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A B S T R AC T

Diode pumped solid state lasers enable a more efficient, high repetition rate generation of energetic laser

pulses. Recently the Laboratory for Intense Lasers at IST started a program towards the installation of a

high energy Diode-Pumped Solid-State Lasers (DPSSL) system, with the goal of allowing studies in various

fields of science previously not available at this facility. This dissertation was performed in the framework

of the development and implementation of a laser source based on Chirped Pulse Amplification (CPA) and

diode-pumped Yb-doped materials, with an energetic milestone set at 100 mJ and a repetition rate of 10

Hz.

Numerical simulations were performed with the goal of finding how the output energy of the amplified

beam is influenced by: the pumping power, the number of passes through the crystal and its length,

among others. The amplified beam properties were shown to be consistent with the expected output in

the considered temperature interval (from 300 K to 475 K).

The spatial-temporal temperature profile of the crystal, as well as the focal length of the induced

thermal lens, are determined both analytically and numerically, with an approach based on finite element

analysis developed for this problem. The conducted experimental work shows a good agreement with the

models, revealing a minimum focal length of f = 2.37 m for the desired frequency of 10 Hz. A Gaussian

beam propagation simulation is performed, showing an absence of problems in implementing the setup

with increased repetition rate.

Keywords: High energy laser amplifiers, Diode pumped lasers, Ytterbium-doped laser media, Ther-

mal effects in lasers.
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R E S U M O

Os lasers bombeados por díodos permitem gerar os impulsos laser, de forma mais eficiente e a uma maior

taxa de repetição. O Laboratório de Lasers Intensos no IST iniciou um programa para a instalação desse

sistema de alta energia, com o objectivo de permitir estudos em vários campos da ciência anteriormente

não disponíveis nesta unidade. A presente dissertação foi realizada no âmbito do desenvolvimento

e implementação de uma fonte laser com base no método de CPA e materiais dopados com Itérbio

bombeados por díodos. Este projeto tem como objectivo atingir um marco energético fixado em 100 mJ

e uma taxa de repetição de 10 Hz.

Foram realizadas simulações computacionais com a finalidade de encontrar como a energia final do

feixe amplificado é influenciada: pela potência de bombeamento, pelo número de passagens através

do cristal, do seu comprimento, entre outros. É mostrado que as propriedades do feixe amplificado são

consistentes com o comportamento esperado no intervalo de temperaturas considerado (de 300 K a 475

K).

O perfil espácio-temporal de temperatura do cristal, tal como a distância focal do efeito de lente

térmica induzido são determinados analítica e numericamente, através de uma abordagem baseada em

análise de elementos finitos. O trabalho experimental realizado mostra uma boa concordância com os

modelos, revelando uma distância focal mínima de f = 2.37 m para a frequência desejada de 10 Hz. Uma

simulação de propagação do feixe Gaussiano é realizada, mostrando uma ausência de problemas na

implementação desta configuração com o aumento da taxa de repetição.

Palavras-chave: Amplificadores laser de alta energia, Lasers bombeados por díodos, Amplificadores

laser dopados com itérbio, Efeitos térmicos nos lasers.
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1
I N T RO D U C T I O N

1.1 S TAT E O F T H E A RT

Today, many of our daily life activities make use of laser technology or laser-processed products. Applica-

tions range from cutting and welding materials for cars, airplanes and ships down to nanometer scale

lithography for microelectronics [1]. Besides industrial applications these light sources are used in fields

such as therapies, surgery [2] and optical communications [3]. Also high power lasers enable us to probe

fundamental laws of nature by granting access to new physical regimes [4].

The vast field of applications made possible by high power lasers is due to the rapid progress of this

technology over the past 30 years. This progress can be attributed to a number of key developments.

The development of techniques such as mode-locking [5] and Q-switching [6] in the 1960s and most

importantly of chirped pulse amplification (CPA) [7] in the mid 1980s allowed reaching high energies

concentrated in the form of very short light pulses. An additional key element is the development of high

quality solid state crystals that have good properties for the implementation of terawatt and petawatt laser

systems.

In this first chapter we review the state of the art of these areas, and present the framework of this

thesis, detailing the proposed work and its objectives.

1.1.1 Laser evolution

The theoretical foundations of Light Amplification by Stimulated Emission of Radiation (LASER) develop-

ment go back to 1900 when the well known physicist Max Planck firstly projected his idea of quantified

energy and applied it to the law of black body radiation [8]. Later on, in 1916, after the development

of quantum mechanics, Albert Einstein, making use of concepts such as absorption and emission of

quantified energy in materials, postulated a third process - stimulated emission [9].

In 1928 the proof of such mechanism was found by Hans Kopfermann and Rudolf Ladenburg after

performing an experiment on Neon gas [10]. After acquiring such knowledge, the idea of building an

optical generator using stimulated emission occurred to Valentin A. Fabrikant, which he tried in 1940 [11].

His idea consisted basically of using a gas discharge to produce an excited atomic population significantly

higher than that obtained from Boltzmann’s distribution. His assumption was that part of energy would be

transferred through collision, leading to an excited state with more population, but he failed to reach the

desired results experimentally. In fact 20 years later this method was proven and gave birth to the first

gas laser [12].
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1.1 S TAT E O F T H E A RT

Another important step towards laser development was the experimental observation of population

inversion by Felix Boch while doing his work in nuclear resonance in 1946. Shortly after that, theoretical

breakthroughs helped understand this process by introduction of the concept of a "negative temperature"

[13], through which the probability of population occupancy is greater for higher than for lower-energy

states, explaining the experimental results.

Following this leap in knowledge the first operating Microwave Amplifier by Stimulated Emission of

Radiation (MASER) was demonstrated in 1954 by two independent groups, Charles H. Townes and his

colleagues, and by Nikolay Basov and Alexander Prokhorov [14]. All of them were recognized for the

important work done in the field and were awarded the Nobel Prize in physics later on in 1964. After this

prominent success, the race to the first light amplifier by stimulated emission of radiation system (in the

visible spectrum range) started worldwide. All these events lead to Theodore H. Maiman successfully

demonstrating the first ruby laser in 1960 [15].

1.1.2 High power lasers

The major types of lasers were first demonstrated in those early years following Theodore Maiman’s

demonstration, but their technology has advanced greatly since then and today they have found a large

number of applications.

Lasers have reached a broad diversity in their first half century. For instance, in size they range from a

few centimeters to the extent of several football fields [16]. Today’s state of the art lasers cover virtually

every color from the visible spectrum and beyond, including mid-infrared radiation to hard X-ray radiation

[17]. Applications in countless fields, such as medical, industrial, defense and science have contributed to

broadening the research and enhancing the development of new technology.

Figure 1.1: Laser intensity evolution for the past 50 years (Public Domain image).

Fig. 1.1 shows the evolution of the peak focused laser intensity during the last 50 years, and the

corresponding physical regimes that were unlocked. After a quick boost in the early 1960s, the increase

2



1.1 S TAT E O F T H E A RT

in intensity experienced a period of stagnation for two decades, until the introduction of the CPA technique

in 1985 [7].

CPA consists of three steps: pulse stretching, amplification and compression. The time stretching of a

very short light pulse originated from a mode-locked laser oscillator can be achieved by passing the pulse

through an optically dispersive line. Grating pair stretchers are among the more practical and commonly

used. After this, the original pulse length can be stretched up to 5 orders of magnitude, from the tens of

femtoseconds to the nanosecond level. At this stage, amplification in the gain medium can take place

safely, since the low pulse intensities will not induce optical damage or nonlinear effects associated to

high peak intensities. After the desired amplification, which can be larger than 106, the last step can take

place. This consists in cancelling the positive dispersion generated previously. Usually a diffraction grating

compression device is used. A scheme of the CPA principle is shown in Fig. 1.2.

Figure 1.2: CPA scheme and principle. A short and low energy pulse generated by an oscillator is temporally stretched
and chirped by introducing a frequency-dependent delay, after traversing the stretcher stage. This pulse
can be amplified till the LIDT intensity. After this a symmetrical frequency-dependent delay removes the
chirp at the compressor stage, leading to a short, high power pulse.

CPA is one of the most important techniques in the current state of the art for high-energy and

high-power lasers. Every ultrahigh power laser ( > 100 Terawatts) relies on, and it enables amplification

of extremely short pulses, which require a higher laser damage threshold of all the optics involved.

CPA allowed to bypass this limitation, providing increased levels of amplification. It enabled small-scale

laboratories to create and operate with multi-terawatt pulses, contributing to the miniaturization of large-

scale experiments and leading to a decrease in the overall cost.

1.1.3 Diode pumped solid state lasers

A particular class of lasers, diode-pumped solid-state lasers (DPSSL), has revealed advantages in high

peak power generation. Peak power of a laser pulse can be estimated as P = E/τ , with E and τ being

the energy and duration of the pulse, respectively. Early diodes did not find widespread use in pumping

high power systems due to their high prices. But nowadays, with decreasing prices and the possibility

of pumping in the vicinity of the absorption wavelength of the gain maedia, diode lasers enable great

improvements in compactness, efficiency and overall cost, making them efficient replacements for ion

and flashlamp-pumped lasers. In addition to high peak power many of the applications in industry and

research require higher average power, defined as Pav = E × f, where f is the pulse repetition rate

(frequency). Laser-driven plasma accelerators, nuclear fusion and material processing require sub-

picosecond systems operating with multi-Joule pulse energies and kilohertz repetition rates [18] and

3



1.2 M OT I VAT I O N

DPSSL have demonstrated better results and performance for such conditions. Currently heat problems

still constrain large laser systems and limit their performance to a few shots per day. The rise of DPSSL

holds the key to circumventing this limitation, allowing such systems to attain much higher repetition rates.

The importance of this type of lasers is evidenced by the number of workgroups worldwide currently

developing and improving high-energy diode-pumped solid state lasers. The following list presents the

state of the art diode pumped lasers currently being developed or in operation around the world:

• POLARIS - Helmholtz Institute Jena, Germany. POLARIS is a diode-pumped CPA laser system

based on Yb:FP15 glass with the aim of generating 150 fs pulses with pulse energy of 150 J. So

far, pulse energies up to 4 J with below 140 fs pulse duration at a repetition rate of 1/40 Hz were

realized [19].

• PEnELOPE - Institute for Radiation Physics, Germany PEnELOPE - currently under develop-

ment and construction - a system comparable to POLARIS and also aiming for 150 J pulse energy.

The main difference is the use of Yb:CaF2 as gain material, allowing for pulse durations of 120 fs.

Currently the output energy is 1 J at an increased repetition rate of 1 Hz [20].

• Lucia - Laboratoire LULI, Ecole Polytechnique, France The LUCIA system is based on active-

mirror Yb:YAG disks. While aiming at 100 J, 10Hz, 10ns, the current status of the laser program is

set at 10 J with a repetition rate of 1-3 Hz, 7ns long [21].

• DiPOLE - Central Laser Facility, STFC Rutherford Appleton Laboratory, United Kingdom

DiPOLE is a diode-pumped laser system based on Yb:YAG material using multi-slab cryogenic

cooled technique similar to Mercury system. This configuration has already delivered 10 J pulses at

a 10 Hz repetition rate. The current development path involves 100 J at 10 Hz as the next step, and

then 1 kJ at 10 Hz [22].

• MBI Disk Laser - Max Born Institut, Germany MBI system consists of a front end including the

CPA stretcher followed by an amplifier chain based on Yb:YAG thin-disk amplifiers and the CPA

compressor. Energies of 300 mJ were reached by means of one Regenerative Amplifier (RA) and a

Multi-Pass (MP) amplifier at 100 Hz of repetition rate for 45 min [23].

• HiLASE - Institute of Physics ASCR, Czech Republic HiLASE is a diode-pumped laser system

based on Yb:YAG material using multi-slab cooled using He gas at cryogenic temperatures. Output

energies of 100 J were already reached at a 10 Hz repetition rate [24].

1.2 M OT I VAT I O N

Like the above institutes, Instituto de Plasmas e Fusão Nuclear of Instituto Superior Técnico is also

dedicated to lasers physics and currently possess the most energetic laser in Portugal. Through IPFN,

IST has an active role in experimental research in the scope of several large-scale European research

project for laser R&D and laser use.
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1.2 M OT I VAT I O N

The Laboratory of Intense Lasers (L2I) hosts a CPA laser system based on two solid-state amplifiers,

Fig. 1.3, using two different Yb-doped materials. The system is seeded by a commercial femtosecond

oscillator delivering 1030 nm pulses with a duration of ∼150 fs, an average power of 260 mW and a

repetition rate of 76 MHz. After being amplified in the regenerative amplifier, based on Yb:CaF2 and

diode-pumped, the laser beam has 3 mJ of energy, a ∼330 ps duration and slightly shifted wavelength

of 1035 nm. Next the beam reaches the multi-pass Yb:YAG amplifier. It executes 8 passes through the

crystal, which is pumped by a 4 kW diode laser stack. At the output the laser delivers a 100 mJ, ∼150 ps

pulses at 1032 nm with a repetition rate of 1 Hz.
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Figure 1.3: General scheme describing the L2I laser [25].

