendicular to the disk, which reduces heat gradient effects on beam quality. The disk is 
placed in a pump module that allows the pump light to pass 16–32 times, increasing absorption 
efficiency. This configuration is advantageous for quasi-three-level laser materials such as Yb: 
YAG, as it boosts pump intensity and lowers the typically higher laser threshold compared to 
four-level systems. 
In standard high-power fiber lasers, the active medium consists of a thin, doped fiber core 
surrounded by two claddings, each with progressively lower refractive indices [92]. The pump 
light is introduced into the inner cladding either from the fiber ends or through tapered fibers 
attached to the cladding sides. The difference in refractive indices allows the inner cladding to 
act as a waveguide, directing the pump light. The pump light is absorbed only when it reaches 
the inner core, ensuring a uniform distribution of light along the fiber, as shown in Figure 
2.15(d). 
 
2.2.2.4. Spectral behavior of rare–earth ions in solids 
The spectral lines of an emitting system may broaden due to various factors, appearing as either 
homogeneous or inhomogeneous broadening. Homogeneous broadening results in uniform 
broadening across individual atoms and the entire system, with each atom emitting the same 
central frequency, ν0. In contrast, inhomogeneous broadening arises when resonant frequencies 
vary among individual atoms, causing the system's overall spectral line to broaden, even if each 
atom's line remains constant. Homogeneous broadening is characterized by a Lorentzian 
distribution, while inhomogeneous broadening is characterized by a Gaussian distribution. 
Figure 2.16 visually represents these two broadening types. 
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Figure.2.16. Spectral broadening behavior: (a) homogeneous and (b) inhomogeneous [93]. 

 
Consider this detailed explanation: An activator ion, when incorporated into a compound with 
an ordered structure and replacing matrix ions in equivalent positions, forms an ideal simple 
single crystal. Here, all interaction centers are identical, and the spectral line for each center 
appears identical in position and shape, leading to homogeneously broadened lines. However, 
real crystals often have slight defects, causing activator centers to differ slightly, especially at 
low temperatures, resulting in a superposition of slightly shifted lines, known as 
inhomogeneous broadening. The mechanisms of this broadening include structural disorder, 
heterovalent activation, and solid-solution crystals. 
Structural disorder can occur when activator ions occupy non-equivalent positions, leading to 
multisite behavior, such as in cubic sesquioxides like Y2O3, rare-earth cations occupy two non-
equivalent sites with C2 and C3i symmetry, leading to different crystal field strengths and even 
different selection rules for electric and magnetic dipole transitions [94]. It can also result from 
random distribution of host cations at one or more sites, causing variations in the surrounding 
composition and inhomogeneous broadening like the behavior observed in glasses, as seen in 
CaGdAlO4, in which Ca2+ and Gd3+ cations are randomly distributed on identical lattice sites 
with C4v symmetry [95]. 
Heterovalent activation involves ions with different charges but similar sizes replacing each 
other, necessitating charge compensation to maintain neutrality. This can lead to crystals with 
either single or multiple centers, as observed in rare-earth -doped cubic CaF2 and its fluoride-
type analogs [96]. 
Solid-solution crystals, also called compositionally mixed crystals, involve host materials 
forming substitutional isostructural series from parent compounds A and B, resulting in a 
compositionally disordered structure A1-xBx. These systems do not display well-defined line 
resolution but instead exhibit broad spectral bands due to overlapping lines, such as in cubic 
Y2O3 - Lu2O3 - Sc2O3 solid-solutions. This PhD thesis explores materials that exhibit all these 
types of inhomogeneous line broadening mechanisms. 
 
2.2.3. Cryogenic lasers 
Solid-state lasers operated at cryogenic temperatures offer attractive properties for high-power 
and efficient operation. This enables laser architectures with high average power scaling. 
Although initially considered impractical, cooling enhances key laser material properties such 
as thermal conductivity (k), thermal expansion factor (α) and temperature-dependent refractive 
index change, thermo-optic coefficient (dn/dT). Moreover, rare-earth -based lasers that are 
quasi-three-level systems at room temperature often become four-level at cryogenic 
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temperatures, improving efficiency [97,98] minimizing reabsorption phenomena. The use of 
cryogenics has become more practical as the technology has become commercialized. 
There are four key reasons for operating solid-state lasers at temperatures significantly below 
room temperature. First, many rare-earth ions have laser transition levels near the ground state, 
making them quasi-three-level lasers at room temperature. However, at cryogenic temperatures, 
these lower laser levels become thermally depopulated, reducing the laser threshold, as shown 
in Figure 2.17. 

 
Figure.2.17. Yb3+-electronic population distribution at cryogenic temperatures. 

 
Secondly, for certain lasers, particularly those based on transition-metal ions like Co:MgF2 [99] 
and Fe:ZnSe [100], the lifetimes of metastable levels significantly increase at lower 
temperatures due to reduced nonradiative relaxation rates, which in turn lowers the laser 
threshold. Third, the approach of cooling the active medium to cryogenic temperatures partially 
overcomes the aforementioned issues with reabsorption and low transition cross-sections. The 
transition cross-sections increase at low temperatures [101]. Lastly, cryogenic cooling reduces 
thermo-optic effects at a given power level, as the thermo-optic properties of the gain medium 
improve at lower temperatures. Crystalline dielectrics generally exhibit much higher thermal 
conductivity and lower α at liquid nitrogen temperatures compared to room temperature, 
resulting in a reduced thermo-optic coefficient (dn/dT). As shown in Figure 2.18, these 
attributes—thermal conductivity, α, and dn/dT—improve as the temperature decreases, 
specifically for undoped YAG. This improvement enhances the power scalability of solid-state 
lasers when operating at cryogenic temperatures compared to room temperature. 
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Figure.2.18. Plots of thermal conductivity k, coefficient of thermal expansion α, and dn/dT as 
a function of temperature for undoped YAG [98].  

 

2.3. Hosts materials for rare-earth doped solid-state lasers 
To realize an efficient solid-state laser, several key material characteristics are necessary. The 
laser-active medium must be manufactured in large scales with high optical quality, avoiding 
parasitic absorptions and scattering centers. High mechanical and chemical stability are crucial 
for crafting polished laser rods, slabs, and waveguides. For high-power applications, materials 
with high thermal conductivity and high damage threshold are essential. Moreover, a small 
dn/dT and low nonlinear refractive index (n2) are advantageous for achieving a Gaussian beam 
profile and preventing self-focusing. It is difficult to find materials that meet all these criteria 
simultaneously. For example, sapphire and diamond offer the highest thermal conductivity 
among dielectrics but cannot be doped with rare-earth ions due to their large ionic size relative 
to the available lattice sites. Additionally, the crystal structure and local site symmetry for the 
active ion greatly influence the optical properties of the laser medium. In the sections that 
follow, different crystals families of laser host materials investigated in this PhD thesis will be 
described, highlighting their structural, thermal, and physical properties. 
 
2.3.1. Garnet crystals  
Garnet crystals are a class of materials that have become indispensable in the field of solid-state 
laser technology. Their unique combination of optical, thermal, and mechanical properties 
makes them excellent host materials for various rare-earth ions used as active laser elements. 
Garnets crystals crystallize in the cubic system (space group Ia3തd). The general formula for 
garnet minerals can be represented as A3B2(XO4)3, where A and B denote different cations, and 
X can represent various anions depending on the specific type of garnet. Garnets exhibit a large 
variety of chemical compositions due to the substitutional flexibility within their crystal lattice 
[102–104]. This characteristic leads to a wide range of natural and synthetic garnet species, see 
in Figure 2.19 examples of well-known garnets used in the field of solid-state lasers. Garnets 
are easy to be grown by the conventional Czochralski growth method or by other methods such 
as the optical floating zone method [105,106].  
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Figure 2.19. Photographs of some grown undoped garnet crystals by Czochralski method: 
YAG− Y3Al5O12 ;GGG−Gd3Ga5O12; YSGG−Y3Sc2Ga3O12; GSGG−Gd3Sc2Ga3O12; 
GYSGG−GdY2Sc2Ga3O12. 

 
The crystal structure of the garnet crystals is shown in Figure 2.21. In the garnet lattice, ‘’A’’ 
sites are occupied by large cations (such as Ca2+, Mg2+, Fe2+, Y3+, Gd3+, Na+, Li+, etc.) and 
surrounded by eight anions, forming a dodecahedral polyhedron. The dodecahedron, 
specifically in the context of garnets, is often referred to as a distorted cubic polyhedron or a 
cuboctahedron due to its 12 identical faces, each being a regular pentagon. ‘’B’’ sites 
accommodate small cations (like Al3+, Fe3+, Cr3+, Ga3+, etc.) where an octahedral environment 
resides, each surrounded by six oxygen atoms, forming a regular octahedron [104]. This sixfold 
coordination creates a robust framework that contributes to the crystal's structural strength. The 
X anion forms the center of a tetrahedron, surrounded by four oxygen atoms. These tetrahedral 
units are interconnected by sharing corners with the adjacent tetrahedra, forming a continuous 
framework, Figure 2.20. The XO4 tetrahedra are rigid units that maintain the overall structure's 
integrity. In silicate garnets, these are SiO4 tetrahedra, whereas, in aluminates or gallium 
garnets, they are AlO4 or GaO4 tetrahedra, respectively [107].   
 

 
Figure 2.20. Crystal structure of garnets: (a) [111] direction view; (b) projection on the a-b 
crystallographic plane; (c) connection among polyhedra [AO8], [BO6] and [XO4] [108] . 
 

The coefficient of thermal expansion (𝛼) is a significant parameter for crystal materials, 
impacting their growth and high-temperature use. Crystals with high anisotropy in thermal 
expansion are prone to cracking during growth and processing, which can shorten the lifespan 

UNIVERSITAT ROVIRA I VIRGILI 
Novel infrared solid-state lasers based on lanthanide doped crystalline materials 
SAMI SLIMI 



CHAPTER 2 

25 | P a g e  
 

of crystal components and lower the damage threshold of laser gain media. To alleviate these 
issues, laser systems typically incorporate effective cooling solutions and use materials with 
low thermal expansion coefficients. For garnet crystals, 𝛼 is measured along the [111] direction. 
As depicted in Figure 2.21, garnet crystals like YAG, GGG, and YSGG, etc.,  are characterized 
with relatively low thermal expansion compared to other laser crystals [109,110]  making them 
suitable for efficient laser operation under strong pumping conditions. 
In solid-state lasers, uneven temperature distribution within the gain medium due to 
asymmetrical cooling may cause thermal stress (strain and compression) causing eventually its 
cracking. This temperature variation alters the refractive index via the medium's thermo-optic 
coefficient, resulting in a significant thermal lens effect that restricts laser output power and 
beam quality [109,111]. For garnet crystals used in lasers, thermal conductivity is a critical 
physical property. As shown in Table 2.1, at room temperature and 1000 K, YAG has higher 
thermal conductivity than GGG, while YSGG surpasses GSGG. This is because oxides with 
smaller cation atomic masses have greater thermal conductivity than those with larger masses. 
 

Table 2.1 Thermal conductivities for some garnet crystals at RT and 1000 K [108]. 

k [W m⁻¹ K⁻¹] YAG GGG YSGG GSGG GYSGG 
298 K 11.72 8.98 6.83 5.45 4.66 

1000 K 3.26 2.39 2.46 2.30 2.01 
 
The optical characteristics of laser gain media are essential parameters to consider. According 
to Figure 2.21, the transmission curves of undoped garnet crystal hosts at room temperature 
show clear transparency within the 320–3000 nm wavelength range. Their high transparency 
makes them ideal candidates for laser hosts in the visible and infrared ranges. 

 
Figure 2.21. Transmission for several  undoped garnet crystals [108]. 

 
2.3.2. Alkali rare-earth double molybdates, MRE(MoO4)2 
The alkali (A+) and rare-earth (RE3+) double tungstates and molybdates, with the chemical 
formula A+RE3+(XO4)2 where X represents either tungsten (W) or molybdenum (Mo) [112], 
are particularly suitable for doping with active rare-earth ions for laser applications. These 
crystals boast a diverse range of structural types, including disordered forms, and offer several 
notable benefits [113,114]. Firstly, they contain substitutional rare-earth sites that allow for 
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high concentrations of laser-active RE3+ ions to be doped. Secondly, they exhibit strong 
anisotropy of their spectroscopic properties when interacting with polarized light. Thirdly, the 
large distances between RE3+ ions in their structure minimize the interaction among each other, 
leading to reduced concentration quenching and minimal non-radiative relaxations. 
Additionally, these materials are Raman-active, enhancing their suitability for various optical 
applications [115,116]. 
A prominent example of this class are the potassium rare-earth double molybdate crystals. 
These crystals exhibit various crystallographic structures (polymorphism). Recent studies 
conducted on the structure of these compounds using X-ray diffraction have identified several 
possible structures: CaWO4 (scheelite): I41/a; α-KBi(MoO4)2: P21/c; KY(MoO4)2: Pbna; 
KEu(MoO4)2: P1ത; KAl(MoO4)2: P3തm1; KIn(MoO4)2: Pnam. 
The following phase diagram (Figure.2.22) summarizes the temperature conditions required to 
obtain each of the structures and the doping conditions with rare-earth ions, based on the 
distribution of the ionic radii of the dopant ions [117]. 
This detailed examination of the potassium rare-earth double molybdates is crucial for 
understanding their structural diversity. The identified crystallographic phases, such as 
scheelite-type CaWO4 with space group I41/a, and the various others like α-KBi(MoO4)2 with 
space group P21/c, demonstrate the complexity and variability within this family of 
compounds. The study's findings provide insight into the specific temperature and doping 
conditions necessary to synthesize each unique structure, thereby enhancing our ability to tailor 
these materials for specific applications. 

 
Figure.2.22. Phase Diagram of Potassium Double Molybdates.  

 
The potassium-yttrium double molybdate, KYMo [KY(MoO4)2], crystallizes in the 
orthorhombic system with the space group Pbna. Its structure is similar to the monoclinic 
double molybdates, featuring an ordered arrangement of cations. In this structure, Y3+ and K+ 
ions occupy distinct atomic sites. The Y3+ ions, coordinated by eight oxygen atoms, are in a C2 
symmetry site, with the symmetry axis perpendicular to the (001) axis. The YO8 octahedra align 
parallel to the (010) axis, connecting through shared edges. The Mo6+ ions reside at the center 
of irregular tetrahedra, surrounded by four oxygen atoms, and these tetrahedra connect to the 
YO8 octahedra by sharing vertices. This connection forms a layer parallel to the b-axis, 
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consisting of the [Y(MoO4)2]- radical. The layers, spaced approximately ˂a/2˃ apart, are 
interconnected by KO6 octahedra, as depicted in Figure 2.23. 
 