This work was carried out at the beginning of the transition of the L2I to a DPSSL program. It is focused

on the second stage of amplification of the setup, namely the diode-pumped solid state Yb:YAG amplifier.

In previous experimental work the repetition rate was limited to 1 Hz due to electronic limitations of the

diode laser driver, which was unable to provide high current pulses at a rate faster than one shot per

second. Increasing the repetition rate had therefore become a strategic priority. This upgrade, however,

implies a study of the conditions that all the components will be subjected to, and the fact that the

amplification process itself will be different. A thorough description and study of all the processes involved

is therefore required, and this constitutes the main goal of this thesis.

In order to accomplish these objectives, the following major tasks were performed:

• Analytical description and characterization in terms of power delivered, number of round trips in the

crystal and seed influence on the output energy. This is followed by the study of the thermal effects

rising in the gain medium, and their influence in the amplification process and its efficiency.
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1.3 T H E S I S O U T L I N E

• Implementation of a numerical code to simulate the temperature distribution in the gain medium

and the evolution of thermal effects, as well as the thermal lenses for different pump repetitions

rates and pulse length.

• Experimental work consisting in testing and characterizing the amplifier for different pump conditions,

and benchmarking of temperature simulation code.

• Evaluation of the current laser amplifier design in terms of compatibility with an upgrade in the

repetition rate.

The ultimate goal of this project is to develop and characterize an amplifier based on Ytterbium-doped

gain media with the purpose of delivering 100 mJ-level pulses at a moderate repetition rate, objectively set

at 10 Hz. The optical amplifier will be integrated and used in a laser system, with the goal of performing

laser-matter interactions experiments with a high number of shots, allowing a statistical like approach.

1.3 T H E S I S O U T L I N E

This thesis is organized as follows:

Theoretical background is present in Chapter 2. The crucial role of the matrix host on the properties

of this solid-state crystals is shown, particularly the chosen YAG host. Chapter 3 is dedicated to the L2I

description, including the most recent status of the current setup. Some characteristics are presented in

addition with methods of functioning and performance milestones.

Next part is devoted to modeling, starting, in Chapter 4, with amplification routine and prediction of the

laser performance in new conditions. Several dependencies were studied in order to operate in the most

efficient way and future implementation is prepared. Following, in Chapter 5, a detailed presentation of

the temperature distribution in a diode-pumped Yb-doped crystal is shown. This part is focused on the

thermo-optical properties and make a detailed study of the thermal lensing phenomenon.

Experimental work is presented in the next chapters. As it is considered important, Chapter 6 presents

a review of what are, to our knowledge, the main different techniques that can be employed to measure

thermal lensing in end-pumped laser media, and discussed their relative advantages and drawbacks.

Finally, in Chapter 7 the thermal lensing measurements are presented.

The discussion and the final conclusions are presented in Chapter 8.
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2
F U N DA M E N TA L S O F L A S E R S

2.1 L A S E R O P E R AT I O N

The acronym LASER (Light Amplification by Stimutated Emission of Radiation) by itself explains the

physical process that occurs for the production of a light beam. Stimulated emission allows an incident

photon with given properties to induce a transition on an exited state atom to a lower state through the

emission of a second photon with the same properties (or to the same photon mode, using the terms of

quantum optics) as the original. The obtained two photons can generate another two additional photons

and so on, while still preserving all the original properties. This is what gives the laser its remarkable

features. However, the acronym does not specify the type, size, complexity and technology of the laser

itself. Usually the high-power laser systems are sets of laser light amplification devices with different

design complexity depending on the purpose, technology and energies deal of/on each device. In fact,

every laser system starts with an oscillator that generates a weak beam and may have several amplifiers

afterwards, helping to further elevate the energy output initially generated. The main principle responsible

for such results is the population inversion in the gain media.

2.1.1 Three level laser

Amplifiers, which are the main subject of study in this thesis, can be classified according to the number of

energy levels exhibited by the gain medium used. It can be shown that a two-level system cannot achieve

population inversion [27], but fortunately many materials can be engineered to exhibit multiple energy

levels. In fact real laser materials usually involves a complicated energy level system, making modeling

rather complex. Simplified models on the other side give a reasonably good understanding of the basic

relationships and general behavior of such systems. We will try to understand the mechanism of inversion

of population in the simplest models such as the 3-level, the 4-level and the quasi 3-level.

A three level system is enough to create an inversion of population, as illustrated in Fig. 2.1. As one

can observe, the incident pumping radiation with frequency νp will induce a transition from the ground

state |1〉 to the pumping level |3〉. This state is generally unstable and will decay to the upper laser level

|2〉 with the lifetime τ32. For such setup to work it is necessary that τ32 � τ21 and so the population in

the third level N3 is very small in comparison with N2 and N1. This way we can assume that, the total

This section is based on general information available online and also on some ideas presented in W.Kochener - "Solid-State Laser
Engineering" [26]
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population, N is given by N = N1+N2, and so to achieve the desired population and amplification, in this

three-level system, is necessary that N2 > N/2.

As a matter of fact, the first stimulated emission of radiation in the visible range was achieved in a

three-level system by T. Maiman at Hughes Research Laboratories on May 16, 1960 [15], as mentioned

before. The material used was ruby (Cr3+:Al2O3), now a well known gain medium but not one of the most

commonly used in industrial applications.

Figure 2.1: Simple scheme of a 3-level system. The 3-level system shown has the energy split for the upper laser
state.

2.1.2 Four level laser

Although a three-level system can achieve the proposed objective it requires a high pumping as we

saw that N2 should be higher than N/2. One can surpass this problem by considering systems with one

additional level. A sketch of this type of configuration is presented in a simple way in Fig. 2.2, in this case

the laser transition takes place between |3〉 and |2〉. If τ21 � τ32 the low level of the laser is going to be

depleted at any time and so practically any population in the upper level |3〉 will lead to amplification of

incident radiation.

An example of a widely used four-level system is Nd:YAG

Figure 2.2: Simple scheme of a 4-level system. The lifetime of the upper laser level |3〉 is very large compared to the
lifetime of the upper pump level |4〉 and compared to the lower laser level |2〉.

8
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2.1.3 Quasi three level laser

There is a special type of systems that can be regarded as an intermediate between the three-level and

the four-level system. This occurs when the lower laser level is very close to the ground level, as can

be seen in Fig. 2.3. The population is distributed into levels according to Boltzmann’s distribution, so in

thermal equilibrium at room temperature T the energy difference ∆E between those two levels obeys

∆E≈kT, where k is Boltzmann’s constant. In these conditions, the lower laser level will be populated,

influencing the light amplification process. At cryogenic temperatures these media behave like a four-level

system, so ultimately the properties of quasi-three level media are strongly influenced by temperature.

Yb:YAG is a well known quasi three-level gain medium.

Figure 2.3: Sketch of a quasi 3-level system. This system is a variation of the previous two, the energetic split of the
lower level is on the order of kT.

2.2 G A I N M E D I A

Another way to classify a laser is by the state of matter of the gain medium. We can categorize lasers in

three major classes that we will briefly discuss.

2.2.1 Non-solid state lasers

G A S L A S E R S Gas was one of the most intuitive type of media to be used, since it exhibits a number of

advantages e.g. adaptation to the host cavity, quick removal and substitution. Also a low gas density

can create a stable laser beam with well-defined spectral properties. Heat can also be efficiently

removed from the system, and the output spectrum may be changed by using different isotopes.

This particular type of laser has become very popular in industry because of high peak power

demand and Continuous Wave (CW) operation, especially the CO2 laser. This is possible as a result

of the ability to scale gas lasers to high energy that can be then used for welding and cutting or

photolithography and so on. One of the disadvantages of gas lasers is the limited absorption cross

section bandwidth, leading to inefficient optical pumping using flashlamps. Most of the gas lasers

use gas discharge, performed by different methods, to excite and create population inversion [28].
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DY E L A S E R S Dye lasers are use an organic dye (normally in liquid form) as the media for amplification.

They exhibit the advantage of having broad absorption and emission cross sections, enabling their

use in lasers requiring broad wavelength tunability or for ultra-short pulse generation. Organic dye

lasers were the first ones to achieve this tunability capacity and can range between near-infrared to

the ultraviolet [29]. But this type of lasers possess some big disadvantages. However the organic

liquids involved are normally very toxic or carcinogen, exhibit low gain and a low energy storage

capability, which are considerable disadvantages when compared to modern broadband gain media.

[30].

2.2.2 Solid state lasers

Solid State lasers are one of the most important type of lasers in the current technology. They can be

defined according to:

• The host material, which can be a crystal, ceramic or glass and which will define most of the

mechanical, thermal and optical proprieties.

• The doping ion, which will define the overall energy level distribution and spectral properties (but

which are also host-dependent, to a greater or lesser extent).

The right combination of the host material and the doping ion will manage to improve and find a

solution to the previous drawbacks of other types of lasers. This combination should possess a strong

emission cross section, a high quantum efficiency for the laser transition and good optical properties. It

is beneficial if it also manifests good pumping characteristics, i.e. the existence of usable pump bands,

achievable doping density and the possibility to produce the gain medium in the requested size for small

systems or the ability to scale for bigger systems and higher energy.

The ions that have demonstrated to belong to this category are: trivalent ions that reside in the

group of rare earths or lanthanide Nd3+,Er3+,Ho3+,Ce3+,Tm3+,Pr3+,Gd3+,Eu3+ and Yb3+; bivalent ions

belonging to lanthanide group Sm2+,Dy2+ and Tm2+; transition metal ions Cr3+,Co2+,V2+,Ni2+ and Ti3+;

and one actinide ion which is U3+.

For the host, glasses are preferred for industrial applications because of the facility of production

in large sizes and large quantity maintaining a high optical quality. Some glasses, such as phosphate

and fluoride phosphate glasses, also present small index of refraction and small nonlinear refractive

index, which is a positive feature for lasers [31, 32]. The biggest limitation of glasses, compared to their

crystalline counterparts, is the low thermal conductivity limiting their scope of applications to those that

only require a low average power.

Crystalline hosts present a high order structure that leads to a naturally higher thermal conductivity,

but as so, they remain small in size due to process of fabrication (some centimeters in radius) and show

high nonlinear index of refraction.
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2.2.3 Diode lasers

Diode lasers are semiconductors that possess suitable properties for several applications in optical

systems. Light, in this particular sort of lasers, is originated by radiative recombination of electrons and

holes and population inversion is achieved by driving a current through the p-n junction, shown in Fig.

2.4. Due to its narrow emission spectra, in comparison with flash lamps, they became highly efficient

pump sources of choice for gain media integrated high-energy laser systems [33]. The bandwidth of

this spectra is typically of the order of some nm compared with flash lamps which present bandwidths

up to several hundred nm. The obvious advantage is that on using this diode-lasers as pump we can

decrease the amount of energy transformed to heat and increase the actual amount of usable energy

for pumping, which is highly important for high-repetition rate systems. Among the disadvantages is the

small output power of a single laser diode. Usually several such emitters are combined to create a so

called bar that has the possibility to generate an output power of 200-300 W per bar. Several bars form a

stack with a optical power delivery of 3-6 kW that normally has a delivering surface of several squared

centimeters. As we can see, a large number of emitters are necessary to achieve desired power leading

to high investment costs per kW of installed pump power. But new developments and research have been

decreasing this cost and nowadays diode lasers are definitely a more reliable and efficient pump source.

Figure 2.4: Diode lasers operation scheme.

Typically these diode lasers are controlled by drivers delivering a current (up to 150-300 A), meaning,

the pulse duration is determined by the current rise and fall time. These values reach up to τp > 100

µs which means that a suitable laser gain medium should therefore offer a lifetime of this magnitude.

Moreover it should possess a suitable pump band matching the laser diode emission and desired

working wavelength, a low nonlinear index of refraction n1, a high thermal conductivity, a sufficiently large

absorption cross section, a saturation fluence less than the Laser Induced Damage Threshold (LIDT) but

large enough not to be limited by Amplified Spontaneous Emission (ASE). Unfortunately, such a gain

medium that combines all of these properties does not exist. Solid-state materials are most suited to

these demands creating a new category of lasers which is Diode Pumped Solid-State Lasers DPSSL.
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2.3 E FF E C T S I N L A S E R A M P L I FI C AT I O N

In order to make the best choice for a material that will be used as laser amplifier we first need to

understand the problems and limitations, which will weight on the decision.

2.3.1 Thermal effects

In large laser systems which are designed for applications requiring several shots per second, thermal

management and efficiency dominate over all other limitations. Due to low efficiency, near ≈1%, power

consumption is a problem (kW power lasers will need MW pumping power) and nearly all unused energy

is transformed into heat, leading to power-demanding cooling requirements. The factor that defines the

optical-to-optical efficiency is defined as the fraction between the extracted energy density Fout and the

injected energy density Fin.

ηopt =
Fout
Fin

(2.1)

A low efficiency can have many sources. One of them is the inability to store all the pumping energy. It

arises due to ASE, thermal effects and theoretical limitations. The last reason is simple to understand, and

is mainly related to the Stokes parameter which is given by λP/λL describing the difference in energy for

a pump and a laser photon. So only a fraction of the total energy is used, while the remainder contributes

to other effects, namely thermo-optical processes. These effects are related to the material properties, so

when a solid state laser material is exposed to a certain value of stress it can deform or fracture, if the limit

of the strength of the material is reached. A non-uniform heating results in a non-uniform expansion and

therefore leads to stress in the bulk material. The thermal shock parameter characterizes the resistance

of the laser material to heat [34], it is given by

Rs =
K(1− νp)
αTE

σmax, (2.2)

where K [W m−1 K−1] is the thermal conductivity, νp the Poisson ratio, αT [K−1] the thermal expansion

coefficient, E[Pa] the modulus of elasticity and σmax[Pa] is the maximum surface stress a material can

resist. The last one is strongly dependent on the surface quality [35] and is defined as

σmax =
Y kc√
a
, (2.3)

where Y is a geometry factor close to unity, the fracture toughness kc [Pa m1/2] and a[m] the depth of

the largest flaw. Besides the physical destruction of the laser material, generated heat affects the laser

performance , for example introducing a temperature dependent gain, stress induced birefringence and

thermal lensing.
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2.3.2 Amplified spontaneous emission

The Stimulated Emission (SE) occurs naturally as some of the atoms decay to the ground state emitting

fluorescence photons. These photons may generate amplification in the already inverted media in the

form of ASE, a spurious effect leading to depopulation of the excited state and degradation of contrast.

2.3.3 Damage to optical media

Until now we have only considered effects due to the presence of the pump source, without considering

the effect of the generated laser light itself. So another form of restriction is the power and intensity

limitation due to extracting the energy from this material. We can also categorize them into two other

subgroups, thermal and dielectric breakdown processes.

Thermal mechanisms are normally applied for CW or long pulsed and high repetition lasers and consist

of direct absorption of the laser energy. This energy is transported into the lattice of the solid-state

material resulting in local heating and therefore melting, softening or decomposition leading to damage.

Because thermal conduction limits the heat deposition, the LIDT fluence depends on the pulse duration τp

as FLIDT ∝ τ0.4−0.5p in the range from 0.1 to 100 ns [36].

2.3.4 Nonlinear effects

When the electric field of the laser is strong enough to generate free electrons the dielectric breakdown

occurs. This typically happens when the original seed’s density is amplified to values near ≈1018 cm−3

[37]. For short laser pulses (�10 ps) absorption effects, described previously, are not dominant [38] so

no correlation between the LIDT and the thermal absorption can be found. But dielectric breakdown may

affect the coatings of the crystal, if it is the case, or of the other optical components leading to damage

and other deformations [39].

For high intensities there is another effect, which is the non linearity of the refraction index of the

material. It obeys the form:

n = n0 + n1I, (2.4)

where n1 is the non linear part, and I is the intensity. This means that the material becomes a optical object

on its own, leading to predominant effects such as whole beam self-focusing (lens like) and filamentation

self-focusing. This effect is highly dependent on the initial uniformity of the seed beam, implying that

smoother beams will have higher damage threshold compared to strongly modulated beam profiles.
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2.4 Y T T E R B I U M -D O P E D L A S E R M E D I A

In the next pages we present the rationale towards choosing Yb-doped media as the gain, namely Yb:YAG

as the high energy 10 Hz amplifier.

Naturally, selecting a gain material requires a detailed comparison between different types of media.

A good reference containing relevant data for this purpose in the paper by M.Siebold et al.[40].

Fig. 2.5 shows a series of laser gain materials doped with two of the dominating doping ions in the

field of DPSSL, neodymium and ytterbium, and some transition metals. This graph illustrates which of the

materials are more suited for storing pumping energy, i.e. possess longer fluorescence time and lower

saturation fluence Fsat. However, a too low Fsat makes the extraction more difficult due do LIDT issues and

a too high one also enables high energy extraction through ASE which is not desired.

Figure 2.5: Fluorescence lifetime τf (horizontal axis) and saturation fluence Fsat (vertical axis), overview over several
laser gain materials, according to [40]

Fig. 2.6 a) displays the saturation fluence vs. the ability to create short pulses in combination with

fluorescence time. And in the Fig. 2.6 b) is depicted the available bandwidth of the gain media, which

must be higher by a factor of 4-5 in relation to the emission bandwidth of the laser.

In general Yb-doped material exhibit a broadband absorption cross-section in the region between 900

and 1050 nm. This cross-section, as we mention before, depends highly on the host material properties

as we can see in the Fig. 2.7. All materials present one peak in the region 960-980 nm but although the

bandwidth of these peaks may be broad enough for diode pumping the emission cross sections also

manifest a peak in that region of the same order of magnitude and therefore prevent high inversion levels.

In the case of Yb:YAG the existence of a peak in the 940 nm region which has nearly the same intensity

as the main peak, with a bandwidth of nearly 10 nm, is well adjusted to diode pumping. But unfortunately

we cannot speak of broadness without mentioning the thermal conductivity. The greater the level of

disorder of the host (glass), broader the achieved spectrum, but on the other hand, this disorder will

reduce the thermal conductivity of the material. As a summary, an equilibrium has to be found between

broader bandwidth and higher conductivity for high repetition rate and high power operating values, as
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(a) (b)

Figure 2.6: a) Ability of short pulse generation in combination with saturation fluence and fluorescence time for
popular gain materials. Bandwidth versus saturation fluence for a selection of prominent laser materials,
according to [40].

both cannot be fulfilled at once. Fig. 2.8 shows a compilation of host materials with respective thermal

conductivities and the thermal shock parameters. Higher values of these properties are preferred.

Figure 2.7: Absorption cross sections of different Yb-doped materials, according to [41, 42].

Taking into account all the above discussion, and after analyzing the presented graphs including all the

technical and mechanical limitations we can conclude that Yb-doped material have great potential for high

repetition rate, ultra-high peak-power lasers. And considering this family of materials, the most promising

between them are the Yb:YAG and Yb:CaF2. The latter is typically more suited for ultra-short pulses ( ≈

100 fs) and it is chosen as the regenerative amplifier in most cases, but it can be used on higher energies.

Whilst the Yb:YAG that allows higher efficiency and pulses of ps range is used as the main amplifier in

many laboratories in the current state-of-the-art, it also has the advantage of the similarities with the

Nd:YAG that was highly used in the last decades and possesses more market knowledge and popularity.
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Figure 2.8: Thermal shock parameter Rs as a function of the heat conductivity k for various materials at room
temperature. Higher values of both properties are favorable. Original data can be accessed from [43]

2.5 A P P L I C AT I O N S

The vast development that high power lasers have experienced over the past years has opened the

door to a large number of new and potential applications. Here we review just a few ones for illustrative

purposes.

2.5.1 Particle Acceleration

With this increase in power, but most important in efficiency and repetition rate, it is nowadays possi-

ble to accelerate particles by using lasers-target interactions. Electron acceleration has been already

demonstrated with energies reaching up to 1 GeV [44]. A good overview of the theory of laser-driven

plasma-based electron accelerators can be found in [45]. To achieve such energies a petawatt-class laser

is necessary with pulse duration around 100 fs. More interesting is accelerating protons or other heavy

ions for hadrontherapy (cancer treatment), but currently direct acceleration is not possible due to their

mass (much higher than electron). It is possible in principle to create accelerated protons via secondary

effects. For energies in the range 100-200 MeV, required for cancer treatment, the laser system should

have a peak power of 2-5 PW [46] and repetition rates of 1 Hz. The big advantage of such accelerators is

their size compared to conventional acceleration techniques that result in large-scale machines that are

not suited for the common use e.g. in hospitals.

2.5.2 Plasma Ignition

Since the early days of lasers demonstration, the idea to create a laser pulse intense enough to ignite

Deuterium-Tritium (DT) fuel came into mind. Fusion energy is nearly a clean source of energy that is
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the most promising technology for the future of the evolution of the mankind. Different techniques were

tried throughout the years such as Inertial Confinement Fusion (ICF) triggered by laser impact, Central

Ignition (CI) and Fast Ignition [47], but all of them require MJ level of energy for the laser pulse and a

series of other limitation witch are beyond the scope of this thesis. More research on this topic is needed

and several facilities are running projects to improve and refine this field of laser-application.

2.5.3 Biochemistry

In the field of Biochemistry it is important to understand and analyze details of protein folding and their

functioning. Moreover, a general way for probing the process of the reaction at a very high temporal

resolution, allowing the detection of short-lived intermediate molecules is needed. In order to accomplish

this task, given their small duration, femtosecond light pulses can be used.

2.5.4 DPSSL-OPCPA

As we see there is a high demand on higher energy, faster and more efficient lasers for many applications,

from medicine, industry, particle acceleration and investigations. A typical gain medium has a critical peak

power of 1-3 TW, so in theory exawatts of laser power (1018 W) are possible to reach if an appropriate

bandwidth, an amplifying gain medium with a sufficient large diameter and a compression of the amplified,

stretched pulses can be achieved. But in this extreme case this last process is it difficult to accomplish

in an efficient way and short duration pulses are time limited. To overcome this drawback, we can

introduce the Optical Parametric Chirped Pulse Amplification (OPCPA) technique that combines the Optical

Parametric Amplification (OPA) [48] with the CPA concept. In this way, the DPSSL will work as a pump

source for a non linear crystal that through non linear wave mixing will amplify further allowing at the

same time ultra-short time durations [49]. This is in fact the main advantage and the absence of ASE, that

could allow great improvement in performing large scale experiments in fundamental science with much

higher repetition and ease that is not possible in current state of technology.

17



2.5 A P P L I C AT I O N S

18



3
T H E L 2 I L A S E R S Y S T E M

3.1 OV E RV I E W

The Laboratory for Intense Lasers L2I hosts the most powerful laser in Portugal: a hybrid Ti.Sapphire -

Nd:glass system delivering 15 TW pulses. Recently a new program has been under development, based

on DPSSL with the aim of achieving Joule-level energies with at least 10 Hz of repetition rate of pulse

generation. As already mentioned, it is based on Yb-doped materials with an emission wavelength of

around 1030 nm and an on-target pulse length near or below 1 ps after compression. This thesis is part

of this program and it is placed in the context of previous milestones for the laser operation, which are

demonstrating operation at an energy of 100 mJ at 1 Hz repetition rate. In Fig. 3.1 the general setup of

the laser system is depicted. The configuration starts with an oscillator that generates low energy pulses

that are stretched for the CPA process, then enter a regenerative amplifier reaching energies of a few

mJ. This is followed by the main multipass amplifier, and finally a pulse compressor delivering the output

pulses.

In this chapter we will briefly describe the main stages of the L2I diode-pumped laser system. More

information about initial stages, milestones and previous configurations can be found in the literature e.g.

[50, 51].

3.2 O S C I L L ATO R

The oscillator is a commercial model (Coherent Mira 900F) that allows wavelength tuning from 900 to

1100 nm, and is pumped by a CW solid state green laser (Coherent Verdi V-10) providing up to 10 Watts

at 532 nm. In the current configuration the operating wavelength of the oscillator is around 1030 nm. The

pulses are created by Kerr lens mode-locking, enabling great ease-of-use and reliability. The pulses have

an energy around 4 nJ, a duration below 100 fs and a repetition rate of 76 MHz.

This oscillator is protect by a Faraday Isolator (FI) at the beam exit. This will prevent more energetic

radiation to reentry the oscillator damaging or changing the normal operation the device.

3.3 S T R E T C H E R

The passage through the stretcher is, as explained earlier, the initial part of the CPA technique. The design

of such a setup is not an easy task, since many aspects have to be considered such as the transmitted

(and later, amplified) bandwidth and the stretched pulse duration necessary for a damage-free operation.
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Figure 3.1: Photograph of the diode pumped laser system. The mode-locked oscillator generates 1030 nm, 100 fs
pulses, which are temporally broadened in a grating based stretcher. After reducing the repetition rate to
10 Hz the pulses are sent to a regenerative amplifier followed by a multipass amplifier at 1 Hz. Finally,
they are compressed in a grating based compressor. The setup was developed by our group members
and more information about its evolution may be found in Ref. [25].

In its current state it is composed of two dielectric gratings with a line density of 1740 grooves/mm

separated by a distance of 60 cm. The configuration is based on an Offner triplet design [52], allowing an

increase of the pulse duration by a factor of 104, i.e. from the 100 fs to the ns level. This is accomplished

by introducing a positive frequency chirp in the pulse. Is it a matter of high importance to make this

process efficient and avoid optical aberrations and high order spectral dispersion during the stage of

amplification.

One of the drawbacks associated to a grating stretcher is the limited aperture of the optics used,

which may lead to clipping of the stretched pulse spectrum. That is, the bandwidth transmitted by the

device is somewhat narrower that the input one. The loss of spectral bandwidth causes a longer pulse

after compression, and eventually the generation of unwanted pre and post pulses. Through the spectral

cut-off and additional reflection losses in the gratings (↑ 10%) the pulse energy is reduced to 0.4 nJ.