 
Figure.2.23. Orthorhombic structure (Pbna) of KYMo crystal. Projections on the (a) a-b and 

(b) a-c planes. 

Initial research on KYMo crystals concentrated on their structural characteristics. 
Subsequently, studies reported the laser activity and spectroscopy of Nd3+-doped KYMo crystal 
[118]. The crystals' layered structure results in perfect cleavage, which limits their use in bulk 
lasers. Nevertheless, this property led to the proposal of thin-film lasers using KYMo materials. 
Detailed investigations into the vibronic properties of undoped KYMo crystals were also 
conducted. Additionally, doped variants with Dy3+, Pr3+, Er3+, and Tm3+ ions have been 
documented [119–122]. 
In this thesis, cesium-based alkali rare-earth double molybdate crystals have also been explored, 
denoted as CsRE(MoO4)2, known for their "loose" structures that facilitate unique properties 
such as strong acousto-optic coupling, high magnetic anisotropy, and mica-like natural 
cleavage. These features make them suitable for various applications. For instance, crystals with 
layered structures provide strong anisotropy in spectroscopic properties and easy mechanical 
cleavage, making them ideal for thin-film and microchip lasers. CsRE(MoO4)2 exemplify this 
class and crystallize in the monoclinic system, with a specific space group of P2/c for RE 
elements ranging from Ce to Lu, as illustrated in Figure 2.24. 
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Figure.2.24. Crystal structure of CsREMo: a supercell (2a ×2b ×2c) in projection on (a) a-b 
plane, (b) a-c plane; Photographs of as-grown undoped CsGdMo crystal: (c) [100] direction 
and (d) Growth on a Pt wire − Growth with low thermal gradient Czochralski method [123] . 

 
Limited studies have focused on CsGd(MoO4)2-type crystals (abbreviated as CsGdMo). 
Klevtsova et al.[124] briefly described the crystalline structure of CsPr(MoO4)2, representative 
for the rare-earths ranging from Ce to Lu. Research by Ivannikova et al. [125] on undoped 
CsGdMo involved growing the crystals through Czochralski processes. Klevtsov et al.[112]  
provided a summary of the structural diversity among CsRE(MoO4)2 (RE = La to Lu, In, Sc, 
Fe, Cr, Al) crystals. Pavlyuk et al.[126] documented the laser emission characteristics of 
CsNd(MoO4)2 crystal under Ruby laser pulsed pumping, highlighting an emission wavelength 
of 1065.8 nm and a laser threshold of 49 mJ during ns pulse excitation. The material's structure, 
which results in weak concentration quenching, enables high-efficiency laser emission even 
with 100 at.% Nd3+ content. Originally, the structural type of CsPr(MoO4)2 was categorized as 
orthorhombic, and recent developments have seen a surge in interest in CsGdMo, notably in 
studies like those by Zhao et al. [127] on Yb3+-doped specimens focusing on growth and 
polarized optical spectroscopy. 
 
2.3.3. Calcium rare-earth orthoborate, Ca3RE2(BO3)4 
Borates are highly regarded as laser hosts due to their favorable chemical and physical 
properties, including a relatively high damage threshold. The double borate family of crystals, 
Ca3RE(BO3)4 (where RE stands for La, Gd, or Y), are promising materials for this purpose. 
They feature appropriate hardness, robust chemical stability, and are moisture-resistant. 
Additionally, these crystals have a congruent melting point, allowing them to be efficiently 
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grown using the Czochralski method. This facilitates the production of high optical quality 
crystals with large dimensions, as illustrated in Figure 2.25. 

 
Figure.2.25 Example of large-size calcium rare earth borate crystals obtained with the 
Czochralski method: (a) Ca3Y2(BO3)4 crystal grown in argon using Ir crucible; (b) 
Ca3Gd2(BO3)4 crystal grown in air using Pt crucible; (c) Ca3Nd2(BO3)4 crystal grown in argon 
using Ir crucible [128]. 

 
Figure 2.26 illustrates the packing diagram of units cell in the Ca3RE2(BO3)4 crystal. The 
structure of Ca3Y2(BO3)4 features cations occupying three distinct statistical sites, like in 
Ca3La2(BO3)4 and Ba3La2(BO3)4 [129]. This structure includes three types of distorted M-
oxygen polyhedrons and three sets of BO3 planar triangles, with Ca2+ and Y3+ ions statistically 
distributed across these three sites, labeled M1, M2, and M3. Each site is coordinated by eight 
oxygen ions, forming distorted polyhedra. The electronic density values and the ion charges of 
Ca2+ and Y3+ allow for the calculation of their ratios at each site: M1 is composed of 0.61 Y 
and 0.39 Ca, M2 has 0.445 Y and 0.555 Ca, and M3 contains 0.25 Y and 0.75 Ca. RE3+ ions 
can substitute for Y3+ ions in these sites, and the statistical variation in the distribution of Ca2+, 
Y3+, and RE3+ ions may cause a broadening in the spectral width of the crystal. 
 

 
Figure 2.26. (a) Crystal structure of Ca3RE2(BO3)4; (b) coordination environments of the M1, 
M2, and M3 sites for the Ca2+ and RE3+ ions [128]. 

 
For Ca3RE2(BO3)4 (RE = Y, Gd, Nd) borate crystals, the thermal conductivity reduces with 
temperature, showing a decrease of about 15% across the series from Y to Nd, detailed in Figure 
2.27. The absolute thermal conductivity values and their dependence on temperature are similar 
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to those typically seen in glasses. These thermal properties make these borate crystals viable 
options as potential laser materials, especially considering their capacity for heat dissipation 
during laser operation. 
 

 
Figure 2.27. Temperature dependence of the thermal conductivity k for Ca3RE2(BO3)4 (RE = Y, Gd, 
Nd) crystals along the с axis [128]. 
 
 

2.3.4. Fluoride crystals 
Fluoride crystals, such as Lithium Yttrium Fluoride (LiYF₄), Calcium Fluoride (CaF₂) and 
Barium Yttrium Fluoride (BaY₂F₈),  have emerged as crucial laser hosts materials in the 
field of laser technology, offering unique properties that make them indispensable for 
various high-performance laser applications. These crystals, characterized by (i) their wide 
transparency range from the ultraviolet to the mid-infrared spectrum, typically spanning 
from 0.2 to 10 μm. This broad range allows for the generation and transmission of laser 
light across multiple wavelengths. (i) The low phonon energies of fluoride crystals 
(typically <500 cm-1) reduce non-radiative transitions, leading to higher quantum 
efficiencies and enabling efficient laser operation at longer wavelengths. (iii) High Damage 
Threshold: many fluoride crystals possess high laser-induced damage thresholds, making 
them suitable for high-power laser systems. And (iv) Diverse Dopant Compatibility: 
Fluoride crystals can be doped with various RE ions, allowing for a wide range of lasing 
wavelengths and applications. 
 
Lithium Yttrium Fluoride (LiYF₄), or YLF, is a notable crystalline material in solid-state 
laser technology, particularly valued as a laser gain medium when doped with rare earth 
ions. In this thesis we explored the cryogenic laser operation a Tm-doped YLF crystal, so 
in the following discussion we presented some key proprieties of this crystal including  the 
crystal structure, anisotropic properties, thermo-optic characteristics, and thermal 
properties of YLF, underscoring its significance in laser applications. 
YLF crystallizes in a tetragonal scheelite structure with lattice parameters of approximately 
a = b = 5.16 Å and c= 10.74 Å, exhibiting S₄ symmetry along the c-axis which leads to 
significant anisotropy in optical and thermal properties. The crystal structure of YLF is 
presented in Figure 2.28(a). RE3+ ions are doped in the YLF crystal in an orderly manner 
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and selected to replace the position of Y3+ (0.9 Å) ions because their ion radii are similar in 
size. At the same time, Er3+ ions occupy the crystallographic site of the S4 symmetry [130]. 
YLF crystal could be easily grown by the Cz method in an inert gas environment like argon 
or nitrogen, Figure 2.28(b) 
 

 
Figure 2.28. (a) View of the three-dimensional (3D) structure of RE3+-doped LiYF4[130]; (b) 
sample of undoped YLF crystal grown by Cz method [131].  

 
 
YLF  is a negative uniaxial crystal where absorption and emission spectra vary significantly for 
light polarized parallel (π) or perpendicular (σ) to the c-axis . the crystal has a birefringence (Δn 
= nₑ - nₒ) of around 0.02 and shows pronounced polarization-dependent absorption and 
emission.  Its ordinary refractive index (nₒ) = 1.45 and the extraordinary one is (nₑ) ≈ 1.47. 
Thermo-optically, it has coefficients of dn/dT(π)= -4.3 × 10⁻⁶ K⁻¹ and dn/dT(σ)= -2.0 × 10⁻⁶ K⁻¹, 
which mitigate thermal lensing effects[132,133]. YLF exhibits weak thermal lensing compared 
to many oxide crystals. This property allows for better beam quality in high-power laser 
operations. 
Thermally, YLF has a thermal conductivity of approximately 6 W/(m·K), moderate thermal 
shock resistance, and a melting point of around 819°C [131]. These properties make it suitable 
for high-power laser systems, including Nd, Er, Tm, Ho, and Yb lasers, each utilizing its distinct 
emission wavelengths for various applications, from high-energy pulsed systems to medical 
and sensing technologies. The combination of its unique anisotropic, thermo-optic, and thermal 
properties establishes LiYF₄ as a premier host material in the realm of solid-state lasers. 
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CHAPTER 3: Experimental techniques 
The experimental techniques used for growing and characterizing the laser crystals studied in 
this work are discussed in this chapter. The Optical Floating Zone Growth method implemented 
for growing the Yb-doped yttrium gallium garnet crystals (Yb:YGG) as well as the conventional 
Czochralski (CZ) ,used for the growth of the Yb-doped YLuAG crystal−Tm:CLTGG crystal−  
the garnet Tm,Ho-doped CNGG crystal− Tm:YLF crystal and the borate Yb:GdCB crystal, and 
its advanced version, the Low Thermal Gradient Czochralski (LTG-CZ), implemented for 
fabricating of the  double molybdates gain media (Yb:KYMo, Tm: KYMo and Nd:CsGdMo)  
are described. Furthermore, structural, spectroscopic, and microscopic characterizations of the 
laser crystals are addressed. Finally, the techniques and experimental setup used for laser 
experiments are described. 
 
3.1. Crystal growth methods 
3.1.1. Optical Floating Zone Growth. 
A variety of optical floating zone (OFZ) furnaces are available on the market, each offering 
distinct configurations designed to meet specific research and industrial needs. These furnaces 
typically feature either a two-mirror or four-mirror setup, where the mirrors are ellipsoidal in 
shape to precisely focus the energy onto the material being processed. The energy sources used 
in these systems are either incandescent tungsten halogen bulbs or xenon arc lamps, both of 
which are chosen for their ability to efficiently generate infrared energy. This infrared energy is 
particularly effective for heating because most oxide materials have a high absorption rate in 
this wavelength range, allowing for uniform and controlled heating. In recent advancements, 
OFZ furnace technology has begun to incorporate infrared laser diodes as a new energy source. 
This emerging technology offers several advantages, including enhanced control over the 
heating process and the potential for more efficient energy usage. The incorporation of infrared 
laser diodes also enables the development of innovative optical designs within the OFZ systems, 
allowing for even greater precision and flexibility in materials processing. These advancements 
in optical and energy source design reflect ongoing efforts to optimize OFZ furnaces for a wider 
range of applications [134–136]. More detailed information about commercially available 
furnaces can be found in references [137–139] and on the websites of various manufacturers.  

Modern furnaces are now equipped with advanced technology, including high-resolution video 
cameras that allow researchers to observe the crystal growth process in real-time. This feature 
is crucial for monitoring the intricate details of the growth phase, ensuring that any irregularities 
or issues can be detected and addressed promptly. Moreover, many of these furnaces are 
integrated with remote control systems accessible via the Internet. This connectivity provides a 
significant advantage, particularly during long-duration experiments, as it allows scientists to 
adjust and fine-tune the growth conditions from any location. This remote capability not only 
enhances the precision of the experiment but also improves efficiency by reducing the need for 
constant on-site supervision, thus facilitating more effective management of the crystal growth 
process over extended periods. 
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Figure 3.1. A schematic illustration of the OFZ setup includes the following components: M 
represents an elliptical mirror, H denotes an halogen tungsten lamp, TS is the x-y-z micrometer 
translation stage used for filament adjustment, QT stands for the vitreous silica tube (quartz 
glass), FR refers to the upper translation/rotation rod, CR is the ceramic feed rod, Lq signifies 
the liquid bridge or floating zone, X indicates the seed rod and crystal, and SR is the lower 
translation/rotation rod [140]. 

The OFZ setup is shown in Figure 3.1. In this crystal growth process, two ceramic rods meet at 
the focal point of ellipsoidal mirrors inside a fused silica tube, which controls the growth 
atmosphere. Halogen or xenon lamps are placed at the other focal points. Crystal growth begins 
by melting the rod tips to create a liquid bridge, or "floating zone," between the seed (bottom) 
rod and the feed (top) rod. This zone is moved upward by either lowering the rods or raising 
the mirrors [141].  As it moves, the melt cools and crystallizes on the seed rod, with the grain 
having the highest radial growth velocity continuing to develop. 

In this thesis, the OFZ method was utilized to grow the crystal gallium garnet Yb:YGG crystal 
gallium garnet crystals. A detailed description of the growth process for these crystals can be 
found in the corresponding papers. 
 
Success of the growth depends on the material quality, initial rod shape, and precise alignment 
of the seed and feed rods. The seed rod is securely fixed, while the feed rod can move 
independently. If the feed rod is rigidly mounted, high-quality, straight, and dense ceramic 
materials are needed, along with precise alignment. Starting with a crystalline, oriented seed 
aids in initial crystallization and prevents the molten liquid from being absorbed into a porous 
rod. However, oriented seeds are rarely available, so new material crystals are typically grown 
on ceramic seeds (figure 3.2) produced through a lengthy grain segregation process [141]. 
 
The stability of the growth process relies on material quality, starting rod shape, and precise 
alignment of the seed and feed rods. The seed rod is fixed to the lower shaft, while the feed rod 
can be adjusted vertically. The feed rod may be rigidly attached or loosely suspended. 
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Figure 3.2. Schematic of the nucleation stages on ceramic rods and grains expansion. 
Individual grains can exhibit facets (F) on the crystal lateral side. After last secondary grain 
termination (GT), single crystal continues to grow [142]. 

3.1.2. Czochralski crystal growth 
The Czochralski (Cz) crystal growth process, developed almost a century ago, [143] is a leading 
method in crystal growth. It is renowned in academia for precisely forming single-crystal 
cylindrical ingots of inorganic scintillating crystals, laser gain materials and is also applicable 
to organic crystals. This technique is used for growing semiconductors, oxides, fluorides, other 
halide crystals, and metals. Today, it is the main industrial method for producing nearly all 
congruently melting semiconductor materials and many oxide crystals. 