Furthermore, a pulse picker, consisting of a Pockels Cell (PC) and a FI, is used to reduce the repetition

rate of the pulses from 76 MHz to 10 Hz before seeding the subsequent amplifier. The detailed scheme

of this part can be analyzed in Fig. 3.2.
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Figure 3.2: Simplified layout of the oscillator and the strecher. The incoming beam passes through the FI and the
pulse picker to reduce the repetition rate of the pulses from 76 MHz to 10 Hz. The stretcher setup,
composed by dielectric grating (1740 grooves/mm), imposes an optical separation of D = 60 cm, allowing
a increase of duration by a factor of 104.

3.4 R E G E N E R AT I V E A M P L I FI E R

Next in the line, after the stretcher, is the regenerative amplifier. Its gain media relies on an ytterbium-

doped calcium fluoride (Yb:CaF2) crystal cube (5×5×5 mm3) with a doping concentration of NYb = 7.3 ×

1020 cm−3. This medium is more adequate to a high amount of passages, thus compensating the slightly

lower emission cross section compared to Yb:YAG. The layout of this amplifier is shown in Fig. 3.3. This

setup is composed by the pumping system - a fiber coupled diode laser delivering a power of 57 W (75

W maximum power), achromatic lenses, dichroic mirrors and a pump mirror. The regenerative cavity is

composed by a Thin Film Polarizer (TFP) a Faraday Rotator (FR) in association with a PC that rotates the

polarization an additional half-wave if switched on. This way, it is possible to adjust computationally the

number of passes through the crystal according to our wishes. For our objectives the cavity is adjusted to

allow between 180 to 225 round trips corresponding to a time of PC operation of ≈1.9 µs.

3.5 M U LT I PA S S A M P L I FI E R

The first amplifier will seed a second, more energetic one. This is the main amplifier, consisting of 8

passes through a diode-pumped, ytterbium-doped yttrium aluminum garnet (Yb:YAG) crystal. The concept

and formulation of the geometry were previously designed and tested by the work group at L2I [53]. The

pumping system for this amplifier is a commercially available diode-laser module from JENOPTIK Laser

GmbH. The 25 diode bars stacked together that make up this module can produce a maximum output

power of 4 kW at a wavelength of 940 nm (∆λ = 4 nm). Additional lenses, two cylindrical ones and a

spherical one, are used to pump the gain medium. Fig. 3.4 a) illustrates the basic alignment of the mirrors

and all the geometrical configuration of the multipass amplifier and Fig. 3.4 b) shows the actual setup.

Fig. 3.5 a) shows the relation between the current applied to the diode stack and the output power.

Fig. 3.5 b) shows the near field pump profile, evidencing an elliptical shape. This asymmetry is caused by

the internal beam-stacking in the pump module. An effort was made in order to try to obtain a more round

shape, with a profile as homogeneous as possible.

The crystal used is a cylindrical, ∅15 mm by 8 mm long rod. The doping level of the YAG matrix

is 3 % which corresponds to a density of N = 4.14 × 1020 cm−3. It is mounted on a cooling platform

with a copper contact and water as the heat carrier liquid. Although the lifetime of the excited state is
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Figure 3.3: Detailed layout of the regenerative amplifier. The cavity consists of a TFP, DM, concave mirrors and flat
mirror. The active medium is an Yb:CaF2 rod pumped by fiber-coupled diode laser (75 W peak power
and 10 Hz, 3 ms, 976 nm). The pulses are coupled into the cavity via the TFP. A FR in combination with
a PC allows adjusting the number of amplification round-trips in the cavity by switching the PC, making
between 180 to 225 round trips.

(a) (b)

Figure 3.4: a) Detailed layout of the multi-pass amplifier. A ∅15 mm, 8 mm in length Yb:YAG crystal with a doping
concentration of 3% is pumped by a 4 kW diode-laser pump module (at 1 Hz, 3 ms, 940 nm). Several
TM and a DM are used to set up 8 passes through the crystal. b) 4 kW pump setup. The beam emitted
from the pump module is further shaped by two CL and a SL to generate a beam profile in the crystal. The
Yb:YAG crystal is mounted in a water-cooled brass heat sink. A DM is used for safety reasons in order to
not destroy the pump module.
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Figure 3.5: a) Pump characterization. Optical power as a function of the current imposed to the diode-laser module.
b) Pump profile example, generated in the crystal plane. Profile corresponding to a 180 A current and 3
ms of duration time.

approximately 1 ms, because of the stack driver being unable to generate two simultaneous shots (i.e.

for the regenerative and the multipass amplifiers), one must pump the Yb:YAG crystal during 3 ms (time

required for the regenerative). This implies an additional 2 ms of non utilized energy that will contribute to

the thermo-optical effects previously described.

In the current status, amplification occurs in the way depicted in Fig. 3.6 a). Is noted that , even though

the process is smooth and somehow expected, saturation is not attained. The possible explanation for

this may be the fact that the seed energy is not high enough or even the number of passages is not

the most suited. Other possibilities, such as influence of the seed spectrum, crystal length and crystal

doping, are studied in the next chapter by means of simulations and computational models. Meanwhile,

an example of the seed spectrum currently in use and the output spectrum are graphically represented in

Fig. 3.6 b).
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Figure 3.6: a) Performance of the 8-pass amplifier in the current status. A maximum output energy of 100 mJ is
achieved on a daily basis. b) The corresponding spectra for the main stages of the laser setup. The
amplified bandwidth is approximately 5 nm allowing for a fourier-limited pulse duration of 200-300 fs.
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3.6 C O M P R E S S O R

As stated, our goal is to create high energy, short pulses. For that we need to remove the previously

induced positive chirp. The compressor is designed for that purpose and consists of identical gratings as

the stretcher, i. e. having the same line density per mm, placed at nearly the same optical path distance.

The LIDT is a caution that must be taken into account because in this stage the laser presents a high

energy, so beam diameter calculations need to be done carefully for a safe operation. The gratings used

in this setup have a LIDT of 150 mJ/cm2. For achieving a Joule level laser we will need optical components

with apertures capable of enabling cm-size beam diameters.

The small difference between the optical distance of the gratings in the stretcher and in the compressor

is due to the accumulated material dispersion experienced by the pulse. This is originated by the amplifiers

and other optical media traversed during its propagation, and needs to be taken into account for the final

compensation. As a consequence, higher order dispersion terms may be generated, but normally of a

reduced magnitude. The efficiency of the compressor is not near 100 %, optical losses occur naturally

due to some reasons explained in the stretcher section. The measured efficiency is near 50 % for the

current stage of beam delivery.

Table 3.1 summarizes the key parameters of the laser system as described.

Seed Ti:Sapphire frep λ = 1030 nm
τpulse = 100 fs ∆λ = 10 nm

Eout = 4 nJ
Stretcher Based on Offner triplet 1740 grooves/mm Eout= 0.4 nJ

Opt. Dist = 60 cm τpulse = 1 ns
Regen. Amplifier Yb:CaF2 λpump = 940 nm ∆λ ≈ 5 nm

Powerpump= 57 W Eout= 3 mJ
τpump= 3 ms τpulse = 330 ps
frep =10 Hz

Multipass amplifier Yb:YAG λpump = 940 nm ∆λ = ≈ 4 nm
Powerpump= 4 kW Eout= 100 mJ
τpump= 3 ms τpulse = 150 ps
frep = 1 Hz

Compressor 1740 grooves/mm Eout = 50 mJ

Table 3.1: Key parameters of the L2I laser system.
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A M P L I F I C AT I O N M O D E L

With the goal of predicting the amplification processes and the energy evolution with temperature, an

already developed computational model was used [51]. This chapter presents a short description of this

computational model, as well as some results of the laser properties.

4.1 D E S C R I P T I O N O F T H E M O D E L

It is very common to develop computational models to simulate the behavior of a particular type of

laser before implementing it in the laboratory. Testing the pumping and the amplification processes

but also many other properties are among the objectives of the simulation. Many models were studied

and some were used as a base for constructing the one used for this thesis. Among them are the

study of the inversion of population and the energy of the pulse as a function of the pump power for a

Ti:Sapphire amplifier [50], the gain narrowing and spectral shift of the pulses emitted by Yb amplifiers

[54], the absorption efficiency as a function of the crystal dimensions for diode pumped materials [26]

and temperature mapping in a diode pumped material [55, 56]. To perform this simulation a powerful

computing language, Matlab, was used based on discrete variables and numerical calculations. The

1D code was initially created and improved by Celso P. João [51]. The simulation contains a series of

changeable parameters that can be grouped into four classes:

• Type of crystal, i.e. absorption and emission cross sections, length, doped ion concentration and

fluorescence time;

• Pump conditions, i.e power, duration, wavelength and pump waist;

• Signal properties, such as wavelength, energy, duration and bandwidth;

• Geometry and losses induced by the optical components.

All physical processes are based on well established theoretical principles. The formulas describing

the main processes involved in laser-pumping in a given gain medium (evolution of excited population

and pump intensity) can be written as:

dNp
ex(z, t)

dt
= [σa(λp)Ngr(z, t)− σe(λp)Np

ex(z, t)]
Ip(z, t)

hνp
− Np

ex(z, t)

τf
(4.1)

dIp(z, t)

dz
= [−σa(λp)Ngr(z, t) + σe(λp)N

p
ex(z, t)] Ip(z, t) (4.2)
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which describes the absorption and population inversion, where Npex is defined as the population density

in the excited state, σa and σe are the absorption cross-section and emission cross-section respectively,

Ngr is the population density in the ground state, λp and νp are the wavelength and frequency of the pump

radiation, h is the Planck’s constant, Ip is the pump intensity and finally τf is the half life time of the excited

state.

Similarly, we may write for the input signal intensity:

dNs
ex(z, t)

dt
= [σa(λs)Ngr(z, t)− σe(λs)Ns

ex(z, t)]
Is(z, t)

hνs
− Ns

ex(z, t)

τf
(4.3)

dIs(z, t)

dz
= [−σa(λs)Ngr(z, t) + σe(λs)N

s
ex(z, t)] Is(z, t), (4.4)

where, λs, νs and Is are all the same properties as above but for the seed signal that will be amplified.

The code is divided into three main parts (Fig. 4.1). The first one is devoted to the definition of

constants that will required in subsequent parts, namely the cross sections, which will be the main

subject of this task. The second part consists of the routine that performs the simulation of the pumping

process and calculates the population inversion. The third one consists of the routine that executes the

amplification process, providing the output signal properties.

Figure 4.1: General scheme of the code used for laser simulations.
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4.2 R E S U LT S O F T H E M O D E L

In the previous sections we saw that Yb:YAG is a quasi 3-level system, which implies that the population of

the lower laser level is highly temperature-dependent. Its spectroscopic properties are therefore strongly

dependent on the crystal temperature.

4.2.1 Cross sections

In order to understand this dependence, many groups have engaged in performing experimental mea-

surements. A range of successful studies on many Yb-doped materials including Yb:YAG were published

by J.Körner et al. [41, 42, 57], who also investigated the temperature dependence of the emission and

absorption cross sections.

Fig. 4.2 shows the complete emission (a) and absorption (b) cross sections between 900 nm and

1100 nm for Yb:YAG. In the absorption spectra two dominant peaks can be observed, one near 940 nm

and another near 969 nm. The first one, being the broadest and therefore accepting a wider range of

pumping wavelengths, was chosen for our work. The main emission peak is situated near 1030 nm.

(a) (b)

Figure 4.2: Absorption a) and emission b) cross sections of Yb:YAG for different temperatures (based on Ref.[57]).

A zoom-in view is presented in Fig. 4.3 to evidence the temperature dependence on both emission

and absorption. The peak values decrease by a factor of 2 when moving from room temperature to 200

ºC, which is significant in these conditions of operation.

Several laboratories have Yb:YAG lasers operating at cryogenic temperatures, which brings a number

of advantages in terms of efficiency. Although this strategy is outside the scope of this thesis, we present

measurements of the cross section for temperatures below room-temperature, as these may be of interest

in future facility developments. This work was also performed by J.Körner et al. [41] and it can be seen in

the color plot from Fig. 4.4.

It is clearly evident that not only the absorption cross section benefits from a low temperature,

increasing by a factor of 3, but also the emission cross section, increasing by a factor of 10. This two
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(a) (b)

Figure 4.3: Enlarged illustrations of the main peaks of absorption a) and emission b) [57].

(a) (b)

Figure 4.4: Absorption (a) and emission (b) cross sections of Yb:YAG for different temperatures. Note that the color
scales are different. (Based on data provided by J.Körner et al. [41, 57]).

factors together can increase the overall amplification process by a significant amount, making them a

clearly justifiable upgrade for a laser facility.

4.2.2 Simulations

Several simulations were performed using the code described in the above subsection, and to benchmark

it we tried to recover the output energy of the current system taking into account real experimental

parameters, such as pump radius, seed radius, pump power, etc.

The multipass amplifier as described in Section 3.5 uses a 0.8 cm thick Yb:YAG crystal. At an 80-90

A pump current, corresponding to 1.4-1.6 kW pump power, a 2.5 mJ signal produces 100-110 mJ of

output energy. The reasons for these characteristics are mainly related to manufacturing limitation, in

the case of the crystal size, and experimental limitations, in the case of the pump power. Previous work

carried with the objective of finding the maximum pump power and therefore maximum extracted energy

that the system can withstand and operate in a repetitive way without damage, yielded a figure of 1.6

kW. So as a part of an upgrade we will start the simulations taking in consideration this value, finding the

28



4.2 R E S U LT S O F T H E M O D E L

results that are already functional, and then perform other simulations to understand in which direction

the upgrade can evolve.

First of all, we will test how the crystal size will influence the overall performance. The ideal length

is determined by when the maximum output energy occurs, corresponding to the combination of most

energy stored in the crystal including reabsorption and the number of passes through the crystal. The

main goal of the performed simulations is to determine the output energy vs. the temperature rise in

the crystal. As the goal of the thesis is to increase the repetition rate of the system to 10 Hz, this rise in

temperature will occur naturally due to the amount of pump radiation transferred into heat which strongly

influences amplification and reabsorption. The result of this simulation is shown in Fig. 4.5a). We find

that for temperatures around 300 K a crystal length of 0.6 cm is a good compromise, but at higher

temperatures a shorter length becomes optimal, assuming that the same pump power is used. For the

following simulations we used a value of 0.8 cm, as explained earlier.
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Figure 4.5: Maximum output energy (considering reabsorption) vs. crystal length (a) and the number of pump passes
(b). The fixed simulation parameters from Table 4.1 were used.

Secondly, the number of amplification passes was evaluated under the same temperature range, from

295 K to 475 K. In order to improve the amplifier stability it is advisable to operate at saturation. As can

be seen in Fig. 4.5b), saturation is reached after approximately 10 passes for a temperature of 300 K and

a constant pump power of 1.5 kW, but for the same conditions and a at higher temperature this number of

passes reveals to be insufficient to attain saturation. Even though it is possible to extract more energy at

higher temperatures, increasing the number of passes beyond 15 ( Fig. 4.5b)) is not justifiable because of

the difficulty in implementing it in a real setup.

In order to evaluate what is the maximum output energy possible to achieve with our pump system,

JENOPTIK Laser GmbH, that can deliver up to 4 kW as seen before, the simulation is repeated starting

with the current power (1.5 kW) and going up to the maximum. Again we take into account the temperature

dependence with Fig. 4.6a) showing the results obtained. Is it possible to observe that there is room for

improvement even at higher temperatures, so maintaining a small number of passes (8-10) but increasing

the power without damage should be the path to explore.

To get a better estimate of the possible output energy, the influence of the seed energy is studied. The

simulation performed shows a saturation plateau for temperatures again around 300 K, as depicted in Fig.
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Figure 4.6: Maximum output energy vs. pump power delivered to the crystal (a) and seed input energy (b). The
following simulation parameters were used: crystal length = 0.8 cm, number of passes = 8, for other fixed
parameters see Table 4.1.

4.6b), this saturation level being farther for other temperatures. From this, we clearly can conclude that a

higher seed energy (>2.5 mJ used now) can produce a higher energy output laser without big changes in

the remaining system. Still, for higher temperature the problems persist, and the energy is not efficiently

extracted.

It is important to mention that all the above simulations were performed assuming a 3 ms pumping

time. As mentioned previously, the problem lies in the fact that the fluorescence time (τf) of Yb:YAG is

actually nearly three times smaller (≈ 1 ms) than the pumping time. This is due to technical limitations of

the pumping driver, which was delivering the same trigger signal to the regenerative amplifier (whose gain

medium, Yb:CaF2, has a fluorescence time of 2.4 ms) and the multipass amplifier. In these conditions,

it was stable to work with these characteristics at lower power, but as the pumping increases, more of

the pumping energy will be converted to heat. Moreover, with the increase of the repetition rate to 10 Hz

more of this effect will become more noticeable, so it is important to study alternatives.

First we study the increase in power needed to achieve the same type of output energy behavior

versus the input seed energy, at 3 ms pumping time. From Fig. 4.7 we can see that at higher temperatures

(475 K) almost twice the pump power is required in order to attain the same output energy.

In order to confirm that high energies can be reached with only 1 ms pumping time, a new set of

simulations were performed. Naturally, more energy is required to accomplish the same amount of

population inversion and consequently the same output energy (approx. 160 mJ for 10 mJ input). At high

temperature the maximum power needed exceeds the maximum amount that the pumping system can

deliver (4 kW), as it is depicted in (Fig. 4.8).

Finally, we repeated part of the previous simulations with the new pump powers at higher temperatures,

both for 3 ms and 1 ms pump duration. The crystal size (0.5-0.8 cm) is actually adequate, as evidenced

in Fig. 4.9 for both cases. As for the number of passes (Fig. 4.10 a) and b)), although it could be larger, it

can be either kept at 8 or increased to 10, since space is the major limitation.

In summary, the simulations show us that under specific conditions it is possible to achieve a relatively

high output energy (100-160 mJ) when operating at temperatures ranging from 295 K to 475 K. In Table

4.1 a summary of all fixed parameters used for the simulations is presented. From this part of the work it
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Figure 4.7: Evolution of output energy vs. seed energy for four different temperatures. Since the cross sections
change with temperature, the simulation goal was to preserve the initial performance by increasing the
pump power. The pump pulse duration was 3 ms.
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Figure 4.8: Energy output evolution vs. seed energy for four different temperatures. Pump pulse duration is shorter
(1 ms). Higher pump power is required to obtain results comparable to previous ones. At the highest
temperature the required pump power exceeds the maximum available (4 kW).
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Figure 4.9: Ooutput energy at different pumping powers and temperatures vs. crystal length for pulses of 3 ms
duration a) and 1 ms b).
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Figure 4.10: Output energy vs. number of passes for four different temperatures. Pump duration: (a) 3 ms, (b) 1 ms.

is possible to conclude that a 3 % doped Yb:YAG crystal can operate at higher temperature, generating a

relatively high output energy, which is the main objective of the thesis.

Parameter Value

Ppump 0.5-4.3 kW
tpump 1 ms and 3 ms
Apump 0.132 cm2

λabs 940 nm
λemi 1032 nm
Yb-doping 3 %

dseed 1.6 mm
τf 1 ms

Table 4.1: Fixed simulation parameter.

4.3 D I S C U S S I O N O F T H E M O D E L

Even though in the previous section the capability of a well conducted simulation is presented, there are

some nuances that can still be explored. The importance of the wavelength and the spectrum is not taken

into account but it is known that it can lead to some changes, e.g. gain-narrowing and other temperature

based changes. Some other assumptions have been made, such as homogeneity of the incident and the

pump beam. These assumptions, naturally, lead to overestimation of the output energy.

The evolution of the pump and seed radius is also a major influence in the final simulation results,

since a constant beam width is not feasible in real conditions. In principle one may expand the simulation

to a two dimensional model taking into account realistic beam profiles. However, the improvement in

accuracy in this case is negligible when we consider the much longer calculation time required.

The model is able to predict a successful performance at a more suitable pumping duration (1ms),

and high output energies are expected to be achieved even at higher temperatures.
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Finally, a suggestion for a possible future work would be to consider the ASE in a more thorough way,

e.g. by studying its dependence with temperature. Ideally it should be studied as a self-amplified pulse,

taking into account spatial propagation and a time-dependent pump.

Although details of similar simulations for Yb:YAG are available in the literature [58–61], the reported

data is not sufficient for performing an objective comparison with our results.

Nevertheless it is of course crucial to confirm the accuracy of a simulation. This will be done by

benchmarking with experimental measurements. Some of them will be conducted as a part of the present

thesis, while others will eventually be included in future work.
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5
H E AT M O D E L

This chapter is dedicated to the calculation of the temperature distribution that is established in the

Yb:YAG crystal during pumping and operation of the amplifier. A two way approach is followed: first,

an analytical model is developed, specifying the conditions for its validation, and then a finite-element

analysis is performed. Both approaches are used to provide an approximation of the thermal lens effect

in the crystal and the corresponding induced aberrations.

5.1 A N A LY T I C A L S O L U T I O N

As explained earlier, since the first solid-state amplifiers were operated the issue of thermal behavior

became relevant, demanding efficient solutions. A pioneering analytical study was performed by Koechner

[26], the topic of thermal distribution in several amplifier geometries was addressed in several works

[62, 63]. This thesis follows the work performed by Lausten and Balling [64], which is presented here

for completeness. Our goal is to allow a comparison with a finite element analysis and a computational

simulation specifically developed within this thesis.

The derivation of the temperature profile starts with the acknowledgment of its dependence, to a large

degree, with the mode of operation, that is, CW-pumped, single-shot, or repetitively pulse-pumped.

In the specific case of a long cylindrical laser crystal with uniform internal heat generation and constant

surface, the temperature assumes a quadratic radial dependence. Consequently a similar dependence

for both the index of refraction and the thermal-strain distribution will arise.

On the other hand, in a repetitively pulse-pumped system, distortions will occur from the cumulative

effects of inhomogeneous pump processes and thermal gradients due to cooling. To understand which

of these effects dominate and their dependence with the ratio of the pulse interval time to the thermal

relaxation time constant of the rod an analytical study is conducted.

For this, an end-pumped cylindrical crystal is considered, where the heat generated within the laser

rod by pump light absorption is removed by a coolant flowing along its curved surface. It is assumed a

spatially uniform gain that will lead to an approximately uniform radial deposition of heat. This way an

axially symmetric profile of temperature will be formed in the crystal after a given number of pulses. These

assumptions allow for an analytical, steady-state solution to be found. Starting with the time-dependent

heat transport that is determined by the differential energy-conservation law

∂Q

∂t
= S(r, z, t)−∇ · ΦQ (5.1)
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where S(r,z,t) stands for the heat source term and ΦQ is the heat flux. The heat flux is proportional to

the temperature gradient, ΦQ = - Kc∇ T , where Kc is the thermal conductivity. Moreover, the heat is also

proportional to the temperature, Q =ρ Cp T , where Cp is the heat capacity per unit volume. Making use of

these properties the equation for the time-dependent temperature profile is obtained

ρCp
∂T (r, z, t)

∂t
−Kc∇2T (r, z, t) = S(r, z, t) . (5.2)

In this part of the work it is considered that for the generation of the desired laser pulses, a short

pump time-scale (max. 3 ms) in comparison with the heat transport time scale in the crystal is necessary.

That being considered, the source term in equation Eq. 5.2 will cause a fast increase in temperature,

followed by a relaxation-type evolution. The simplified expression discribing this assumtion, leading to

impose S(r,z,t)=0, becomes

∂T (r, z, t)

∂t
= ka∇2T (r, z, t) , (5.3)

where ka = Kc / Cpρ is the thermal diffusivity. In cylindrical coordinates we can rewrite the equation in the

following form,

∂T (r, z, t)

∂t
= ka

(
d2T (r, z, t)

dr2
+

1

r

dT (r, z, t)

dr
+
d2T (r, z, t)

dz2

)
. (5.4)

Again T(r,z,t) stands for the temperature difference between any given point and the surface of the

crystal. Using the well known technique of separation of variables we can assume a solution of the form:

T (r, z, t) = f1(r) · f2(z) · f3(t) . (5.5)

This method will lead naturally to three independent ordinary differential equations

d2f2(z)

dz2
+ k2f2(z) = 0 , (5.6)

d2f1(r)

dr2
+

1

r

df1(r)

dr
+ ν2f1(r) = 0 , (5.7)

∂f3(t)

∂t
+ ka(k2 + ν2)f3(t) = 0 , (5.8)

where k and ν are constants of separation. The solutions for f2(z) and f3(t), corresponding to the variables

z and t, are written in the form depicted in Eq. 5.9 and Eq. 5.10. For the radial part, f1(r), we recognize the

solution as the zeroth-order Bessel and Neumann functions, Eq. 5.11.

f2(z) = A cos(kz) +B sin(kz) . (5.9)
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f3(t) = C exp−ka(k
2+ν2)t . (5.10)

f1(r) = DJ0(νr) + EY0(νr) . (5.11)

The crystal in Fig. 5.1, of size l and radius r0 is surrounded by a copper heat sink which is designed

to cool it down. The two end faces of the crystal, which can not be cooled by a liquid in the current

geometry, are considered adiabatic due to the small heat transfer coefficient between this facets and the

air. Therefore the boundary condition for the temperature can be described by Eq. 5.12.