 
Figure 3.3. Schematic diagram of the Cz crystal growth process 

Despite its apparent simplicity (as shown in figure.3.3 and 3.4), the Cz process requires precise 
control over many factors that impact crystal quality and commercial viability, as listed in Table 
3.1. Most reports on the Cz growth of certain crystals lack detailed accounts of these variables. 
Therefore, the summary of growth results below is not a comprehensive description of the 
technology. However, many aspects of the crystal growth process are consistent and can be 
anticipated based on prior experience with other crystals, [144–146]. 
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Figure 3.4. The Cz method involves few steps: (A) bringing the seed crystal near the 
overheated melt, (B) immersing the seed into the melt for thermal equilibration, (C) pulling the 
seed upward and increasing the crystal diameter to form the shoulder, (D) pulling the crystal to 
keep a constant diameter, (E) gradually decreasing the diameter to finish growth, and (F) 
separating the crystal from the melt and cooling it to room temperature [147]. 

Table 3.1. Cz growth parameters. 
 
 
 
 
 
 
 
 
 
 
 

In 
the CZ technique, undoped materials typically grow at a few millimeters per hour, but doped 
materials, especially for laser applications like neodymium-doped YAG, require slower growth 
rates of a few tenths of a millimeter per hour to avoid defects and ensure uniform dopant 
distribution. For thermally sensitive crystals like LiNbO3 or LaTiO3, an auxiliary annealing 
furnace may be used. Growth conditions vary by crystal type, and the CZ method is versatile, 
producing a wide range of single crystals, including:  aluminates (YAlO3, LaMgAl11O19), 
silicates (Y2SiO5, Gd2SiO5, Lu2SiO5), germanates (Bi4Ge3O12, Bi12GeO20), vanadates (YVO4), 
borates (YCa4B3O10, GdCa4B3O10), tungstates (CaWO4), and fluorides (notably LiYF4) [148–
151]. In this work, the CZ technique has been used to grow the following crystals: Yb-doped 
the compositionally mixed YLuAG crystal−Tm:CLTGG crystal−  the garnet Tm,Ho-doped 
CNGG crystal− Tm:YLF and the borate Yb:GdCB crystal. The growth process for these crystals 
is thoroughly explained in the related papers. 
 
3.1.3. Low Thermal Gradient Czochralski Method. 
The Low Thermal Gradient Czochralski (LTG-Cz) method (an example of LTG-Cz furnace is 
shown in figure 3.5) is a refined version of the conventional Cz process characterized by 
maintaining a significantly lower temperature gradient between the melt and the growing 
crystal. This method involves precisely controlling the thermal environment around the crystal 
growth zone to minimize thermal stress and reduce the occurrence of defects. Here’s a detailed 
breakdown of its key aspects [152–154]: 

Item for Control Details 
Crucible Material composition, corrosion, melting point, shape and dimensions, 

contaminations, rotation, displacement, etc.   
Atmosphere Composition, pressure, flow rate, etc 
Seed Structure, composition, orientation, dimensions, shape, etc.   
Pulling Pulling rate, rotation (rate, acceleration, direction) etc.   
Thermal aspect Heating source and its power, hot zone design and insulation materials, 

temperature gradients, automatic diameter control, etc.   
Cost efficiency Melt solidification fraction, cost of the crucible and the melt ingredients, 

cost of apparatus, time consumption for the preparation of starting 
materials, total time of the growth process and energy costs, etc.   
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- Reduced thermal gradient: In the LTG-Cz method, the temperature difference between 
the molten material and the crystallizing solid is carefully minimized. This is achieved 
by optimizing the heating elements, insulation, and crucible design to ensure a more 
uniform temperature distribution. 

- Annealing furnace integration: For materials sensitive to thermal shocks, such as lithium 
niobate (LiNbO3) or lanthanum titanate (LaTiO3), an auxiliary annealing furnace is 
often integrated into the system. This helps to gradually cool the crystal and further 
reduce thermal stresses. 

- Improved crystal quality: By reducing the thermal gradient, the LTG-Cz method helps 
in minimizing local supercooling phenomena, known as striations, which are common 
defects in crystals grown by the traditional Cz method. This leads to the production of 
crystals with higher structural integrity and uniformity. 

- Homogeneous dopant distribution: For doped crystals, especially those used in laser 
applications (e.g., Nd-doped YAG), maintaining a low thermal gradient ensures a more 
uniform distribution of dopants. This is crucial for achieving high laser performance. 

  
Figure 3.5. Scheme of the furnace for LTG-Cz technique [154].  

The LTG-Cz method is especially advantageous for growing a diverse array of laser crystals, 
including garnets , silicates, germanates, molybdates, borates, tungstates, and fluorides[152]. 
These materials are highly valued in various laser systems due to their superior optical 
properties and stability. In this thesis, LTG-Cz method was used to grow the double molybdates 
gain media (Yb:KYMo, Tm: KYMo and Nd:CsGdMo) 
In summary, the Low Thermal Gradient Czochralski method marks a significant advancement 
in crystal growth technology for laser applications. By meticulously controlling the thermal 
environment, this technique yields high-quality crystals with fewer defects and a more uniform 
distribution of dopants, thereby enhancing the performance of laser devices. 
 
3.2. Crystal orientation 
Many host crystals in this study lack a cubic structure and must be properly oriented for 
polarization-dependent spectroscopy. Optics involves studying how light changes when it 
enters and exits a material, focusing on variations in refractive index. Crystals are classified as 
isotropic if the refractive index is constant in all directions, and anisotropic if it varies with the 
direction of light propagation. 
Anisotropic crystals are categorized into uniaxial (one optic axis) and biaxial (two optic axes) 
groups. An optic axis is a direction where light does not experience birefringence. When light 
travels in other directions, it splits into orthogonally polarized ordinary and extraordinary rays. 
Crystals in this thesis are also classified by crystallographic principles, described as periodic 
structures defined by repeatable fundamental cells with vectors and lengths a, b, and c. 
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A cubic crystal has equal lattice parameters lengths (a = b = c) and 90° angles between them. 
In a tetragonal system, a = b ≠ c with 90° angles. Hexagonal and trigonal crystals have a = b ≠ 
c with 90° angles for α and β, and 120° for γ. Orthorhombic crystals have different edge lengths 
(a ≠ b ≠ c) but 90° angles. The monoclinic system also has different edge lengths (a ≠ b ≠ c) 
with α = β = 90° and γ ≠ 90°. In the triclinic system, all edge lengths and angles are different. 
 
The relationship between these classifications can be summarized as follows: 

• Cubic systems are uniquely isotropic. 
• Hexagonal, trigonal, and tetragonal systems have a c-axis as their source of anisotropy 

and optic axis, making them uniaxial crystals. 
• Orthorhombic, monoclinic, and triclinic systems, which exhibit higher levels of 

anisotropy, possess two optic axes, and are referred to as biaxial crystals. 
 
To determine the c-axis orientation in a uniaxial crystal that coincides with the π polarization, 
unpolarized light is used with two crossed polarizers. The first polarizer filters the light to 
vibrate parallel to its direction, and the second polarizer, oriented perpendicularly, causes light 
extinction. When the crystal is placed between them and rotated, light transmission varies. 
 
In an isotropic crystal, when the crystal is placed between two crossed polarizers, light 
transmission remains unchanged regardless of rotation, resulting in zero transmission. 
However, an anisotropic crystal shows birefringence, allowing some light to pass through the 
analyzer based on the crystal's orientation during rotation. 
For a uniaxial crystal, if the optic axis aligns with the light direction, the crystal acts 
isotropically, and light transmission is zero regardless of rotation. If the optic axis is not parallel, 
light passes through the second polarizer used as an analyzer, and transmitted intensity varies 
with rotation. A conoscopic lens between the crystal and the second polarizer can reveal the 
crystal axis direction through the emerging interference figure. 
When the crystal is biaxial, a mere analysis of the polarization changes of the transmitted light 
is usually not enough to determine precisely the position of the optic axes. For that reason, there 
is another setup could be used consisted of  a system of crossed polarizes coupled to Polarized 
Light Microscope equipped with a rotating stage and a conoscopic lens. 
 
For crystallographic orientation, micro-X-ray diffraction (µXRD) was employed in this thesis 
for precise crystal orientation . µXRD determines an X-ray diffraction pattern (figure 3.6) based 
on crystal symmetry using a collimated, broad-spectrum X-ray beam. The crystal remains 
stationary, and specific wavelengths in the beam meet Bragg's law conditions for constructive 
interference. 
 

 
Figure 3.6. (a) General area detector diffraction system image exhibiting diffraction spots. (b) 
Image of a crystal collected at χ: 90°. 

At the Serveis de Recursos Cientifics i Tècnics (SRCiT) of the URV, XRD measurements were 
performed using a Bruker-AXS D8-Discover diffractometer. This device features a parallel 
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incident beam, a vertical θ-θ goniometer, an XYZ motorized stage on a ¼ Eulerian cradle, and 
a General Area Diffraction System (GADDS). Samples are placed on the holder, and the area 
of interest is targeted with a video-laser focusing system. The X-ray collimator analyzes areas 
as small as 500 μm. Operating at 40 kV and 40 mA, it generates Cukα radiation. The VÅNTEC-
500 GADDS detector, positioned 15 cm from the sample, collects frames in omega-scan mode 
(2D XRD patterns) over ~5-90° 2θ, with 60 seconds per frame. These frames are chi-integrated 
into conventional 2θ vs. intensity diffractograms. The diffraction peaks' coordinates in 
reciprocal space are used to calculate lattice parameters in real space, analyzed by computer 
programs. A few diffraction patterns with different orientations typically suffice to determine 
the crystal's exact crystallographic axes, essential for cutting and polishing samples for 
polarization-dependent spectroscopic or laser experiments. 

3.3. Samples cutting and polishing 
This process is conducted in two phases: the first phase involves cutting and shaping, while the 
second phase focuses on polishing. Both stages are performed in FiCMA’s laboratory. Initially, 
the as-grown crystal is roughly cut using a disk saw, and then shaped to precise dimensions 
with a stainless-steel wire saw utilizing an abrasive fluid. The crystal can be formed into 
parallelepiped shapes, potentially cut at Brewster's angle for bulk crystals, or into thin slices a 
few millimeters thick. Subsequently, these shaped crystals are polished using a Logitech PM5 
polisher, as shown in Figure 3.7(a). 

 
Figure 3.7. (a)Lapping and polishing machine (PM5 from Logitech; (b) Logitech Precision 

JIG  
 
We start by mounting the crystal sample in the JIG device shown in Figure 3.7(b) and then place 
it into the Logitech PM5.  The lapping process begins with a coarse alumina solution with a 
grain size of 9 µm, followed by a finer 3 µm alumina solution. After each step, the crystals are 
polished using a 1 µm deagglomerated calcined alumina solution. Figure 3.8 illustrates the 
surface condition of a garnet crystal under an optical microscope, both before and after 
polishing with the 1 µm deagglomerated calcined alumina solution. Sometime depend on the 
processed material, polished using  0.3 µm alumina solution is needed to get very high surface 
quality. 
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Figure 3.8. Crystal before and after polishing with a 1 µm deagglomerated calcined alumina 
solution. 

 
3.4. Overview of characterization techniques 
Various techniques have been applied to study the properties of materials, including physico-
chemical and microstructural characterizations, as well as optical spectroscopy. They are listed 
in Table 3.2 

Table 3.2. Summary of characterization methods used to study RE3+-doped materials in this thesis. 
Method Abbrev. Purpose 
Structural characterization 
Powder X-ray diffraction XRPD Phase identification 
Rietveld analysis  Structure refinement 
Temperature-dependent XRD  Thermal expansion 
Differential thermal analysis DTA Thermal behavior. Phase changes 
Electron probe micro-analysis EPMA Dopant ion density 
Micro-X-ray diffraction. Reciprocal 
space mapping. Rocking Curves 

µXRD / 
RSM / RC 

Microstructural characterizations: Phase and 
crystallographic orientation confirmation / lattice 
parameters and Lattice mismatch 

Energy-Dispersive X-ray spectroscopy EDX Element mapping 
Scanning electron microscopy SEM Morphology and Structural study 
Confocal and Interferometric laser 
microscopy 

 Morphology and Structural study / Roughness 
measurements 

Raman spectroscopy  Vibronic properties 
Optical characterization 
Absorption spectroscopy  Absorption cross-section 
Luminescence spectroscopy  Stimulated emission cross-sections 
Luminescence kinetics  Luminescence lifetimes 
Low-temperature spectroscopy LT Crystal-field splitting 
Judd-Ofelt analysis J-O Transition probabilities 

 
3.4.1. Structural characterization 
3.4.1.1. X-ray diffraction 
X-ray diffraction (XRD) is a nondestructive analytical technique used to study the atomic 
structure of crystalline materials. When X-rays of a specific wavelength strike a crystal, they 
interact with the regularly spaced atoms in its lattice, causing the atoms to vibrate and emit 
scattered X-rays. These scattered X-rays interfere both constructively and destructively, 
creating a distinct diffraction pattern that reveals information about the atomic arrangement 
within the crystal. This pattern appears as a series of spots or peaks on a detector, with their 
positions and intensities providing valuable insights into the lattice parameters, symmetry, and 
crystallographic orientation of the crystal. 
By analyzing the diffraction pattern, the crystal structure is determined, its unit cell dimensions 
and atomic positions, which are crucial for understanding the material's properties and behavior. 
XRD is generally classified into three main types: single-crystal diffraction, powder X-ray 
diffraction, and micro-X-ray diffraction: 

o Micro-X-ray diffraction (µXRD) provides detailed information about the atomic 
arrangement within a crystal, including precise bonding distances, angles, and 
molecular conformations. By rotating the crystal and collecting data from various 
crystallographic orientations, µXRD is typically used to determine lattice parameters, 
crystalline quality (mosaïcity), and crystallographic orientation. The resulting 
diffraction patterns are collected in reflection on the detector, appearing as a distribution 
of spots in reciprocal space. Each spot corresponds to the reflection of a family of 
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crystallographic planes, identified by their Miller Indices (hkl). The experimental setup 
was detailed in the previous section. 

o Powder X-ray Diffraction (XRPD): XRPD is utilized for phase analysis of crystalline 
samples, including determining their crystalline nature, phase composition, and grain 
size measurements. This technique requires a polycrystalline sample with small, 
randomly distributed grain sizes. A fine powder of the material, consisting of numerous 
microcrystalline domains in random orientations, is created by finely milling the 
crystalline samples. When X-rays pass through this powder, they are diffracted by 
various crystalline domains, creating a diffraction pattern of rings on the detector. These 
rings correspond to different crystallographic planes within the powder. By analyzing 
this pattern, information about the crystal microstructure can be obtained and phase 
composition (nature, dosage, and size of the crystallites). For XRPD, it is common for 
the X-ray beam to be not perfectly monochromatic, with the Kα1 and Kα2 rays not 
separated, to achieve a more intense incident beam. 

o Temperature-dependent XRD was employed to determine the thermal expansion 
coefficient of several single crystals studied in this thesis, allowing for predictions of 
their thermal expansion behavior. 