Kc

(
∂T

∂n

)
crystal

= Kcopper

(
∂T

∂n

)
copper

(5.12)

jqn̂ = −Kc

(
∂T

∂n

)
= H(T (r0)− Tc) ,

(a)

Thermal 
 Sink 

Pump 
Laser Crystal 

Pump Area 

L 

wp 
z 

r 

(b)

Figure 5.1: (a) Cylindrical crystal in end-pumped geometry. Copper based thermal sink for cooling. (b) Scheme of the
geometry including the axes.

where ∂/∂n is the derivative in the direction normal to the cylindrical surface, Kcopper is thermal

conductivity of the thermal sink, jq is the thermal density flux on the surface, H is the thermal transfer

coefficient and Tc is the cooling temperature of the heat sink. Usually the thermal conductivity of thermal

sinks is much higher than the thermal conductivity of the laser crystals. For example, for copper the value

reaches 400 W m−1 K−1 while for Yb:YAG it does not go above 15 W m−1 K−1. This property implies that

gradients in the thermal sink are negligible, i.e. the cooling temperature Tc is constant and also in case of

perfect thermal contact that will be assumed in this calculations, the temperature of the crystal surface

can be set as Tc for simplicity. In general there is a small difference in temperature between the surface

and the thermal sink but experimental results have confirmed that this small change in temperature is

negligible and one can assume H equal to infinity, simplifying the calculations involved while still obtaining

very close results. The compilation of the boundary conditions used can be found in Eq. 5.13, where the

property of linearity of the heat equation was used meaning that Tc can be taken as zero.
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df2(z = 0)

dz
=
df2(z = l)

dz
= 0 (5.13)

df1(r = 0)

dr
= 0

f1(r = r0) = 0 .

Applying these boundary conditions, and the well known fact that the Neumann function diverges for

r = 0, only the Bessel functions will contribute for the general solution. Also the adiabatic end faces of

the cylinder will imply that the sine term of the z solution vanishes. Considering an initial temperature

distribution T1 (r,z), we find the general solution for cylindrical geometry and length l.

T (r, z, t) =

∞∑
n=1

∞∑
m=0

AnmJ0

(
anr

r0

)
cos
(mπz

l

)
(5.14)

exp

(
−ka

(
a2n
r20

+
m2π2

l2

)
t

)
,

where an are the roots of the Bessel functions J0(α). Constants k and ν where calculated using the

boundary conditions. Using the properties of Bessel function, namely the orthogonality, we obtain the

expansion coefficients, given by

Anm =

∫ r0
0
dr
∫ l
0
dzT1(r, z)rJ0

(
anr
r0

)
cos
(
mπz
l

)
1
2 l
r20
2 J

2
1 (an)

. (5.15)

For m = 0 one must use 1
2Anm. Generally it is difficult to separate the expansion coefficients into each

mode, but in the case of initial condition that can be factorized, the decomposition Amn = Bn× Cm is

applicable. Considering the particular case of a uniformly end-pumped crystal, the initial condition can be

decomposed in a product of a function of r and a function of z. Making use of g(r) defined as

g(r) =

1, r ≤ wp,

0, r > wp

(5.16)

where wp is the waist where the pumping energy is deposited, we can write

T1(r, z) = T0 exp(−γz)× g(r) , (5.17)

T0 being the given from the total energy deposited in the crystal per unit volume, such as

T0 = γPtpns/(πw
2
pρCp) , (5.18)
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where γ is the absotion coefficient, P is the pump power, tp is the pump time, ns is the fraction of absorbed

pump radiation converted into heat, wp the pump waist, ρ the density and Cp is the heat capacity.

In this special case of initial conditions, the radial and longitudinal solutions are decoupled, and the

solutions can be written as products of a radial and a longitudinal part φ(r, t)× ψ(z, t), where φ(r, t) is a

solution to the problem of thermal conduction in an infinitely long cylindrical rod of radius r0 and ψ(z, t)

describes thermal conduction in a region 0 ≤ z ≤l, l being the length of the crystal. The radial component

of the solution is thus given by the expression

φ(r, t) =

∞∑
n=1

BnJ0

(
anr

r0

)
exp

(
−ka

a2n
r20
t

)
. (5.19)

As before, using the property of orthogonality of Bessel functions we get the expansion coefficients

as:

Bn =

∫ wp

0
T0rJ0

(
anr
r0

)
dr

1
2r

2
0J

2
1 (an)

. (5.20)

Making the substitution in Eq. 5.19, we obtain the time dependent radial temperature profile

φ(r, t) = 2T0
wp
r0

∞∑
n=1

J1(anwp/r0)

J2
1 (an)

1

an
J0

(
anr

r0

)
exp

(
−ka

a2n
r20
t

)
. (5.21)

In the same way we obtain the longitudinal solution, which is basically a Fourier expansion of the initial

temperature. It is written as:

ψ(z, t) =
1

2
C0 +

∞∑
m=0

Cm cos
(mπz

l

)
exp

(
−ka

m2π2

l2
t

)
, (5.22)

with the coefficients given by

Cm =
2

l

∫ l

0

exp(−γl) cos
(mπz

l

)
dz . (5.23)

The final form of the longitudinal solution takes the form:

ψ(z, t) =
1

γl

1− exp(−γl) + 2

∞∑
m=0

1− cos(mπ) exp(−γl)

1 +
(
mπ
γl

)2 cos
(mπz

l

)
exp

(
−ka

m2π2

l2
t

) (5.24)

These radial and longitudinal functions are plotted in Fig. 5.2 for different time delays. It can be

observed that the initial top-hat distribution spreads out radially due to heat diffusion on a time scale r20/ka.

In the longitudinal direction it is observed a maximum on the pumped face with an expected decay along

the z axis.

The complete solution is given, as previously imposed, by multiplying φ(r, t) and ψ(z, t). To obtain the

temperature after an arbitrary number of pulses we let the initial profile, T (r, z, t) = φ(r, t)ψ(z, t), evolve

39



5.1 A N A LY T I C A L S O L U T I O N

t=0
t=0.3
t=0.5

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

0.0

0.2

0.4

0.6

0.8

1.0

r(cm)

T
(r
)/
T
0

(a)

t=0
t=0.3
t=0.5

0.0 0.2 0.4 0.6 0.8
0.0

0.2

0.4

0.6

0.8

1.0

Z(cm)

T
(z
)/
T
0

(b)

Figure 5.2: a) Radial temperature distribution φ(r, t)/T0 at different times after the deposition of the pump energy.
The solid blue curve shows the initial distribution, while the two remaining curves show the temperature
distribution in the radial direction, after t = 0.3 s and t = 0.5 s. b) Longitudinal temperature distribution
showing the initial exponential (solid curve), and the calculated temperature for time t = 0.3 s and t = 0.5 s
after pump. For the calculation a factor γ= 300 m−1 was used for a 0.8 cm long crystal.

for a time period of t =τ and then the next pulse energy, deposited with the same profile as the first, is

added. After a second pulse the temperature is given by

T2(r, z, t = 0) = φ(r, t+ τ)ψ(z, t+ τ) + φ(r, t)ψ(z, t) . (5.25)

Replacing with the previously derived definitions we may write

T2(r, z, t) =
T0 [1− exp(−γl)]

γl

∞∑
n=1

exp

(
−ka

a2n
r20
t

)
× 2wp

r0

J1

(
anwp

r0

)
J2
1 (an)

1

an
J0

(
anr

r0

)
(5.26)

×
[
1 + exp

(
−ka

a2n
r20
τ

)]
+

2T0
γl

∞∑
m=0

∞∑
n=1

1− cos(mπ) exp(−γl)

1 +
(
mπ
γl

)2 cos
(mπz

l

)

× exp

(
−ka

(
a2n
r20

+
m2π2

l2

)
t

)
× 2wp

r0

J1

(
anwp

r0

)
J2
1 (an)

1

an
J0

(
anr

r0

)
×[

1 + exp

(
−ka

(
a2n
r20

+
m2π2

l2

)
τ

)]
.

To find a steady-state solution, that is, when the number of pulses goes to infinity, we continue the

procedure and soon observe that the solution takes a closed form. The terms that contain the time

between pulses τ become a geometric series that can be added. In this way the steady-state expression

for the temperature of a crystal subjected to pumping at a fixed repetition rate becomes:
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T∞(r, z, t) =
T0 [1− exp(−γl)]

γl

∞∑
n=1

exp

(
−ka

a2n
r20
t

)
× 2wp

r0

J1

(
anwp

r0

)
J2
1 (an)

1

an
J0

(
anr

r0

)
(5.27)

×

 1

1− exp
(
−ka a

2
n

r20
τ
)
+

2T0
γl

∞∑
m=0

∞∑
n=1

1− cos(mπ) exp(−γl)

1 +
(
mπ
γl

)2 cos
(mπz

l

)

× exp

(
−ka

(
a2n
r20

+
m2π2

l2

)
t

)
× 2wp

r0

J1

(
anwp

r0

)
J2
1 (an)

1

an
J0

(
anr

r0

)

×

 1

1− exp
(
−ka

(
a2n
r20

+ m2π2

l2

)
τ
)
 .
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Figure 5.3: a) Radial temperature distribution φ(r, t) after the first pump pulse. b) Radial temperature distribution
φ(r, t) after the second pump pulse. Maximum pump power used corresponds to 3.5 kW of power and 3
ms pumping time.
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Figure 5.4: a) Calculated temperature distribution after an hypothetically infinite number of pulses. b) A 3D visual-
ization of the temperature within the crystal, where R is the crystal radius, Z is its length and ∆T the
temperature difference

In Fig. 5.3 the initial radial distribution is plotted in a), and its transformation after the deposition of a

second pulse. A cumulative process occurs leading to an increase of the temperature, depending on the

rate of deposition. The steady-state, as postulated before, is also depicted in Fig. 5.4 a). The highest

temperature is obtained in these conditions, showing the spread of the temperature along the crystal
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radius overcoming the pumping waist, which in this case was set to the value of wp = 0.12 cm. The

3-D view of the temperature can be observed in Fig. 5.4b) containing the combination of the radial and

longitudinal components.

5.1.1 Thermal Lensing

In Chapter 2 we provided a list of the several effects linked to the energy deposition in the crystal. Those

affecting the propagation of light and introducing distortion are the direct change of the temperature-

dependent refractive index, and the deformation of the end-face curvature, resulting in a lens caused by

the relaxation of the thermally induced stresses in the end regions. The thermally induced stresses can

also lead to a depolarization of the incident light through stress-induced birefringence but this will not be

considered in these calculations. Stress-induced changes of the refractive index through the elasto-optic

effect may also be considered, but since they can be shown to be one order of magnitude smaller they

will be neglected in the deductions ahead.

The model for the calculations of the induced thermal lens was also created by Koechner [26], and

studies showed that, and in spite of its simplicity it has been shown to provide a good estimation of the

real value. The measurement is performed by using a probe laser passing though the amplified media.

The induced changes are dependent on the optical path length covered by the probe laser, which for a

perpendicularly cut crystal is given simply by the integral of the refractive index along the z axis,

OPDn(r) =

∫ l

0

n[T∞(r, z, t = 0)]dz . (5.28)

Here the curvature of end faces was not yet included. To describe the refractive index an expansion

is made around the cooling temperature, Tc. A first order expansion is sufficient for our purpose and is

given by

n(T ) ' n(Tc) +
∂n

∂T

∣∣∣∣
Tc

(T − Tc) , (5.29)

The interest lies in knowing only the difference in the path length along the crystal axis (r = 0). By

making the substitution above one obtains that this difference is given by

∆OPDn(r) =
∂n

∂T

∣∣∣∣
Tc

∫ l

0

[T∞(r, z, t = 0)− T∞(r = 0, z, t = 0)]dz . (5.30)

To make the integration it is important to recognize that the integral is essentially z dependent and

this dependence can also be simplified. The terms containing cos(nπz/l) will vanish after the integration

leaving only the first term, constant in z, giving
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∆OPDn(r) =

(
dn

dT

)
T0 [1− exp(−γl)]

γ
×
∞∑
n=1

[φ(r, t = 0)− φ(r = 0, t = 0)] (5.31)

×

 1

1− exp
(
−ka a

2
n

r20
τ
)
 ,

where φ(r, t) are the functions previously defined and the partial derivative was changed by the thermal

coefficient dn/dT at respective temperature Tc. Finally making use of these definitions and replacing, the

expression becomes

∆OPDn(r) =

(
dn

dT

)
T0 [1− exp(−γl)]

γ
×
∞∑
n=1

2wp
r0

J1

(
anwp

r0

)
J2
1 (an)

1

an

[
J0

(
anr

r0

)
− 1

]
(5.32)

×

 1

1− exp
(
−ka a

2
n

r20
τ
)
 .

The dependence with the frequency (inverse of τ ) is quite obvious. As expected when the frequency

increases the Optical Path Difference (OPD) increases as well leading to a stronger lensing effect. The

same is expected with energy deposited in the crystal. Since the optical path length for rays through the

center of the lens is longer than for those going through the margin, the crystal will resemble a converging

(i.e. concave) lens.

This resemblance can also be used to determine the focal length of the thermal lens. First, the

zero-order Bessel function is expanded in order to extract the spherical part of the optical path-length

difference. The expansion is done around r=0, obtaining J0(r0an/r0) ≈ 1 − [ran/(2r0)]2. However this

procedure is only valid when ran/r0 � 1 for all n contributing to the sum, which is not the case just after

a pump pulse has been deposited. However, since the pump pulse is assumed to be top-hat shaped,

and thus adds only a constant offset to the temperature inside wp , the curvature might equivalently be

found just before the last pulse, in which case the expansion of the Bessel function becomes valid. The

resulting second-order expression is

∆OPDn(r) =

(
dn

dT

)
T0 [1− exp(−γl)]

γ
×
∞∑
n=1

2wp
r0

J1

(
anwp

r0

)
J2
1 (an)

an
4

[
r2

r20

]
×

 exp
(
−ka a

2
n

r20
τ
)

1− exp
(
−ka a

2
n

r20
τ
)
 . (5.33)

Secondly, knowing that for a converging lens of radius of curvature R the focal length is given by

f =
R

(n− 1)
, (5.34)

using the fact that the optical path difference is quadratic in r, and being approximately ∆OPDlens ≈

−r2/(2R) , it is possible to equate the expressions and to derive a formula for the effective focal length.
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fn =
1

(n− 1)


(
dn

dT

)
T0 [1− exp(−γl)]

γ
×
∞∑
n=1

J1

(
anwp

r0

)
J2
1 (an)

[
anwpr

2

r30

]
×

 exp
(
−ka a

2
n

r20
τ
)

1− exp
(
−ka a

2
n

r20
τ
)

−1

.(5.35)

Using the same type of thought it is possible to derive a formula for the thermal lens originated by the

expansion of the crystal. As before the difference in the optical path created by the elongation is written

as

∆OPDl(r) = (1 + ν)αT

∫ l

0

[T∞(r, z, t = 0)− T∞(r = 0, z, t = 0)]dz . (5.36)

where αT is the thermal expansion coefficient and ν is the Poisson’s ratio. Carrying the same process of

integration as before it is possible to obtain a focal length for the lens due to this effect, written as

fl =
1

(n− 1)

((1 + ν)αT )
T0 [1− exp(−γl)]

γ

∞∑
n=1

J1

(
anwp

r0

)
J2
1 (an)

[
anwpr

2

r30

] exp
(
−ka a

2
n

r20
τ
)

1− exp
(
−ka a

2
n

r20
τ
)

−1

.(5.37)

Naturally a very similar expression is obtained. The objective is to combine the two formulas for

independent processes and retrieve a general expression for the total focal length. Using the simple rule

for the effective focal length of two lenses next to each other

ftot =

[
1

fn
+

1

fl

]−1
. (5.38)

The equation will lead to the final expression given by,

ftot =

1
(n−1)(

dn
dT + (1 + ν)αT

) T0[1−exp(−γl)]
γ ×

∑∞
n=1

J1
(

anwp
r0

)
J2
1 (an)

[
anwpr2

r30

]
×

 exp

(
−ka

a2
n

r20
τ

)
1−exp

(
−ka

a2
n

r20
τ

)
 . (5.39)

Parameter Value

Pumping Power 3.5 kW
Duration 3 ms
Thermal Conductivity K 11.2 W m−1 K−1

Heat Capacity Cp 590 m−3 K−1

dn/dT 7.8× 10−6 K−1

γ 300 m−1

Crystal length 0.8 cm
Pumping Waist 0.12 cm

Table 5.1: Simulation parameters.
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In order to give an idea of the order of magnitude of the optical path difference, the expression from

Eq. 5.33 has been evaluated for the Yb:YAG crystal with the material parameters and other specifications

listed in Table 5.1. The corresponding results are plotted in Fig. 5.5.
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Figure 5.5: (a) Optical path difference for a pump power of 3.5 kW and 1 Hz repetition rate (solid curve); corresponding
approximation of a plano-concave lens (dashed curve), as described in the text. (b) Zoomed in view of
the region between 0 and 0.20 cm.

5.1.2 Discussion

The model developed is physically sound and enables the deduction of a formula for the thermal lensing

effect caused by the pulsed deposition of heat in a crystal at room temperature. A high dependence on

the repetition rate for a given energy is demonstrated. In Fig. 5.6 this evolution is shown for four different

pumping powers, for frequencies varying from 1 to 10 Hz. It is clearly visible that at room temperature all

curves show a convergence towards short focal lengths, implying that even for small amounts of energy

deposited in the crystal the repetition rate will lead to significant thermal effects.
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Figure 5.6: Effective focal length of the thermal lens versus repetition rate, Eq. 5.39. The four curves represent
different pump power of 0.7 kW, 1.7 kW, 2.7 kW and 3.5 kW with the Yb:YAG crystal at room temperature.
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On the other hand, at lower rates the focal length tends to infinity. In this limit the behavior is entirely

determined by the last pump pulse, and since pulses are assumed to exhibit an uniform fluence, with a

large amount of time between two consecutive ones allowing good heat diffusion, no focusing effect is

present. One important conclusion from this work is that the end effect and the change in refractive index

are of the same magnitude due to the respective values of the coefficients, so in the particular case of

Yb:YAG, neither of the effects can be ignored. Among the difficulties described in this section one can

mention the fact that the Bessel functions are summed to infinity, but in practice this limit is approximated

to 250 elements. This partially accounts for the oscillations present in several of the graphs above.

5.2 N U M E R I C A L S O L U T I O N

An analytical solution for the temperature distribution was obtained in the previous section. However

several approximations and assumptions were required, as described. In this section we study a numerical

solution with the goal of enhancing and justifying the steps taken previously, showing that similar results

are obtained with the two different methods.

Our approach is based on obtaining a general solution for the heat equation by using a computational

framework based on a finite element method performed with a powerful software (Mathematica). Similar

work has been reported previously [65–67], but ours constitutes an extension to some of that work, while

presenting an innovative approach and algorithm for solving the problem.

As before, we assume the pump profile to be axially symmetric, which is the case for our end pumped

geometry. The thermal conductivity Kc is a scalar quantity that in these conditions is not significantly

dependent on temperature. As before, the temperature T(r,z,t) satisfies the equation given by

ρCp
∂T (r, z, t)

∂t
−Kc∇2T (r, z, t) = S(r, z, t) . (5.40)

where ρ is the density in kg m−3, Cp is the specific heat in J kg−1 K−1 , Kc is the thermal conductivity in

W m−1 K−1, S(r,z,t) is the thermal power (or thermal load) per unit volume in W m−3.

For CW lasers, and in some other conditions such as small time scales, the above equation Eq. 5.40 is

solved only for the steady state, i.e. the first term ρ cp
∂T (r,z,t)

∂t is equal to zero. In general, for the case of

a repetitively end pumped pulsed laser, which is the main topic of this thesis, the change of temperature

over time should be considered.

At this moment the source term is directly defined, contrary to what was done in the above section.

We may easily consider the pump to be represented by a top hat distribution, a Gaussian or even a

Super-Gaussian distribution [68]. Although it is possible to simulate with a top-hat profile, test simulations

have shown a longer time in the calculation algorithm and less precision if simulated in longer time scales.

In these conditions and in order to accomplish the desired precision, the Super-Gaussian shape will be

chosen for the calculation ahead. That being said, the formula for the source term takes the form
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S(r, z, t) =
ηsPump(t)

w2
pπ

e
− 1

2 (
r

wp
)4
γe−γz . (5.41)

In the above equation ηs represents the percentage of total power which is converted to heat. This

quantity can be calculated and a theoretical lower limit is imposed by ηs = 1− λp/λl where λp and λl are

the wavelengths of the pump and laser beam, respectively. In actual lasers there are also a number of

nonradiative decay processes that generate heat but do not contribute to laser output. The final value

used for calculations was set equal to the experimental value found in previous experiments as ηs = 0.15,

[26]. Also, wp stands for the pump beam waist in the active medium, γ is the absorption coefficient at

the pump wavelength and Pump(t) is a time dependent pump power. In the case of a repetitive pumping,

Pump(t) is a periodic function given by

Pump(t) =

P, 0 < t ≤ τ,

0, τ < t ≤ 1/frep

(5.42)

Pump(t+ 1/frep) = Pump(t) ,

where τ is the pumping duration, P the maximum power, and frep is obviously the pulse repetition frequency.

Making some substitutions in Eq. 5.40 and introducing the function h(r) responsible for the radial profile, it

is possible to write it in a simplified form presented in 5.44.

h(r) = e
− 1

2 (
r

wp
)4
. (5.43)

∂T (r, z, t)

∂t
= ka

(
d2T (r, z, t)

dr2
+

1

r

dT (r, z, t)

dr
+
d2T (r, z, t)

dz2

)
+

γηs
w2
pπρcp

e−γz × Pump(t)× h(r) (5.44)

where ka = Kc/ ρ Cp. In Fig. 5.7 a) and b) it can be seen the form of the of the Pump(t) and h(r) respectively.
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Figure 5.7: a) Temporal function describing the pulse frequency (f) and duration (τ ). Frequencies ranging from 1-10
Hz will be used and pulse duration of 1 ms and 3 ms. b) Radial profile of the pump deposition with a waist
wp=0.12 cm. Comparison between a pure "top-hat" and a second order Gaussian profile.
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It is once more necessary to establish boundary conditions. Taking into account the previous section

line of thought and once again from the fact that the heat equation is linear, one can set Tc=0 and

obtain only the difference ∆T between the center of the crystal and the surface. We assume as an initial

condition that the entire crystal is at the same temperature, meaning T(r,z,t=0) = Tc = 0. In summary, the

boundary conditions considered are

dT (r, z = 0, t)

dz
=
dT (r, z = l, t)

dz
=
dT (r = 0, z, t)

dr
= 0 (5.45)

T (r = r0, z, t) = T (r, z, t = 0) = Tc = 0 .

Figure 5.8: Temporal evolution of the radial temperature distribution (at z = 0) for a 1 Hz repetition rate pump. The
time window ranges from 6-10 s, during which the maximum temperature is reached. A maximum power
pump was assumed (3.5 kW) delivered on a wp = 0.12 cm with pulse duration of 1 ms, obtaining a rise of
23.6 K from the borders to the center of the crystal.

Figure 5.9: Temporal evolution of the radial temperature distribution for z = 0. The pulse duration was altered to 3 ms,
obtaining a rise of 41.4 K from the borders to the center of the crystal.
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The temporal evolution of the temperature was obtained by solving the set of equations above

numerically with standard methods. We started with a 1 Hz repetition rate and a 1 ms pumping time. Fig.

5.8 shows the result for 4 last pulses over 10 s of operation time. One should mention that this interval is

sufficient to conclude that a stable maximum temperature is reached such that no further simulation is

necessary for these conditions. A similar temperature profile is reached with a 3 ms pumping time (Fig.

5.9). As would be expected, the maximum temperature is higher than in the previous conditions, but the

general behavior is preserved. For an optical pump power of 3.5 kW the maximum temperature reached

in the first case is 23.6 K above the cooling temperature and 41.4 K for the second case.

In a similar way, a study is conducted at a repetition rate 10 times higher which is the main goal of

this thesis. By keeping the same pump power, the simulation allows us to find a maximum limit for the

temperature rise in the crystal. Fig. 5.10a) shows that the temperature first increases with time, between 0

and 1 s, and then becomes constant with a few small oscillations, around 10 s of operation. This situation

can also be called a thermal steady state. In fact, if the repetition rate is higher than the inverse of thermal

relaxation time 1/τthermal = 4Kc/r20 Cpρ of the laser crystal, a steady state thermal distribution will appear

[69]. For the first case (pump time 1 ms) there is a steady state about 50.5 K higher than the cooling

temperature, wheres for the second case (pump time 3 ms) (Fig. 5.11), the steady state temperature is

about 136 K higher.

(a) (b)

Figure 5.10: Temporal evolution of the radial temperature distribution for z = 0 at 10 Hz and 1 ms pumping pulse
duration. a) Time window corresponding to initial evolution, showing a general increase in temperature
(0-1 s). b) Stability zone (9-10 s), temperature enters a steady state at near constant temperature with
small oscillations. Final temperature difference between center and the coolant is 50.5 K.

5.2.1 Thermal Lensing

Once the steady profile for the temperature is calculated, we are able to proceed to the calculation of the

thermal lens, as done earlier. The effects considered are calculated as usual, the difference being that

the integration is now implemented numerically. So the OPD distribution in the slice z to z + dz is,

OPD(r) =

[
dn

dT
+ (1 + ν)αT

] ∫ l

0

[T∞(r = 0, z)− T∞(r, z)] dz . (5.46)
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(a) (b)

Figure 5.11: Temporal evolution of the radial temperature distribution for z = 0 at 10 Hz and 3 ms pumping pulse
duration. a) Time window showing the same nearly linear increase in temperature(0-1 s). b) Steady
state zone (9-10 s), a difference of nearly 136 K was found.

Considering that for a spherical lens the OPD has an approximately quadratic dependence on the

radius r, it is possible to adjust the integral to a quadratic equation, retrieving the focal length. Fig. 5.12 is

provided in order to show that the quadratic behavior is preserved almost as far as the pump waist, after

which aberrations become dominant. The aberrations of the thermal lens are exactly the deviations from

the spherical-lens approximation.