 
3.4.1.2. Raman spectroscopy 
The most prevalent scattering process observed in this context is Rayleigh scattering, where the 
scattered photon retains the same energy and wavelength as the incident photon, resulting in no 
net energy change for the molecule. However, Raman scattering, a less common but highly 
significant inelastic scattering process, involves an exchange of energy between the incident 
photon and the molecule. This energy exchange can occur in two distinct ways:  
(i).Stokes Raman scattering: In this process, the molecule absorbs energy from the photon, 
causing an increase in the photon's wavelength (i.e., a decrease in its energy). This type of 
scattering is more commonly observed because most molecules in a sample are in their ground 
vibrational state, making it easier for them to gain energy. 
(ii). Anti-Stokes Raman scattering: Conversely, in this process, the molecule loses energy to the 
photon, resulting in a decrease in the photon's wavelength (i.e., an increase in its energy). Anti-
Stokes scattering is less common and typically less intense because it requires molecules to be 
in an excited vibrational state, which is less likely under normal conditions. 
Due to the higher probability and intensity of Stokes Raman scattering, it is primarily measured 
in Raman spectroscopy to gather detailed information about the vibrational states of the 
molecules in a sample. The relationships and origins of Rayleigh, Stokes, and Anti-Stokes 
Raman scattering processes are visually depicted in Figure 3.9, providing a clear representation 
of these fundamental concepts. 
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Figure 3.9. Jablonski diagram showing the origin of Rayleigh, Stokes and Anti-Stokes Raman 
Scattering [155].  
 

In this PhD study, Raman spectra were obtained using a confocal Raman microscope (inVia, 
Renishaw) with a ×50 objective (Leica) and laser excitation sources (Ar+ ion laser at 514 nm 
and He-Ne laser at 633 nm) also located at the SRCiT of the URV. Figure 3.10 displays the 
schematic and images of the InVia Raman spectrometer. The system includes a light source for 
excitation, a detector for capturing Raman scattered light, and an optical system for directing 
the excitation radiation to the sample, collecting the scattered light, and transmitting it to the 
detector. 
 

 
Figure 3.10. (a) Layout of Renishaw inVia confocal Raman spectrometer. The key components 
are highlighted. Adapted from Renishaw’s documentation; (b) Renishaw Raman spectrometer 
available at the URV facility used for the analysis presented in this thesis. 

3.4.2. Scanning electron microscopy 
Scanning Electron Microscopy, SEM is a widely used technique for high-resolution surface 
analysis, offering excellent depth of field images of surface topography. It employs a highly 
focused scanning electron beam with an energy range of 0.5–30 kV. This beam interacts with 
the surface, generating low-energy secondary electrons influenced by the surface topography. 
By measuring these electrons' intensity relative to the scanning beam's position, a detailed 
surface image is created. The beam also produces backscattered electrons and X-rays, with 
backscattered electron intensity correlating to the sample's atomic number, providing 
qualitative elemental information. Figure 3.11 illustrates the basic SEM setup. 
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Figure 3.11. Basic SEM set-up and its electron path. 

Within this PhD study, the SEM was applied for the morphological and microstructural study 
of layers from the cleaving KY(MoO4)2 crystals. These crystals were studied by SEM at the 
SRCiT using a JCM-7000 NeoScope Benchtop microscope (Jeol) with an integrated Energy 
Dispersive X-ray (EDX) module, see it in Figure 3.12. The accelerating voltage was 15 kV, the 
working distance was 13 mm, and the measurements were performed in a high-vacuum mode. 

 
Figure 3.12. Image of the SEM used at SRCiT facility of the URV 

 
3.4.3. Optical characterization 
3.4.3.1. Optical Absorption 
The capability of a material to absorb light is typically assessed using optical absorption 
spectroscopy. This analytical technique involves comparing the intensity of a monochromatic 
light beam passing through a sample with that of an unabsorbed reference beam of the same 
wavelength. By systematically varying the wavelength to cover the desired spectral range, 
absorption measurements can be obtained. Absorption spectroscopy has multiple applications, 
including determining the optimal pump wavelength, calculating absorption cross-sections, and 
providing insights into the lattice structure by examining the distribution of Stark sublevels 
within the absorption bands.  
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The shape, width, and, to some extent, the spectral position of rare-earth absorption bands are 
influenced by the interaction between the energy levels of the rare-earth ions and the local 
crystal field in which they are embedded. This interaction significantly affects the material's 
absorption characteristics. 

To evaluate the transparency and absorption of the materials under study, transmission spectra 
were measured from the UV to the near-IR range using an UV/Vis/NIR spectrometer (Cary 
5000). The resolution (spectral bandwidth, SBW) was 0.25 nm in the visible range and 0.7 nm 
in the near-IR, see it in Figure 3.13. 

 
Figure.3.13. Carry 5000 spectrometer available at our lab FiCMA: (a) a photograph of the 
machine; (b) view of the different optical components inside the machine. 

From the obtained transmission spectra, absorption spectra were recalculated using the Beer-
Lambert law [156]: 

𝐼(𝜆, 𝑑) = 𝐼଴(𝜆)𝑒ିఈ(ఒ)ௗ, Eq.3.1 

where I is the transmitted intensity, I0 is the incident intensity, α and d are the absorption 
coefficient and the sample thickness, respectively. Thus, the absorption coefficient can be 
expressed as follows: 

𝛼(𝜆) = ଵ
ௗ 𝑙𝑛

ூబ(ఒ)
ூ(ఒ,ௗ) , Eq.3.2 

With the doping concentration Ndopant, the absorption cross-section can be determined as 
follows: 

𝜎௔௕௦(𝜆) =
ఈ(ఒ)

ே೏೚೛ೌ೙೟
 , Eq.3.3 

 
3.4.3.2. Luminescence (emission and lifetime measurements) 
Atoms excited to high energy levels release energy by transitioning to lower levels. When 
excited by a high-temperature source, this emission is called atomic or optical emission. If light 
causes the excitation, it is called atomic fluorescence. Photoluminescence refers to energy 
released as light during these transitions, while non-radiative decay occurs without light 
emission. 
The photoluminescence spectrum reveals transition energies, helping determine electronic 
energy levels. The intensity of photoluminescence indicates the rates of radiative and non-
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radiative recombination. Photoluminescence identifies electronic transitions and their lifetimes. 
Under pulsed excitation, transient photoluminescence intensity shows the lifetime of 
nonequilibrium states, with emission intensity decreasing exponentially over time. The 
radiative lifetime (τrad) is the time it takes for emission intensity to fall to 1/e of its initial value, 
important for understanding electronic level depopulation and excitation dynamics. Analyzing 
this light provides extensive information about the photo-excited material. 
The emissions spectra measured in the range visible-1200 nm were collected using AQ6373E 
Visible Wavelength Optical Spectrum Analyzer (OSA) from Yokogawa Electric Corporation, 
see it in Figure 3.14(a). This OSA come with very high  wavelength resolution variable  from 
0.02 up to 10 nm in the range 350-1200 nm.  For the emission in the ~2 µm, we used AQ6375E 
Long Wavelength OSA, from Yokogawa as well−see it in Figure 3.14(b) , come with high 
resolution up to 0.05 nm and High sensitivity down to -70 dBm in the range 1200-2400 nm. 

 
Figure 3.14. (a) AQ6373E visible wavelength OSA; (b) AQ6375E long wavelength OSA. 

  
The luminescence lifetime was studied using a ns optical parametric oscillator (Horizon, 
Continuum), a 1/4 m monochomator (Oriel 77200), and an 8 GHz digital oscilloscope 
(DSA70804B from Tektronix). A photomultiplier tube was used for visible wavelengths, while 
an InGaAs detector was employed for NIR emissions. To prevent the reabsorption of emitted 
light from affecting the measured lifetimes, the samples were ground into a fine powder before 
testing. 
 
3.4.3.3. Low-temperature spectroscopy 
Low temperature (LT) spectroscopy is an important technique used to study the energy levels 
and transitions of rare-earth ions in various host materials. This method becomes particularly 
valuable when investigating the fine details of Stark splitting, which is the splitting of 
degenerate energy levels in a crystal field.  Rare-earth ions, such as those from the lanthanide 
series, possess unique electronic configurations that result in rich and complex spectra. These 
ions typically have unfilled 4f orbitals, which are shielded by the outer 5s and 5p orbitals. This 
shielding effect causes the 4f electrons to be relatively unaffected by the surrounding crystal 
field, leading to sharp and well-defined spectral lines. However, in the presence of a crystal 
field, the degeneracy of the energy levels of rare-earth ions is lifted, resulting in Stark splitting. 
This phenomenon can provide detailed information about the local environment of the ions, 
including symmetry properties and the strength of the crystal field. Performing spectroscopy at 
low temperatures is crucial for several reasons: 

1. Reduced thermal broadening: At higher temperatures, thermal vibrations cause 
broadening of spectral lines, which can obscure fine details. LT minimize these 
vibrations, leading to sharper spectral lines and better resolution of Stark components. 

2. Population of lower energy states: Rare-earth ions have numerous closely spaced 
energy levels. At LT, only the lower energy states are significantly populated, 
simplifying the spectra and making it easier to assign and analyze Stark components. 
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3. Increased sensitivity: LT conditions often enhance the intensity of spectral lines, 
improving the signal-to-noise ratio and making it easier to detect weak transitions. 

Cryogenic temperatures for luminescence and absorption were obtained by an Oxford closed-
cycle helium CCC1104 cryostat, see the setup in figure.3.15. 
 

 
Figure 3.15. Helium cryostat experimental set-up 

 
3.4.3.4. Judd-Ofelt (J-O) calculations  
In this PhD work, the transition intensities of the RE3+ ions (specifically Tm3+ and Ho3+) in 
different crystal hosts were analyzed using the Judd-Ofelt (J-O) formalism for electric-dipole 
(ED) contributions. Magnetic-dipole (MD) transitions (for ΔJ = J – J’ = 0, ±1, except for J = J’ 
= 0) were calculated separately using the Russell–Saunders approximation on RE3+ wave 
functions, assuming a free-ion model [157]. These calculations require dispersion curves of the 
laser crystal hosts. For anisotropic crystals, values are polarization averaged. The absorption 
oscillator strengths were determined from the measured absorption spectra:  

〈𝑓௘௫௣(𝐽𝐽′)〉 =
௠೐௖మ

గ௘మேೃಶయశ〈ఒ〉మ
〈𝛤(𝐽𝐽′)〉; Eq.3.4 

where me and e represent the electron's mass and charge, respectively, c is the speed of light, 
<Г(JJ′)> is the integrated absorption coefficient over the absorption band, and 〈λ〉 denotes the 
"center of gravity" of the absorption band. 

According to the standard J-O theory, the ED line strengths for J → J′ transitions, SED(JJ′), used 
for Ho3+ and Tm3+ ions in this study, are referenced in [158,159]: 

𝑆calcED (𝐽𝐽′) = ∑ 𝑈(௞)𝛺௞௞ୀଶ,ସ,଺ ; Eq.3.5 

𝑈(௞) = ⟨(4𝑓௡)𝑆𝐿𝐽||𝑈௞||(4𝑓௡)𝑆′𝐿′𝐽′⟩ଶ; Eq.3.6 

Let us consider the potential configuration interaction. If the interaction is only influenced by 
the lower-energy excited configuration of the opposite parity, the ED line strengths are given 
by [16]: 

𝑆calcED (𝐽𝐽′) = ∑ 𝑈(௞)𝛺෨௞௞ୀଶ,ସ,଺ ; Eq.3.7 

𝛺෨௞ = 𝛺௞[1 + 2𝛼൫𝐸௃ + 𝐸௃′ − 2𝐸௙଴൯]; Eq.3.8 

In this context, the intensity parameters 𝛺෨k are linear functions of the energies EJ and EJ′ of the 
two multiplets in the J → J′ transition. Ef

0 is the mean energy of the 4fn configuration, and α 
≈1/(2Δ) is the average energy difference between the 4fn and 4fn-15d1 configurations. 
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This approximation is known as the modified Judd-Ofelt (mJ-O) theory. In mJ-O theory, 𝛺෨ k 
parameters are converted to Ωk parameters of the standard theory by assuming a high-energy 
4fn-15d1 configuration, making the energy difference Δ approach infinity (or α approach zero). 

The absorption oscillator strengths relate to the line strengths: 

𝑓calc
ஊ (𝐽𝐽′) = ଼

ଷ௛(ଶ௃ାଵ)〈ఒ〉
ቀ௡

మାଶ
√ଽ୬

ቁ
ଶ
𝑆calc

ED (𝐽𝐽′) + 𝑓calc
MD(𝐽𝐽′); Eq.3.9 

where h is the Planck constant, n is the refractive index of the crystal at 〈λ〉 and the superscript 
“Σ” stands for the total (ED+MD) value. In the standard J-O theory, there are three free 
parameters, (Ω2, Ω4, Ω6), and in the mJ-O theory, there are four free parameters, (Ω2, Ω4, Ω6 
and α). 

The intensity parameters are significant because they describe the strength of electric dipole 
transitions, which are typically parity forbidden in the 4fn shell of a free ion. However, a non-
centrosymmetric crystal field can mix states of opposite parity, lifting this restriction. 
The calculation of these intensity parameters assumes: (i) ground 4fn states are linear 
combinations of Russell-Saunders coupled states, (ii) ground 4fn and excited 4fn-15d1 
configurations are degenerate, with the excited configuration much higher in energy, (iii) all 
Stark sub-levels of the ground manifold are equally populated, and (iv) the local field 
approximation holds. 
Under these conditions, the line strengths of electric dipole transitions follow a standard 
equation, and the same set of intensity parameters (Ωk) applies to all transitions, aligning with 
weak configuration interaction (WCI) or the standard J-O theory. These parameters include 
odd-order crystal field terms and radial integrals of wavefunctions. While theoretically 
computable, they are usually fitted to experimental absorption data [19]. 

The mJ-O theory accounts for the varying energies of different multiplets in the ground 
configuration and their energy gaps relative to the excited 4fn-15d1 configuration. Thus, intensity 
parameters depend on the multiplets' energies and the average energy gap, as shown in 
Equations 3.7 and 3.8. 
The standard J-O theory assumes the energy gap between the ground 4fn configuration,  and 
any excited configuration is much larger than the energies of the involved multiplets, which 
isn't valid for most trivalent rare-earth ions except Yb3+ and Ce3+. This is particularly true for 
higher-lying 4fn multiplets, requiring configuration interaction consideration for ions like Ho3+ 

and Tm3+ studied in this thesis. The discrepancy is especially noticeable in Pr3+ ions, where the 
standard J-O theory fails to explain experimental transition intensities, with further details 
available elsewhere. The probabilities of radiative spontaneous transitions for emission 
channels J → J′ are then determined from the corresponding line strengths in emission: 

𝐴calc
ஊ (𝐽𝐽′) = ଺ସ ర௘మ

ଷ௛(ଶ௃ାଵ)⟨ఒ⟩య
𝑛 ቀ௡

మାଶ
ଷ
ቁ
ଶ
𝑆calc

ED (𝐽𝐽′) + 𝐴calc
MD(𝐽𝐽′); Eq.3.10 

Using the Acalc values, the total probabilities of spontaneous radiative transitions from the 
excited states (Atot), the radiative lifetimes (τrad), and the luminescence branching ratios (B(JJ′)) 
were determined for specific emission channels: 

𝜏௥௔ௗ =
ଵ

஺೟೚೟
, where 𝐴௧௢௧ = ∑ 𝐴௖௔௟௖ஊ (𝐽𝐽ᇱ)௃ᇲ ; Eq.3.11 
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𝛽(𝐽𝐽ᇱ) = ஺೎ೌ೗೎
ಂ (௃௃ᇲ)
஺೟೚೟

 ; Eq.3.12 

3.4.4. Laser experiments 
3.4.4.1. Laser cavities 
The laser experiments with single crystals discussed in this thesis were conducted using four 
different types of resonators. The first type is the two-mirror laser cavity, which includes two 
setups: the plane-plane (microchip) laser cavity, illustrated in figure.3.16(a), and the plane-
concave (hemispherical) laser resonator, figure.3.16(b): in the microchip setup, the crystal gain 
medium is wrapped in in foil on all four lateral sides to enhance heat dissipation. It is secured 
in a copper holder cooled by circulating water. Both end facets of the crystal are polished to 
laser quality. This laser cavity comprises a flat pump mirror (PM) coated for high transmission 
(HT) at the pump wavelength and high reflection (HR) at the laser wavelength. The output 
couplers (OCs) are flat with partial transmission at the laser wavelength. Both cavity mirrors 
are positioned close to the crystal end faces. The microchip laser cavity offers the potential for 
miniaturization, power scaling and increased laser efficiency. For the hemispherical  resonator, 
the laser is achieved by using a concave output coupler instead of a flat one with a typically 
used radius of curvature (RoC) of −25 to −75 mm. This setup provides the ability to tune the 
laser by utilizing a lyot filter. 

 
Figure 3.16. Two-mirror laser cavity: (a) the plane-plane (microchip) laser cavity; (b) plane-
concave (hemispherical) laser resonator. 

For cryogenic laser operations, an L-shaped cavity was used, as shown in figure 3.17. The LT 
laser experiments have been carried out at the HILASE Center, Institute of Physics the Czeck 
Republic. This setup includes: 

- A concave rear mirror with HR coating at the laser wavelength and a RoC of -300 mm. 
- A plane dichroic mirror with HR coating at the laser wavelength and high HT at the 

pump wavelength. 
- AR coated plane-convex lens. 
- A series of plane output couplers with partial transmission at the laser wavelength. 

The pump beam is collimated and focused into the laser element using two AR-coated 
achromatic lenses. The crystal is placed in a vacuum chamber between the dichroic mirror and 
the intracavity lens, wrapped in in foil, and mounted in a copper holder for conduction cooling. 
To prevent condensation, the chamber is kept at a pressure of 10-5 mbar. Cryogenic temperatures 
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are achieved with a closed-cycle helium cryostat (CH-204, JANIS), providing 13.5 W cooling 
power at 100 K. A Lake Shore temperature controller (DT 670) with a silicon diode sensor and 
a 50 Ω heater monitors and maintains the sample temperature. 

 
Figure 3.17. Schematic of the experimental setup for studying the cryogenic laser performance. 

Another type of cavity was also utilized in this thesis, characterized as a 4-mirror astigmatically 
compensated X-folded linear cavity. These experiments were carried out at the Max Born 
Institute for Nonlinear Optics and Short Pulse spectroscopy (MBI) in Berlin, Germany. The 
configuration of this cavity is illustrated in figure.3.18. In this setup, a coated laser element is 
positioned at normal incidence between two folding concave mirrors, M1 and M2,  with a RoC 
of 100 mm. When the crystal is uncoated, it can be placed at Brewster’s angle to minimize 
losses and reflections for horizontal polarization pumping. A focusing pump beam is directed 
into the laser crystal through the folding mirror M1 with the aid of a focusing lens. For the CW 
operation, a flat, highly reflective mirror M3 is employed, along with a set of flat OCs, which 
can be either planar or plane-wedged, featuring partial transmission at the laser wavelength. 
Additionally, for the purpose of wavelength tuning experiments, a Lyot filter was incorporated 
near the output coupler. This filter allows precise control over the laser wavelength by adjusting 
the optical path length within the cavity. This setup is designed to ensure optimal performance 
and adaptability for a wide range of experimental conditions. For instance, it is highly suitable 
for use in mode-locked lasers, which can be achieved by incorporating additional components 
such as saturable absorbers and dispersion control optics into the cavity. 

 

Figure 3.18. Astigmatically compensated X-folded linear cavity. 

3.4.4.2. Pump sources  
The pump sources utilized in the experiments can be categorized based on the type of active ion present 
in the laser gain medium: 

Pump Sources for Yb ⁺ Ions: 
- Yb:LuYAG Crystal: A continuous-wave Ti:sapphire laser (model 3900S, Spectra Physics), precisely 
tuned to 941.0 nm, operating in the fundamental transverse mode with a beam quality factor (M²) close 
to 1, was employed to pump the Yb:LuYAG crystal for tunable CW operation. For power scaling 
experiments involving this crystal, a fiber-coupled InGaAs laser diode (LD) with a core diameter of 105 
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µm and a numerical aperture (N.A.) of 0.22 was used. The LD was stabilized using a VBG, which 
ensured an emission with a Full Width at Half Maximum (FWHM) of approximately 0.1 nm, centered 
precisely at 969.2 ± 0.1 nm. To maintain stability in the emission wavelength, the LD was temperature-
controlled using a cooling chiller. This same LD was also employed during the cryogenic operation of 
the Yb:LuYAG crystal in laser mode. 

-Yb:KYMo Crystal: A fiber-coupled InGaAs LD was used as the pump source, emitting unpolarized 
output at a central wavelength of approximately 968 nm. The LD had a fiber core diameter of 105 µm 
and N.A. of 0.22, making it suitable for efficiently pumping the Yb:KYMo crystal. 

-Yb:GdCB Crystal: The pump source for the Yb:GdCB crystal was a multi-transverse mode, fiber-
coupled InGaAs laser diode capable of emitting up to 50 W of unpolarized radiation at 976 nm. The 
fiber used had a core diameter of 105 µm and N.A. of 0.15. To ensure consistent performance over the 
entire operating range, the emission wavelength of the laser diode was stabilized by a VBG element with 
a linewidth of approximately 0.7 nm. 

-Yb:YGG Crystal (Cryogenic CW Laser Operation): For the cryogenic CW laser operation of the 
Yb:YGG crystal, a 60 W laser diode (BWT Beijing LTD) was utilized. This diode was wavelength-
locked at 968.8 nm with a narrow spectral bandwidth of 0.40 nm, thanks to an integrated VBG element. 
The laser light was coupled to a fiber with a core diameter of 105 µm and N.A. of 0.22, ensuring efficient 
pump delivery. 

Pump Sources for Nd ⁺ Ions: 
-Nd:CsGdMo Crystal: For the crystal doped with Nd³⁺ ions (Nd:CsGdMo), a continuous-wave 
Ti:sapphire laser (model 3900S, Spectra Physics) was used as the pump source. This laser delivered up 
to 3 W at a wavelength of 808.8 nm in the fundamental mode (M² ≈ 1). The pump beam was polarized, 
and a half-wave plate was employed to adjust the polarization to align with the crystal’s maximum 
absorption, ensuring optimal pump efficiency. 

Pump Sources for Tm ⁺ Ions: 
-Tm:KYMo Crystal: The Tm:KYMo crystal used in the CW laser operation was pumped by a fiber-
coupled AlGaAs laser diode, emitting up to 17 W of unpolarized output at 802 nm. The LD featured a 
fiber core diameter of 200 µm and N.A. of 0.22, with an M² of 86. 

-Tm:CLTGG Crystal: The pump source for the Tm:CLTGG crystal consisted of a fiber-coupled AlGaAs 
LD with a core diameter of 200 µm and N.A. of 0.22. This diode emitted unpolarized output at a central 
wavelength of 793 nm with an emission bandwidth of 5 nm, and an M² greater than 80. 

-Tm:YLF Crystal (Cryogenic CW Laser Operation): For the cryogenic CW laser operation of the 
Tm:YLF crystal, a LD emitting at 793 nm (BWT Beijing LTD) was employed as the pump source. The 
diode’s emission bandwidth was stabilized to 0.5 nm by a VBG element. The fiber-coupled diode had a 
core diameter of 105 µm and N.A. of 0.22, delivering a maximum output power of 25 W. 

Pump Sources for Tm ⁺/Ho ⁺ Codoped Systems: 
-Tm,Ho:CNGG Crystal: For this crystal, the applied pump source was a narrow-band continuous-wave 
Ti:sapphire laser with a maximum output power of 3.6 W at 785.6 nm. The laser operated in the 
fundamental mode (M² ≈ 1), ensuring a highly efficient and stable pump for the codoped crystal system. 

3.4.4.3. Equipments used for laser characterization 
The characterization of laser emission spectra at 1 µm was carried out using a compact spectrometer 
from Ocean Optics, specifically the USB 2000+ model, which offers a high spectral resolution of 0.3 
nm. This device was essential for capturing detailed emission spectra during the experiments. 
Additionally, in certain experimental setups, an optical spectrum analyzer (OSA) device, the Ando 
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AQ6315-E, was employed to provide further spectral analysis and to ensure accurate measurement of 
the laser's optical output. 

For the analysis of passively Q-switched pulses, an ultrafast silicon photodiode (model UPD-500-UP, 
manufactured by Alphalas) was utilized. This photodiode is notable for its 6 GHz bandwidth and an 
impressive rise time of less than 500 picoseconds, making it highly suitable for detecting rapid pulses 
with high precision. The pulses detected by the photodiode were then recorded and analyzed using a 
digital oscilloscope. The oscilloscope used for this purpose was the Teledyne LeCroy Wavesurfer, which 
features a bandwidth of 600 MHz and a sampling rate of 10 GS/s, enabling the accurate capture and 
detailed examination of the pulse characteristics. 

When analyzing the spectral output of the laser at 2 µm, a different spectrometer, the WaveScan from 
APE, was employed to provide the necessary spectral resolution for this wavelength. Additionally, to 
study the far-field mode profile of the laser, a FIND-R-SCOPE near-infrared camera (model 85726) was 
used. This specialized camera allowed for the precise capture of the mode profile, which is crucial for 
understanding the spatial distribution of the laser beam in the far-field region. 
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CHAPTER 4: Results  
In this chapter, the results of our research on spectroscopy and continuous wave (CW) laser 
operation of various crystals are briefly presented. The lasers lie in the 1 µm and 2 µm spectral 
ranges. An overview of the laser emission characteristics is provided, including laser 
wavelength, slope efficiency, and laser tunability. 

For a comprehensive understanding, detailed information on the crystal growth processes, the 
structural properties of the studied crystals, and in-depth spectroscopic analyses are available. 
Additionally, descriptions of the experimental setups used for laser operation, including the 
specific pump configurations and cavity geometries, as well as some specific conditions under 
which the lasers were tested (e.g. cryogenic temperature), can be found in the associated papers 
dedicated to each crystal, attached to this doctoral thesis. These papers delve into the 
methodologies and findings, offering valuable insights into the crystals ‘properties and their 
implications for near infrared laser performance. 
 
4.1. Spectroscopy and laser generation results of ions emitting at ~1 µm in crystals doped 
with Yb and Nd 
4.1.1. The “Mixed” Yb:(Y, Lu)3Al5O12 Garnet Crystal 
A single crystal of ytterbium-doped mixed yttrium–lutetium aluminum garnet 
(Y₀.₆₀₁Lu₀.₂₃₃Yb₀.₁₆₆)₃Al₅O₁₂ (denoted as Yb:(Y,Lu)AG) was grown using the CZ method (Figure 
4.1(a)) and studied for its spectroscopy and laser operation as shown in PAPER I. It has a cubic 
structure (space group Ia3തd, lattice parameter a = 11.9790(0) Å) similar to YAG (Y₃Al₅O₁₂) 
[160]. The crystal shows favorable properties for Yb³⁺ ion doping, with a broad absorption band 
around 940 nm well-aligned with the emissions of InGaAs laser diodes (see Figure  4.1(b)), a 
high σSE of 2.53 × 10⁻²⁰ cm² at 1031 nm, and a luminescence lifetime of 1.063 ms. Gain profiles 
shift from 1048 nm to 1030 nm as the inversion ratio β increases Figure .4.1(c)), with a gain 
bandwidth of 7 nm at β = 0.10. 

 
Figure 4.1.(a) A photograph of an as-grown Yb:(Y,Lu)AG crystal; (b) Transition cross-sections 
of Yb3+ ions (the 2F7/2→2F5/2 transition) in the Yb:(Y,Lu)AG crystal: absorption (σabs) and 
stimulated-emission (σSE) cross-sections calculated by F-L; Füchtbauer–Ladenburg equation 
and RM: reciprocity method; (c) gain cross-sections, σgain = σSE–(1–β)σabs, β = N(2F5/2)/NYb 

 
Efficient laser operation using a crystal doped with 16.6 at.% Yb³⁺ was successfully 
demonstrated under pumping utilizing a Ti: Sapphire laser. This setup, as illustrated in figure 
4.2(a-b), was implemented within a hemispherical laser cavity, which led to an output power of 
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1.04 W within the 1.03 to 1.05 µm wavelength range. The system achieved a remarkable slope 
efficiency of 76.4%, coupled with a very low laser threshold of just 76 mW. Beyond these 
results, continuous wavelength tuning was also accomplished, covering a range of 51.6 nm 
between 1026.4 and 1078.0 nm. Further experiments explored diode-pumping in combination 
with microchip geometry, as depicted in figure 4.2(c-d). This approach enabled power scaling, 
resulting in a maximum output power of approximately 9 W around the 1.05 µm wavelength, 
maintaining a high slope efficiency of 76%. These findings indicate that this “mixed” crystal 
exhibits significant potential for the development of diode-pumped, power-scalable lasers 
operating near the 1 µm wavelength region, making it a promising candidate for future laser 
applications requiring high efficiency and scalability. 
 

 
Figure 4.2.(a-b) Free-running Yb:(Y,Lu)AG laser pumped by Ti:Sipphire laser at 940 nm: (a) 
input–output dependences, (b) wavelength tuning curve of the Yb:(Y,Lu)AG laser; TOC = 1%; 
(c-d) CW Yb:(Y,Lu)AG microchip laser: (c) input–output dependences, η—slope efficiency; 
inset: 2D spatial intensity profile of the laser output from a CW Yb:(Y, Lu)AG laser measured 
at Pabs = 11.44 W; (d) typical laser emission spectra measured at Pabs = 5.98 W. 
             

4.1.2. Cleaving Yb:KY(MoO4)2 crystal 
In PAPER II, a detailed study was conducted on another Yb-doped laser crystal, specifically 
KYMo with a doping concentration of 3 atomic percent of Yb³⁺ ions. This crystal was grown 
using the LTG-Cz method, resulting in transparent and colorless cylindrical crystals that exhibit 
an elliptical cross-section when viewed along the [010] and [001] crystallographic directions, 
as illustrated in figure 4.3(a). The crystals possess an orthorhombic crystal structure, belonging 
to the space group Pbna, which was precisely refined using the Rietveld method to confirm its 
structural characteristics. One of the notable properties of this crystal is its strong optical 
anisotropy, which refers to the directional dependence of its optical properties. Additionally, the 
crystal demonstrates perfect cleavage along the (100) plane, meaning that it can easily split 
along this plane, as depicted in figure 4.3(c). This cleavage characteristic is critical for 
applications requiring high-quality, flat surfaces. 
The absorption properties of the crystal around the 1 µm wavelength are primarily attributed to 
the electronic transition between the ²F₇/₂ and ²F₅/₂ energy levels of the Yb³⁺ ions. Specifically, 
the σabs reaches a maximum of 1.77×10⁻²⁰ cm² at a wavelength of 977.1 nm, which corresponds 
to the ZPL. The FWHM of this absorption peak is 19.6 nm when the light polarization is parallel 
to the b-axis (E||b). Furthermore, the σSE is measured at 3.70×10⁻²⁰ cm² at a wavelength of 
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1008.0 nm, with a corresponding emission bandwidth of 37 nm for the same polarization, as 
shown in figure 4.3(b). 
As detailed in PAPER II, the gain spectra of the crystal for light polarization E||b exhibit 
interesting behavior across different inversion ratios (β). For low inversion ratios (β < 0.03), the 
gain spectra are relatively flat and broad, covering a range from 1040 nm to 1100 nm. However, 
as the inversion ratio increases to intermediate values (0.05 < β < 0.10), a distinct peak emerges 
around 1039 nm. At even higher inversion ratios, a new peak appears near 1019 nm. Notably, 
at an inversion ratio of β = 0.15, the gain bandwidth narrows to 33.0 nm, indicating a 
concentration of gain within a specific wavelength range, as illustrated in figure 4.3(d). This 
behavior is significant for laser applications, as it influences the tunability and getting short 
pulses in mode locked regime. 

 
Figure 4.3. (a) A photograph of as-grown 3 at.% Yb:KY(MoO4)2 crystal. The growth direction 
is along the [100] direction; (b) σSE, for light polarizations E||a, b and c. The arrow indicates 
the observed laser wavelength, (c) three-dimensional view, a projection of the a-c plane and a-
b plane ; (d) σgain spectra for light polarizations E||b . 

 
A CW laser operation was successfully demonstrated using a thin crystal plate of Yb: 
KY(MoO₄)₂, which had a thickness of just 286 µm. This operation was achieved by pumping 
the crystal with a LD emitting at a wavelength of 968 nm, as illustrated in figure 4.4. The setup 
produced a maximum output power of 0.81 watts within the wavelength range of 1021 to 1044 
nm. The laser exhibited a high slope efficiency of 76.4%. The Yb: KYMo crystals used in this 
setup show great potential for use in advanced laser systems, particularly in sub-nanosecond 
passively Q-switched microchip lasers. Furthermore, the thinness of the crystal makes it 
suitable for integration into thin-disk lasers configurations, a design that allows for efficient 
heat dissipation and high-power operation. 
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Figure 4.4. Diode-pumped Yb:KY(MoO4)2 cleaved crystal-plate microchip laser: (a) laser 
setup; (b) input output dependences; (c) typical laser emission spectra measured at Pabs = 1.0 
W. The laser polarization is E|| b. 
 

4.1.3. The disordered Yb:Ca3Gd2(BO3)4 crystal, Yb:GdCB 
Yb³⁺ doped Ca₃Gd₂(BO₃)₄ (Yb: GdCB) emerges as a highly promising laser material, 
particularly noted for its broadband emission centered around 1 µm, as thoroughly discussed in 
PAPER III. This crystal was grown using the conventional Czochralski (CZ) method in an Ar 
atmosphere, a process that ensures high purity and quality in the resulting crystal. Upon 
inspection using a He-Ne laser, the crystal demonstrated exceptional optical clarity with no 
detectable defects, as illustrated in figure 4.5(a). The structural properties and chemical purity 
of the crystal were further validated through PXRD analysis, depicted in figure 4.5(b). 
As an optically biaxial crystal, Yb: GdCB's spectral properties were meticulously analyzed 
across its three principal polarizations, aligned with the crystal axes a, b, and c. The absorption 
cross-section spectra corresponding to these polarizations are presented in figures 4.5(c), (d), 
and (e). The crystal's unique structure features multiple cationic sites labeled M1, M2, and M3. 
These sites exhibit distorted coordination geometries, with M1 showing VIII-fold and M2 and 
M3 displaying VII-fold coordination. These sites are randomly occupied by Ca²⁺, Gd³⁺, and 
Yb³⁺ cations, leading to significant inhomogeneous broadening of the Yb³⁺ ion absorption and 
emission bands. This broadening imparts a "glassy-like" spectroscopic behavior to the crystal, 
which is further distinguished by its pronounced polarization anisotropy in the stimulated-
emission cross-section spectra. This anisotropy results in the linear polarization of the emitted 
laser light, with the polarization direction depending on the crystal's orientation, specifically 
E||b or E||c. 
Furthermore, Yb: GdCB exhibits substantial Stark splitting of its ground state (²F₇/₂), measuring 
around 735 cm⁻¹. This large splitting, combined with a notably long fluorescence lifetime of 
644 microseconds (as shown in figure 4.5(f)), makes this crystal particularly suitable for low-
threshold laser operations. The Yb³⁺ ZPL in this crystal displays a broad absorption linewidth 
of approximately 7.3 to 7.5 nm at 976 nm, a feature that mitigates issues related to bandwidth 
and temperature drift commonly encountered in InGaAs LD used as pump source for Yb3+ ions. 
The σSE of Yb³⁺ in Yb: GdCB is calculated to be 0.42×10⁻²⁰ cm² at a wavelength of 1025.1 nm, 
with light polarization aligned along the c-axis (E||c). This combination of properties 
underscores Yb: GdCB's potential as an efficient laser material. 
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Figure.4.5. (a) Photograph of an as-grown 5 at. % Yb: GdCB crystal; (b) Rietveld refinement 
plots; (c-d-e) Polarized RT σabs and σSE spectra of Yb3+ in the Yb:GdCB crystal; (f) RT 
luminescence decay curve (bulk and powdered samples). 

 
The CW laser performance of the Yb-doped GdCB crystal was thoroughly evaluated using 
high-power diode pumping at a wavelength of 976 nm. This evaluation specifically focused on 
three different orientations of the crystal, each aligned along one of the primary crystallographic 
axes. The detailed results of this assessment are visually represented in Figure 4.6 and are 
concisely summarized in Table 4.1 for quick reference. 
 
One key finding from this study was observed with an a-cut crystal, which yielded a maximum 
output power of 5.58 watts at approximately 1057 nanometers. This output was achieved with 
a slope efficiency of 51.7%, under the condition of linear laser polarization E||c. 
  
The performance of the Yb-doped GdCB crystal in this context demonstrated not only its 
capacity for power scaling but also its broad emission characteristics. These characteristics are 
particularly noteworthy as they suggest the crystal's potential for generating ultrashort laser 
pulses, with durations of less than 50 femtoseconds.  
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Figure.4.6. CW diode-pumped Yb:GdCB lasers: (a), (c) and (e) input – output dependences; 
(b), (d) and (f) typical spectra of laser emission. Crystal orientation and laser polarization: (a) 
and (b) a-cut, E||c; (c) and (d) b-cut, E||c; (e) and (f) c-cut, E||b. 

 
Table 4.1. CW Diode-Pumped Laser Performance of 5 at.% Yb:GdCB Crystals with Different 
Orientations 

Cut Polarization Pout, W λL, nm Pth, W ηopt, % 

a-cut E || c 5.58 1045–1057 0.137 49.7 
b-cut E || c 5.33 1030–1058 0.137 49.8 
c-cut E || b 5.27 1030–1057 0.069 46.9 

 
4.1.4. Yb:YGG cryogenic laser 
In this thesis, we also explored the performance of ytterbium (Yb) lasers operating at a 
wavelength of 1 µm under cryogenic cooling conditions as well. Specifically, we investigated 
lasers utilizing a Yb-doped gallium garnet crystal, known as Yb:Y3Ga5O12, or Yb:YGG for 
short. The findings from these experiments are comprehensively detailed in PAPER IV.  

During the study, we conducted a thorough examination of the optical spectroscopy and 
continuous wave (CW) laser performance of the Yb:YGG crystal across a range of cryogenic 
temperatures. Notably, at a temperature of 120 K, the crystal demonstrated a maximum σabs of 
1.7×10⁻²⁰ cm², with a bandwidth of 2.4 nm centered at 970.5 nm, as discussed in PAPER IV. 
Additionally, the crystal exhibited a maximum σSE of 6.5×10⁻²⁰ cm², accompanied by a 4.6 nm 
bandwidth centered at 1024 nm, as illustrated in Figure 4.7(a). 
 
For the CW laser operation, we employed an L shaped laser cavity pumped by  VBG-stabilized 
LD at 969 nm. At a temperature of 120 K, the laser output power was five times greater than 
that achieved at 200 K.  At this optimal temperature, we recorded a slope efficiency of 87% and 
an optical-to-optical efficiency of 73%, as shown in Figure 4.7(b). Furthermore, the data 
presented in Figure 4.7(c) indicate that lower temperatures lead to increased slope efficiency 
while simultaneously reducing the laser threshold. Moreover, at the maximum output power, 
the laser beam maintained an excellent far-field Gaussian profile, as depicted in Figure 4.7(d). 
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This beam quality is essential for various precision applications, further highlighting the 
significance of operating Yb:YGG lasers under cryogenic conditions for enhanced 
performance. 

 
Figure.4.7. Yb: YGG cryogenic laser characteristic: (a) emission cross-sections at different 
temperatures; (b) Output power vs. incident power characteristics of the cryogenic Yb: YGG 
laser for various crystal temperatures; (c) Variation of slope efficiency at different 
temperatures; (d) Measured beam profile at maximum pump power using 50%TOC at 120 K. 

4.1.5. Cryogenic laser operation of a “mixed” Yb:(Y,Lu)AG garnet crystal 
The final Yb-doped crystal explored in this PhD thesis is the Yb-doped "mixed" yttrium-
lutetium aluminum garnet crystal (Yb:LuYAG). This material has demonstrated significant 
potential for the development of high-power lasers, making it a promising candidate for further 
research in this area. Although its performance at room temperature had been previously 
established in PAPER I, our research extended this investigation to include operations at 
cryogenic temperatures. We explored the laser’s behavior in both CW and Q-switched regimes 
by utilizing an innovative laser cavity design, which is thoroughly detailed in PAPER V. 
 
To better understand the laser’s performance, we conducted a series of experiments on the CW 
cryogenic diode-pumped Yb:LuYAG laser, focusing on its input-output characteristics. We 
maintained a constant output coupler transmission (TOC = 30%) and systematically varied the 
crystal temperature from 100 K to 200 K in 20 K increments, as illustrated in Figure 4.8(a). 
Through these experiments, we identified the optimal performance at a crystal temperature of 
140 K, where the laser produced a maximum output power of 8.88 W at a wavelength of 1028.9 
nm. At this temperature, the laser achieved a slope efficiency of 51% relative to the incident 
pump power and exhibited a laser threshold of 0.98 W. 
 
We employed a volume Bragg grating (VBG)-stabilized laser diode pumping at 969 nm, which 
allowed us to achieve an even higher maximum output power of 10.65 W at 1029 nm with 50% 
TOC (see it detailed in PAPER V). This was accomplished with a slope efficiency of 56% relative 
to the incident pump power, again at the optimal crystal temperature of 140 K. Notably, the 
optimal operating temperature and the laser output characteristics of the "mixed" Yb:LuYAG 
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crystal were comparable to those observed in Yb-doped LuAG crystals. However, Yb:LuYAG 
offers the distinct advantage of a simpler and more cost-effective growth process, making it an 
attractive alternative for large-scale production. Figure 4.8(b) presents a typical far-field beam 
profile at the maximum output power, revealing a perfectly circular beam with a Gaussian 
intensity distribution. This profile is indicative of excellent beam quality and confirms effective 
thermal management through cryogenic cooling, which is crucial for maintaining stable laser 
operation at high powers. 
For the passively Q-switched cryogenic laser, we utilized a commercial high-quality Cr⁴⁺:YAG-
based saturable absorber (SA). In this configuration, the best pulse characteristics we achieved 
included an energy output of 0.15 mJ and a pulse duration of 201 ns, operating at a repetition 
rate of 39.7 kHz. The laser emitted light at a wavelength centered around 1028.9 nm, as 
illustrated in Figures 4.8(c) and 4.8(d). The detailed characteristics of the saturable absorber 
and its integration into the laser system are discussed in PAPER V.  
 

 
Figure 4.8. (a-b) CW diode-pumped cryogenic Yb:LuYAG laser: (a) input–output dependences 
for various crystal temperatures at a fixed TOC of 30%; (b) a typical far-field beam profile 
captured at the maximum output power; (c-d) Passively Q-switched diode-pumped cryogenic 
Yb:LuYAG laser: (c) repetition rate and pulse duration ; (d) a typical laser spectrum, inset 
shows an oscilloscope trace of the corresponding pulse train, TSA= 95%. 

4.1.6. Monoclinic Nd: CsGd(MoO4)2 crystal with a layered structure 
Other lasers that emit at wavelengths around 1 µm are typically based on neodymium (Nd³⁺) 
ions. In the study discussed here, the crystal CsGd(MoO₄)₂, referred to as CsGdMo, was 
utilized as the host material for the Nd³⁺ ions. Detailed information about the crystal's 
structure, spectroscopic characteristics, and laser performance is thoroughly covered in 
PAPER VI. 

For this research, a 3 at.%  Nd:CsGdMo crystal was successfully grown using a flux method 
under LTG conditions, employing a modified version of the LTG-Cz technique. A seed 
crystal with a [001] orientation was used to initiate the growth process. The outcome was a 
crystal that was not only clear and transparent but also free from any cracks, as 
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demonstrated in Figure 4.9(a). This crystal belongs to the monoclinic crystal system, 
specifically the P2/c space group, with lattice parameters measured as a = 9.5239(4) Å, b 
= 5.0752(5) Å, c = 8.0580(7) Å, and an angle β = 91.157(9)°. Notably, the Nd:CsGdMo 
crystal exhibits perfect cleavage along the (100) plane, which is illustrated in Figure 4.9(b). 

The study further explored the optical properties of the Nd³⁺ ions within the crystal by 
measuring polarized optical absorption and luminescence spectra, as shown in Figures 
4.9(c-d). The maximum σSE for light polarization parallel to the b-axis (E||b) was found to 
be 29.0 × 10⁻²⁰ cm² at a wavelength of 1065.9 nm, with a corresponding luminescence 
lifetime of 145 microseconds. Additionally, transition probabilities for the Nd³⁺ ions were 
calculated using a modified Judd-Ofelt (J-O) model, resulting in intensity parameters Ω₂ = 
26.736, Ω₄ = 12.736, Ω₆ = 17.771 [10⁻²⁰ cm²], and a radiative lifetime parameter α = 0.122 
[10⁻⁴ cm], as further elaborated in PAPER VI. These findings provide valuable insights into 
the laser performance and potential applications of Nd:CsGdMo crystals. 

 
Figure.4.9.(a) Photographs of the as-grown 3 at.% Nd:CsGdMo, the growth direction is along 
the [001] axis; (b) Crystal structure: a view showing a supercell (2a×2b×2c) in projection to a-
b plane; (c) σabs spectra for the 4I9/2 → 4F5/2 + 2H9/2 and 4F3/2 transitions of Nd3+ for E||a, b, c; (d) 
σSE spectra of the 4F3/2 → 4I11/2 transition. 

In PAPER VI, the first CW laser operation of mechanically cleaved crystal plate based on 
Nd:CsGdMo is demonstrated in a compact microchip-type laser cavity, the results are 
shown in Figure.4.10. The laser yielded a maximum output power of 0.54 W at 1066 nm, 
with a threshold of 70 mW, a slope efficiency (η) of 60.4%, and a linearly polarized output 
(E||b). 
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Figure 4.10. Nd:CsGdMo microchip laser: (a) Scheme of the Nd:CsGdMo microchip laser; (b) 
a) input-output dependences, η – slope efficiency, inset – far-field beam profile (TOC = 10%, 
Pabs = 0.6 W); (c) typical laser emission spectra, Pabs = 0.9 W. The laser polarization is E||b. λP 
= 808.8 nm. 
 

4.2. Spectroscopy and laser outcomes for ions emitting at ~2 µm in crystals doped and 
co-doped with Ho and Tm. 
4.2.1. Cleaved single-crystal plates and films of Tm:KY(MoO4)2 
Solid state lasers emitting at ~2 µm wavelength are for various applications. Two of the most 
effective ions for producing lasers in this wavelength range are Tm3+ and Ho3+. Both ions 
offering unique advantages in efficiency and performance. Such lasers were investigated in this 
thesis by using different kind of laser crystal hosts. The cleaved Tm doped Potassium Yttrium 
double molybdate crystal (Tm:KY(MoO₄)₂ , shortly Tm:KYMo) was one of the studied laser 
hosts. The results on the crystal structure, spectroscopy and laser performance on the latter 
crystal are presented in detail in PAPER VII. 

The crystal growth process for Thulium-doped KYMo (Tm:KYMo) was carried out using the 
LTG-Cz method. The resultant crystal boule, doped with 3 at.% Tm, is shown in Figure 4.11(a). 
This crystal exhibits notable anisotropic thermal properties in the (100) plane, which results in 
a slight ellipticity in the cross-sectional shape of the crystal boule. The ellipticity is aligned with 
the principal crystallographic directions along the [010] and [001] axes, indicating the 
directional dependence of the thermal expansion coefficients. Figure 4.11(b) presents an SEM 
image of the fracture edge from a mechanically cleaved single-crystal plate of Tm:KYMo. The 
image distinctly reveals the crystal's natural cleavage characteristics, showing multiple 
"staircase-like" structures along the fracture edge. These steps run parallel to the c-axis within 
the (100) plane, which highlights the layered nature of the crystal structure. This is consistent 
with the orthorhombic crystal structure of Tm:KYMo, classified under the space group Pbna. 
The layered structure contributes to significant spectroscopic anisotropy, as demonstrated in 
Figures 4.11(c) and 4.11(d). 

The spectroscopic properties of the crystal are of particular interest, especially the maximum 
σSE for the ³F₄→³H₆ transition, which is measured to be 2.70 × 10⁻²⁰ cm² at a wavelength of 
1856 nm. This transition also exhibits a broad bandwidth exceeding 110 nm for light polarized 
along the E||b axis. The relatively long lifetime of the ³F₄ state, recorded at 2.29 ms, indicates 
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the potential for efficient lasing applications (refer to PAPER VII for more details). 
Furthermore, the mechanical cleavage of Tm:KYMo along the (100) plane allows for the 
generation of high-quality crystalline films and plates, which can be as thin as 70 µm. These 
thin films are crucial for various optical applications, as their thickness and smoothness 
contribute to the uniformity and quality of the emitted light. To predict the expected emission 
wavelength, σgain were calculated. The σgain spectra, particularly for high-gain light polarized 
along the E||b for the ³F₄→³H₆ transition, as depicted in Figure 4.11(e), demonstrate smooth and 
broad spectral profiles, which are desirable for broad-spectrum laser outputs.  Overall, these 
findings underscore the unique thermal, structural, and spectroscopic properties of Tm:KYMo, 
making it a promising candidate 2 µm lasers applications 

 
Figure 4.11. (a) Photograph of the as-grown 3 at.% Tm: KYMo crystal boule; (b) Scanning 
Electron Microscope (SEM) image of the side surface of a cleaved single-crystal film 
indicating the crystallographic directions; (c) σabs for the 3H6→3F4 and 3H6→3H4 transitions for 
polarizations E||b and E||c; (d) σSE for the 3F4→3H6 transition; (d) σgain spectra for E||b for the 
3F4→3H6 transition. 

For CW laser experiments, two distinct samples were prepared from a 3 at.% Tm:KYMo 
crystal. The crystal was mechanically cleaved along the (100) crystallographic plane using a 
precision thin razor blade, resulting in two samples of differing thicknesses. The first sample, 
referred to as the thin film, had a thickness of 70 ± 5 µm, while the second sample, termed the 
crystal plate, had a considerably greater thickness of 700 ± 10 µm. These thicknesses were 
accurately measured and verified using both a micrometer and SEM to ensure precision. 

The initial experiment, illustrated in Figure 4.12(a) and (b), concentrated on evaluating the 
performance of the thicker crystal plate sample. During this experiment, the laser produced a 
maximum output power of 0.88 W within the wavelength range of 1840–1905 nm. This was 
achieved with a slope efficiency of 65.8. The laser threshold was recorded at 210 mW, with at 
TOC set at 5%. However, it was observed that increasing the output coupling beyond this value 
resulted in a slight reduction in performance. This decline was attributed to upconversion losses, 
a phenomenon where some of the absorbed energy is lost through non-radiative processes rather 
than contributing to laser emission. 

In the subsequent experiment, depicted in Figure 4.12(c) and (d), the focus shifted to the thinner 
sample, the 70 µm thin film. In this case, the laser managed to generate a maximum output 
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power of 131 mW, operating within the wavelength range of 1801–1872 nm. The slope 
efficiency for this configuration was determined to be 45.2%, and the laser threshold was 
significantly lower at 35 mW, with a TOC of 1.5%. Notably, the emission from the thin film was 
found to be linearly polarized (E||b). It was also observed that increasing the output coupling 
led to a rise in the laser threshold, with the threshold increasing from 13 mW at a TOC of 0.1% 
to 54 mW at a TOC of 9%. Despite these increases, the thresholds remained relatively low, 
indicating that the thin film could achieve lasing with minimal input power, albeit with a trade-
off in output power and efficiency. 

            
Figure.4.12. Diode-pumped laser performance of (100)-oriented cleaved (a,b) thin-film 
(thickness (t) = 70 µm) and (c,d) crystal-plate (t = 700 µm) 3 at.% Tm: KYMo crystal: (a,c) 
input-output dependences; (b,d) typical spectra of the laser emission measured at maximum 
Pabs. 

4.2.2. Tm-doped calcium lithium tantalum gallium garnet (Tm:CLTGG) 
Tantalum (Ta) garnet crystals represent a highly promising category of materials for doping 
with Tm³⁺ ions, particularly for applications in 2 µm lasers. In the study presented in PAPER 
VIII, we focused on the Tm³⁺ and Li⁺ codoped calcium tantalum gallium garnet, with the 
chemical formula Ca₃Ta₁.₈₈Li₀.₂₀Ga₂.₈₀O₁₂ (Tm:CLTGG). This study not only demonstrated 
the 2 µm laser performance of the Tm:CLTGG crystal but also provided an in-depth 
analysis of its thermo-optical and spectroscopic properties, highlighting its potential for 2 
µm laser applications. 
 
The Tm:CLTGG crystal was synthesized using the Cz method, which is widely used for 
growing high-quality single crystals. The crystal adopts a cubic structure, as illustrated in 
Figure 4.13(a), with a space group Ia3തd and a refined lattice constant of a = 12.5158(0) Å, 
determined through the Rietveld refinement method. A notable feature of this crystal is the 
structural disorder arising from the random distribution of Ta⁵⁺, Ga³⁺, and Li⁺ cations across 
the octahedral (16a) and tetrahedral (24d) lattice sites, as depicted in Figure 4.13(b). This 
disorder contributes to significant inhomogeneous broadening of the Tm³⁺ absorption and 
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emission bands, which is advantageous for generating wide gain spectra, as evidenced in 
Figures 4.13(c) and (d). Furthermore, the Tm:CLTGG crystal exhibits high thermal 
conductivity, measured at 4.33 Wm⁻¹K⁻¹, which is a critical parameter for efficient laser 
operation, as it facilitates the dissipation of heat generated during lasing. Raman 
spectroscopy studies reveal a low concentration of vacancies within the crystal lattice, 
which is attributed to the codoping with Li⁺ ions that provide charge compensation and 
stabilize the crystal structure. 
 
Additionally, at a temperature of 10K, the crystal-field splitting of the Tm³⁺ multiplets was 
observed, offering insights into the electronic structure of the dopant ions within the host 
lattice. Transition probabilities for the observed electronic transitions were calculated using 
the Judd-Ofelt (mJ-O) theory, yielding intensity parameters Ω₂ = 5.185, Ω₄ = 0.650, Ω₆ = 
1.068 [10⁻²⁰ cm²], and an α parameter of 0.171 [10⁻⁴ cm]. These parameters are crucial for 
understanding the spectroscopic behavior of the Tm:CLTGG crystal and optimizing it for 
laser performance. The crystal-field splitting at 10K further reinforces the detailed 
understanding of the Tm³⁺ ion environment within the crystal, as discussed in PAPER VIII. 
 

 
Figure 4.13. Crystal structure of Tm:CLTGG: (a) projection of the crystal structure parallel to 
the a-c plane, (b) the variety of cationic distributions around Ca2+|Tm3+ ions occupying the 
dodecahedral 24c sites: nearest-neighbor cations at: (i) dodecahedral 24c sites, (ii) octahedral 
16a sites and (iii) tetrahedral 24d sites; (c-d) 3H6 ↔ 3F4 transition of Tm3+ ions in CLTGG: (c) 
σabs and σSE  spectra (d) gain cross-sections. 
 

The first diode-pumped Tm:CLTGG laser was demonstrated, and the results are illustrated 
in Figure 4.14. A compact microchip laser cavity pumped by 793 nm- laser diode was used 
in laser experience in the CW regime . We achieved an output of 1.08 W around 2 µm with 
a slope efficiency of 23.8%. The structural disorder in the CLTGG crystal, due to the 
random distribution of Ta⁵⁺ and Ga³⁺ cations in the octahedral and tetrahedral sites, causes 
significant inhomogeneous spectral broadening of the Tm³⁺ ions. This disorder results in 
smooth and broad gain profiles with a 130 nm bandwidth extending beyond 2 µm, making 
Tm:CLTGG ideal for generating femtosecond pulses. 
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Figure 4.14. (a) Scheme of the diode-pumped compact Tm:CLTGG laser: LD – laser diode, 
PM – pump mirror, OC – output coupler, F – cut-on filter; (b) far-field output profile of the 
laser mode, TOC = 5%, Pabs = 4.0 W; (c) input-output dependences; (d) typical spectra of 
unpolarized laser emission measured at maximum Pabs. 

4.2.3. Disordered Tm3+, Ho3+-codoped CNGG garnet crystal 
Another garnet crystal was examined for generating laser at ~2 µm. It’s the disordered 
calcium niobium gallium garnet−Ca3(NbGa)5O12 (denoted as CNGG), codoped with Tm 
and Ho. The codoping of Tm and Ho ions leverages the unique spectroscopic and energy 
transfer properties of both ions to enhance laser performance. Tm3+ ions absorb pump light 
at ~800 nm efficiently and transfer energy to Ho3+ ions, which then emit laser at ~2 µm. 
This energy transfer mechanism allows for efficient operation and high output power. This 
approach was discussed in detail in the paper related to this crystal, PAPER IX.  

The Tm, Ho-codoped CNGG crystal was grown using the conventional Cz method. The 
resulting crystal boule, containing 2.64 at.% Tm and 0.55 at.% Ho, is depicted in Figure 
4.15(a). Its cubic structure (space group Ia3തd - O10

h, a = 12.4952(1) Å) was refined using 
the Rietveld method, which revealed a random distribution of Ga³⁺ and Nb⁵⁺ cations across 
octahedral and tetrahedral sites, as shown in Figure 4.15(b). σabs for the ³H₆ → ³H₄ transition 
of Tm³⁺ in Tm, Ho: CNGG are presented in Figure 4.15(c). The crystal showed a maximum 
σabs of 0.54×10⁻²⁰ cm² at 786.3 nm and a FWHM of 28.4 nm. 
For the ⁵I₇ ↔ ⁵I₈ transition of Ho³⁺. The maximum σSE is 0.47×10⁻²⁰ cm² at 2080.7 nm, 
Figure 4.15(d) . The gain bandwidth of Tm, Ho:CNGG around 2 μm exceeds 150 nm, and 
the thermal equilibrium decay time is 6.80 ms. The J-O theory, incorporating ICI 
approximations, was used to determine the transition probabilities for Ho³⁺. Additionally, 
the energy transfer parameters between Tm³⁺ and Ho³⁺ were determined, further illustrating 
the effectiveness of this codoped crystal for ~2 µm-laser applications (see paper IX). 
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Figure.4.15. (a) Photograph of the as-grown Tm, Ho:CNGG crystal, the growth direction is 
along the [111] axis; (b) fragment of crystal structure in projection on the b-c plane; 
Spectroscopy of Tm3+ and Ho3+ ions in CNGG: (c) σabs spectrum for the 3H6 →3H4 Tm3+ 
transition; (d) σabs and σSE spectra for the 3F4 ↔ 3H6 (Tm3+) and 5I7 ↔ 5I8 (Ho3+) transitions. 
 

A four-mirror X-shaped cavity was used to assess the laser performance of Tm, Ho:CNGG. The 
detailed description of this laser cavity is described in PAPER IX. Operating in a CW free-
running regime, as illustrated in Figure 4.16(a) and (b), the laser produced 425 mW at 2083.7 
nm with a slope efficiency of 22.9% for a 3.0% TOC. The laser threshold showed a slight 
increase with higher output coupling, rising from 80 mW Pabs for 0.2% TOC to 136 mW for 3.0% 
TOC. The output power dependencies were linear, though power scaling was constrained by the 
available pump power. 

To explore wavelength tuning capability of this laser, a Lyon filter was inserted into the cavity 
near the OC. Tuning characteristics were examined using TOCs of 0.2% and 0.5%. The laser 
achieved continuous wavelength tuning from 1932.5 to 2142.1 nm with a 0.5% OC, and from 
1940.3 to 2144.6 nm with a 0.2% OC, providing a tuning range exceeding 200 nm in both cases 
(measured at the zero-power level). The effective gain cross-section (σg,eff) spectra for Tm, 
Ho:CNGG were calculated to elucidate the observed wavelength tuning performance, as 
depicted in Figure 4.16(c). 
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Figure.4.16. CW laser performance of the Tm,Ho:CNGG laser pumped by a Ti:Sapphire laser 
at 785.6 nm: (a,b) free-running operation, (a) input-output dependences (b) typical laser 
emission spectra; (c) calculated effective gain. The laser emission is linearly polarized. 
 

4.2.4. Cryogenic Tm: LiYF4 (shortly Tm: YLF) laser at ~ 2 µm 
In solid-state lasers, cryogenic cooling of the laser medium is a technique employed to enhance 
the crucial thermo-optic properties of the laser crystal. This method significantly improves the 
thermal conductivity of the material, reduces the temperature-dependent variation in the 
refractive index, and decreases the thermal expansion coefficient of the crystal. By achieving 
these improvements, the cryogenic cooling approach effectively minimizes the adverse thermo-
optic effects that can degrade laser performance.  In the referenced study, referred to here as 
PAPER X, the influence of cryogenic cooling on the performance of a Tm:LiYF4 (Tm:YLF) 
laser was investigated for the first time in the  CW  regime. This research marks a significant 
milestone as it explores the potential benefits of cryogenic cooling on Tm:YLF lasers, which 
are known for their application in many laser systems. 

A successful cryogenic CW laser operation was achieved using a Tm:YLF crystal with a doping 
concentration of 5 atomic percent. The experimental setup employed a modular configuration, 
utilizing a VBG-stabilized LD as the pump source with a wavelength centered  at 793 nm. The 
designed cavity is depicted in Figures 4.17(a-b). The laser resonator was designed as a compact 
microchip cavity specifically adapted for cryogenic temperatures. The cavity design included a 
plane pump mirror that was HR in the 1.8–2.1 µm wavelength range and HT around 800 nm. 
Various OCs with TOC of 9%, 15%, and 30% at the desired emission wavelengths were utilized 
to optimize the laser performance. The active laser medium in this setup was a commercially 
available a-cut Tm:YLF crystal with 5 at.% doping. The crystal measured 2 mm in thickness 
with a 5×5 mm² aperture and was securely mounted in a copper holder. This configuration 
formed a compact plane–plane laser cavity housed within a modular chamber. Conductive 
cooling of the laser crystal was achieved by attaching the copper holder and the laser crystal to 
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the cold finger of a closed-cycle helium cryostat (model CH-204 by JANIS), capable of 
delivering a cooling power of 13.5 watts at 100 Kelvin (K). 

At an operating temperature of 80 K, the experimental setup produced a maximum output power 
of approximately 6.5 W, achieving a slope efficiency of 38% relative to the incident pump 
power. The resulting laser beam exhibited excellent quality, as illustrated in Figure 4.17(c). As 
the temperature increased to 160 K, a slight blue shift in the laser wavelength was observed, 
indicating that at this temperature, a portion of the ground state electronic population 
contributed to a quasi-three-level laser operation, as shown in Figure 4.17(d). At lower 
temperatures, the Tm:YLF laser transitioned to a four-level operation, eliminating reabsorption 
losses. Additional absorption measurements of the crystal at 80 K, conducted under non-lasing 
conditions, revealed an absorption efficiency of 57%. This figure accounted for Fresnel losses 
on the crystal surface and a second pass of the pump light, which was partially reflected by the 
output coupler. This detailed investigation highlights the advantages of cryogenic cooling in 
enhancing the performance of Tm:YLF lasers. The findings contribute valuable insights into 
the design and optimization of high-performance laser systems utilizing cryogenic technology. 

 
Figure 4.17. (a) Cryogenic compact laser setup; LD laser diode imaging optics—achromatic 
lenses (f1= 100 mm and f2= 150 mm); (b) Modular chamber used for the experiment; (c) 
Output power vs. input power characteristics of the cryogenic compact Tm: YLF laser for 
various crystal temperatures; (d) Corresponding output laser wavelengths. 
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CONCLUSIONS AND FUTURE WORK 
Conclusions 
This PhD Thesis has dealt with the fabrication and the characterization of novel and efficient 
lasers operating in the CW and passively Q-switched operation regimes, at RT and at cryogenic 
conditions, in the NIR at ~1 μm and ~2 μm. This was achieved by using novel laser crystalline 
materials as hosts for Nd, Yb for the wavelength  ~1 μm and with Tm and/or Ho for the range  
~2 μm. Different crystal growth methods (Cz method, OFZ method, LTG Cz method) were 
used to grow the studied gain media (compositionally mixed aluminate garnet, gallium garnets, 
double molybdates, oxoborates and fluorides crystals). The studied laser gain materials were 
chosen due to their ability to generate stable laser emission (polarized lasers for anisotropic 
crystals and unpolarized for the isotropic materials) and their high gain cross-sections, which 
make them suitable for achieving efficient and robust lasers devices in the NIR spectral range. 
Different characterization techniques (i.e., structural: XRD, Raman, etc..; spectroscopic: optical 
absorption, luminescence and luminescence lifetime) were performed to access the quality and 
suitability of the materials. 

CW laser operation in the NIR at ~1 μm were successfully achieved using materials doped with 
Yb and Nd. The compositionally mixed Yb:(Y,Lu)3Al5O12 aluminate garnet was grown by the 
Cz method. Its structural, vibronic, spectroscopic, and laser characteristics were thoroughly 
examined. The material displays favorable spectroscopic properties for Yb3+ ion doping, 
featuring a broad absorption band near 940 nm that aligns well with the emission from InGaAs 
laser diodes. In microchip geometry, power scaling was achieved, resulting in an output power 
of about 9 W at approximately 1.05 µm, with a slope efficiency of 76%. This mixed 
Yb:(Y,Lu)3Al5O12 holds significant potential for developing diode-pumped, power-scalable 
lasers operating at 1 µm. The double molybdate crystal Yb:KYMo with layered structure was 
also studied in this thesis. This crystal demonstrated strong polarization anisotropy in the 
transition cross-sections of the Yb3+ ions and had an ideal natural cleavage along the (100) 
crystallographic plane. Utilizing a 3 at.% Yb:KYMo crystal-plate, a diode-pumped microchip 
laser achieved a watt-level output with a slope efficiency of 76.4%, nearing the Stokes limit. 
Yb:GdCB oxoborate is an attractive laser crystal due to its broadband emission around ∼1 µm. 
This material boasts multiple cationic sites with distorted VIII-fold and VII-fold coordination, 
which are irregularly filled by Ca2+ and Gd3+|Yb3+ cations. This results in a highly significant 
inhomogeneous broadening of Yb3+ ions' absorption and emission bands, creating a "glassy-
like" spectroscopic behavior. Yb: GdCB laser was tested under high-power diode pumping at 
976 nm across three crystal orientations along the crystallographic axes. The optimum results 
were obtained using a-cut sample, where we achieved maximum output power of 5.58 W at 
1057 nm, with a slope efficiency of 51.7% and linear laser polarization (E||c). 

1 μm lasers based on Yb-doped garnet gain medium operated at cryogenic temperature showed 
a great capability of power scalability with excellent laser beam profile. The CW cryogenic 
laser operation with the Yb:YGG gallium garnet crystal succeeded to record a maximum output 
power of 17.50 W at 120 K with a slope efficiency of 87% with respect to the absorbed power. 
Indeed, Yb:(Y,Lu)3Al5O12 crystal is attractive for the development of high-power diode-pumped 
cryogenic lasers emitting at ~ 1030 nm. This crystal at the optimum cryogenic temperature 
generated near 10 W of CW laser output power. By employing Cr4+:YAG based saturable 
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absorbers, for the passively Q-switched cryogenic laser, the best pulse characteristics 
(energy/duration) were 0.15 mJ/201 ns at a repetition rate of 39.7 KHz. 

The monoclinic Nd:CsGdMo, with a space group P2/c, is a promising double molybdate 
compound for laser applications at ~1 μm. This material has a layered crystal structure that 
facilitates perfect cleavage along the (100) plane, making it easy to fabricate high-quality 
optical crystal plates and potentially thin crystal films with thicknesses down to hundreds of 
microns, which are ideal for thin-disk lasers. Using a thin plate that was mechanically cleaved 
from this crystal, an efficient CW laser operation was demonstrated in a microchip-type laser 
cavity. This laser achieved an output of up to 0.54 W at 1066 nm with a high slope efficiency 
of 60.4%, a low laser threshold of 70 mW, and linearly polarized emission. 

Lasers operating in the NIR spectrum, doped with trivalent Tm and Ho ions, excel at producing 
efficient lasing within the eye-safe region near 2 µm. The orthorhombic double molybdate 
crystal known as Tm:KYMo stands out as a particularly effective material for lasers within this 
spectrum due to its straightforward growth process, high doping capacity, intense, broad, and 
highly polarized absorption and emission bands, along with its Raman activity. The layered 
structure of KYMo enhances the anisotropy of its optical characteristics, facilitating the growth 
of high-quality laser crystal plates and films with varying thicknesses from several millimeters 
to a few tens of microns. This characteristic is particularly advantageous for applications in 
microchip and thin-disk lasers. Employing the as-grown Tm: KYMo, 2 µm CW laser operation 
was achieved in single-crystal plates (sub-mm) and films (sub-100 µm) with 65.8% slope 
efficiency and nearly watt-level output in passively cooled microchip cavity. Another novel 
material, Tm:CLTGG, was investigated in this thesis, showcasing broad emission properties 
around 2 µm. The first diode-pumped laser from this crystal reached 1.08 W at approximately 
2 µm with a 23.8% slope efficiency. The Tm3+ ions in CLTGG showed notable inhomogeneous 
spectral broadening, a result of structural disorder from the random placement of Ta5+ and Ga3+ 

cations across octahedral and tetrahedral lattice sites, leading to broad and smooth gain profiles 
(bandwidth: 130 nm) that extend up to about 2.2 µm, making the Tm:CLTGG crystal ideal for 
femtosecond pulse generation. 

The Tm and Ho-co-doped disordered CNGG garnet is well-suited for generating broadly 
tunable lasers that emit slightly over 2 µm, thanks to its unique spectroscopic features. These 
include (i) a wide and smooth emission spectrum near 2 µm, (ii) an efficient and predominantly 
direct energy transfer from Tm to Ho, (iii) a relatively lengthy lifetime of Ho's upper laser level, 
with the thermal equilibrium lifetime of the Tm and Ho system, facilitating a relatively low 
threshold for laser operation, and (iv) contributions from both Tm3+ and Ho3+ ions that extend 
the gain spectrum across more than 150 nm. Operating in CW (free running) regime, this laser 
delivered 425 mW at 2083.7 nm with a 22.9% efficiency and managed more than 200 nm of 
continuous tuning of the emission wavelength. Furthermore, in cryogenic conditions at 80 K, a 
CW laser operation was efficiently carried out in a Tm:YLF crystal in microchip geometry, 
reaching a maximum output power of 6.5 W and a slope efficiency of 66% relative to absorbed 
power, maintaining an excellent beam profile. 
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Perspectives & future work 
Laser waveguides operating in CW and mode-locked regimes. 
The results of this PhD Thesis are promising for future research aimed at developing compact 
laser waveguide devices capable of operating in either CW or mode-locked regimes. There is a 
significant demand for ultra-compact laser systems suitable for practical applications. 
Recent developments have demonstrated that waveguides etched directly into laser gain media 
represent a top method for miniaturizing solid-state lasers. Through the use of femtosecond 
direct laser writing (fs-DLW), these technologies facilitate the tight confinement of the laser 
beam in channel waveguides of micrometer scale, thus ensuring high efficiency and stable 
single-mode performance. Moreover, ultrafast laser waveguides that operate at high repetition 
rates in mode-locked regimes reaching MHz/GHz-levels can be efficiently developed from a 
compact and fundamentally mode-locked laser setups. Such laser systems are indispensable for 
various advanced scientific fields, including astronomy, metrology with frequency combs, and 
on-chip integrated photonics. 
 
Thin-disk lasers for high power laser applications.  
Thin-disk lasers doped with Tm, Ho, or Yb are at the forefront of high-power laser technology, 
offering unique advantages for a range of demanding applications. Some of the developed gain 
media will be studied for thin-disk lasers due to their unique advantages such as high absorption 
cross-sections or high thermal conductivity that may reduce the required number of passes of 
the pump through the active medium and reduce the complexity of the existing thin-disk lasers. 
These lasers utilize a thin, disk-shaped gain medium, which significantly enhances thermal 
management and enables efficient heat dissipation. The geometry of thin-disk lasers is 
particularly advantageous for high-power operation, as it minimizes thermal lensing and allows 
for higher output powers without compromising beam quality.
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