OPD(r) ≈ − r2

2(n− 1)f
. (5.47)

A seed beam incident into a crystal with these properties will suffer serious wavefront distortions

if its radius exceeds the pumping waist. However, when this situation is avoided, the lensing resulting

from the temperature profile can be well described by a simple spherical lens, in typical amplifiers. The

thermal-lensing effects can hence be balanced by normal lenses to a good approximation, but only at

a specific choice of pump energy and repetition rate. This conclusion is the basis for the operation of

the so-called thermal-eigenmode amplifier, which is designed in such a manner that the thermal-lensing

effects exactly balance the normal divergence of the seed beam [70].
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Figure 5.12: (a) Example of a calculated optical path difference (solid curve) and approximation by that of a plano-
concave lens (dashed curve) allowing retrieval of the focal length. (b) Zoomed in view is, R between 0
and 0.16 cm. The previously observed difference is also confirmed in this method, starting at the waist
pump.
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5.2.2 Discussion

We developed and carried out a comparison between an analytical method and a numerical calculation

for the temperature distribution inside a longitudinally pumped amplifier crystal and the thermally-induced

lens. The general shape and absolute values do not show significant differences between them. Naturally

a few minor discrepancies arise, generally due to the pump profile change. This has enabled us to perform

a useful comparison between "top hat" and "Gaussian" pump profiles, which is overall a significant result

for this thesis. In Chapter 7 we will evaluate their suitability for replicating experimental results and under

which conditions, allowing us to define which is the best experimental beam shape for benchmarking

calculations.

With regard to the numerical method, we may list the limited computational time and precision among

the obstacles. Additionally the method is simplified in order to reduce processing time. Some of the

calculations have a correct performance, such as the thermal conductivity variation vs. temperature

being ignored (at temperatures below 1500 K these effects are not relevant [66]). Once again the

boundary conditions are very simple, not including convective and radiative effects, and can be adequately

approximated by a constant temperature as shown in [66]. Different pump rates and pumping times

strongly influence the temperature distribution and its maximum value. Some small fluctuations may lack

physical correspondence and be simply due to the small time scales considered in the computation.

To conclude, we summarize which parameters mostly influence the temperature distribution in general,

and which changes could be implemented in order to mitigate the thermal effects.

• The pumping radius wp. Increasing this value is obviously one of the most direct method to reduce

the temperature gradient, but by reducing the pump intensity, the rate of inversion of population and

thereby the laser efficiency decreases.

• The boundary temperature Tc. If the heat sink temperature is lowered but still of the order of

magnitude of room temperature (thus using a conventional cooling technique: by circulating water

or thermoelectric effect), it only decreases the temperature uniformly in the crystal without reducing

the thermal lens. However if cooled below ambient (with a cryostat for example), some general

properties of the crystal, such as thermal conductivity and absorption cross section, increase

significantly, allowing a lower thermal gradient, maintaining the laser efficiency or improving it. This

approach has been successfully applied to reduce the temperature gradient in a Sapphire bar

doped with titanium, within a high energy femtosecond chain [42].

• The thermal contact between the crystal and the cold frame can have the effect of decreasing the

temperature throughout the crystal uniformly. Under no circumstances can this reduce the gradient

inside the crystal, and so the thermal lens. But the effect will be significant only if H is much lower

then 1 W/cm2/K, as seen in Fig. 5.13, which turns out to be very unlikely.

• As we saw in the previous chapter, size influences the laser efficiency while also having has a major

role in the temperature gradient. The radius and the length can alter the lens effect. Smaller crystals
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Figure 5.13: Maximum temperature at the center of the input face of the crystal versus the crystal radius r0. The
conditions that generated these results can be seen at [71].

could reduce the temperature, but a better thermal contact is required for a more efficient cooling,

which is not recommended for very high energies. Fig. 5.13 shows how the thermal contact and

size of the crystal influence the maximum temperature, and allow to conclude that a small, poorly

cooled crystal is much worse than a standard size, correctly cooled crystal, since the temperature

difference between the two cases is around 100-200º.
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E X P E R I M E N T S

6.1 T H E R M A L L E N S M E A S U R E M E N T T E C H N I Q U E S

The first evidence of thermal effects in a laser was recorded just 5 years after its invention. Since the

1970s there has been an effort to measure and characterize this effect as accurately but also as simply as

possible. In the previous chapter we have discussed the theoretical modeling of this effect, showing that it

can also be very complex. With current physical parameters and making use of the available simulation

tools it is possible to completely model the thermal effects in simple optical media, e.g. glasses and

in some cubic crystals such as YAG. However simulation is not always feasible, and in such cases an

experimental characterization is required.

In this second part we describe state of the art techniques developed for thermal lens measurement

in solid-state lasers. The methods are presented by increasing order of complexity, which also matches

the chronological order of the cited publications. The existing techniques may be classified into three

categories: geometric methods (based on either the displacement of a focal point, or on the deflection

of a light beam); methods based on the properties of cavity modes; and finally methods of wavefront

measurement.

6.1.1 Geometrical methods

Geometrical methods are by far the simplest. We distinguish the methods of the focal point displacement

and deflection measurement methods.

The basic principle is fairly simple: if a probe beam passing through the crystal is focused at a specified

location, the forming of a thermal lens in the crystal has the effect of shifting the focal point. The extent of

this shift can be traced back to the thermal focal thanks to the basic laws of geometrical optics. When

the diameter of the pumped area is large enough, one can for example use a collimated beam (with

comparable diameter) and search for the point of focus. The method is based on the assumption that

the focusing lenses are perfect (i.e. without aberrations) and are rather suitable for transverse pumping

geometries with large aperture crystals. They apply poorly for longitudinally (either diode or laser) pumped

systems though. The precise location of a focal point can indeed be measured properly only if the depth

of field is small, which imposes large surveyed diameters, and thermal lens of small value. Focal point

shifting methods are not very precise, with authors reporting deviations between 20 and 30% of the

measured focal lengths.

Instead of using an external beam covering the entire area pumped, one can measure the bending

experienced by a thin beam slightly eccentric with respect to the optical axis (see Fig. 6.1). Here we have
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the ability to scan the entire surface of the crystal, and thus have access not only to the focal length, but

also aberrations in the thermal lens [72]. This method is still very complex to implement, and is instead

reserved for large crystals pumped transversely (even if the available spatial resolution is less than the

diameter of the probe [73]).

(a) (b)

Figure 6.1: Example of geometric method : a) focal point displacement ( suitable for transverse pumping). b) Second
example describing the bending of a probe beam with respect of the optical axis [72].

6.1.2 Cavity eigen value method

As described, using a probe beam to perform geometrical measurements in longitudinally pumped lasers

is a difficult task, because of the very small size of the pumped areas. Since such lasers have become

more and more common, new thermal lens measurement techniques are required, whose principles

are more sophisticated than those of previous ones. These new technique are based on the properties

of cavity modes. These methods allow quite a variable precision regarding the value of thermal focal

length, from 15% if the beam is limited by diffraction up to 60% if that is not the case [74]. This makes

such methods are well suited for a range of rather coarse size thermal lens, as the previous ones. For a

finer determination, including the knowledge of the thermal aberrations, we must resort to a method of

wavefront measurement.

6.1.3 The interferometric methods

In the vast field of interferometric methods it is possible to distinguish two classes of techniques. The first

one are classic methods that are designed with one or two interferometric arms and are based on well

known interferometers such as Michelson’s, Fizeau’s and derivatives. The second type are those methods

based on lateral phase shift, generating interference. The first category of interferometers are fairly simple

and basic and have the advantage of being robust, having no need for a rigorous stabilization. These

methods are of interest for large aperture amplifier bars, but are however unsuitable when pumping is

longitudinal.

The second category includes a large number of types of implementation, but the majority relies on a

device designed to measure wavefronts, namely a Hartmann plate or a microlens array. Although not

being the method implemented in this work, is it important to mention the Shack-Hartmann method. Fig.

6.2 illustrates this basic principle. The small shift ∆x in the detector plane is proportional to the average
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local slope of the wavefront before the corresponding microlens, more exactly to the partial derivative of

the phase along x. By integration, it is possible to go back to the phase at any point. Work performed

by Armstrong [75] extracted the thermal lens value in the bars of Nd:YAG and Nd:YAP diode pumped

transversely with this technique. Ito et al. [76] and Pittman et al. [77] recently demonstrated the use of a

Hartmann Shack-analyzer for measuring the thermal lens in a sapphire bar doped with titanium, used in

high energy femtosecond chains. The commercial sensors available making use of this method exhibit a

sensitivity of λ/100 RMS on the theoretical phase measurement error. This is comparable to the resolution

that can be achieved with interferometric techniques to side phase shift. The Hartmann method, since it

is geometric, is insensitive to mechanical vibrations or temperature fluctuations, which is an advantage

over simple interferometric methods and is currently the state-of-the-art method of diagnostics of thermal

lens worldwide.

Figure 6.2: Principle of operation of a wavefront sensor of the Shack-Hartmann type (image from [71].

For this work we relied on interferometric measurements made with a lateral shearing interferometer

(Phasics SID-4). The principle consists of dividing the wavefront aberration to be analyzed into four

"replicas", by a modified Hartmann plate, slightly offset transversely in the x and y directions and making

an interferogram. The interference of these two or more replicas then provides this illumination profile,

analyzed by a camera as can be seen in Fig. 6.3, which can be traced back to the derivative of the phase

in the x and y directions. This technique is more sensitive than conventional interferometry since in the

absence of deformation, when a plane phase front interferes with itself, it is already a figure of straight

fringes. This method, although interferometric, is adapted to the longitudinal pumping.

The accuracy of these methods can be very good: it is of the order of λ/ 50 [78], but can achieve λ/

200 [79]. This values are equivalent to an uncertainty on the focal length by 12%. Making use of Fourier

analysis small amount of pixels are needed to recover a phase pixel. These results in increased resolution

(at least by a factor 4) compared to all other gradient recovery based wave front sensors (Hartmann test,

Shack-Hartmann).

The chosen device is commercially available for a high price, but it allows to directly carry focal

measurements and thermal aberrations in lasers.

The interferometric method that was selected possesses the desired qualities. In particular, it pos-

sesses sufficient resolution and demonstrated to be adaptable to the longitudinal diode pumping. Also, it
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Figure 6.3: Lateral shearing interferometer operation principle. A Hartmann plate is used to generate the replicas
which will then interfere (original author Phasics Corp.).

allows measurements with or without lasing. In this work, only the first configuration is used, although

it is important to be able to accomplish the later for a complete study of heat generation process in

materials with unknown properties in future work. In addition, it has qualities that are not essential but

are highly desirable such as insensitivity to vibrations, low temporal coherence required for the probe,

and the possibility of real-time analysis. A technique was developed for measuring thermal lenses in

crystals pumped longitudinally based on a wavefront sensor of this type. A detailed description of its

implementation, operation and performance will be presented.

6.2 WAV E F RO N T M E A S U R E M E N T

In the previous section, we described the main techniques for characterizing thermal effects in solid-state

lasers. In this section we will describe additional reasons that led us to choose a shearing wavefront

analyzer will be exposed, as well as a few difficulties that emerged during its implementation.

An experimental test was developed in order to meet our laboratory specifications, which should fulfill

two requirements:

1. The required aperture to be characterized should be at least as large as the pump beam diameter

(in the case of L2I, on a approx. 3 mm in diameter);

2. The measurement technique should be possible with the amplifier turned either on or off. In

particular, it should allow us to test operating conditions as close as possible to the real operation

parameters described in the first part of the laser tests.

We will describe the developed experimental setup for the measurement, from the source to the

detection. We will discuss the required probe properties, before we address the issue of sensor position

with respect to the crystal. Finally, we will examine the performance and limitations of the tests. The

wavefront analyzer used was model Sid-4 (Phasics), together with its dedicated control and analysis

software. The camera has a matrix of 160 × 120 pixels, with 4.74 mm by 3.52 mm in size.

56



6.2 WAV E F RO N T M E A S U R E M E N T

6.2.1 Probe Beam

In previous chapters it was shown that the temperature profile and, consequently, the thermal lens formed

assumes a bigger importance in the center, namely in the region with radius comparable to the pumping

radius. Therefore in order to obtain good quality diagnostics, a probe beam with a similar diameter is

necessary in order to properly assess the possible aberrations of the lens: particularly if the probe is

oversized, aberrations could be measured even if the thermal lens does not manifest such effects.

For the actual experiment it was decided to use the seed laser itself as the probe beam. This

configuration has a number of advantages, particularly solving the aperture requirement, and giving

the real size of the lens as "seen" in normal operation. Another advantage is an increased alignment

precision, ensuring that the beam passes through the axis of the formed lens. The disadvantage is the

fact that all the measurements are done in the non-lasing regime. A Beta Barium Borate (BBO) crystal is

used to change the seed wavelength and consequently eliminate the amplification processes. This is

done as a way to distinguish between the aberrations caused by the lack of uniformity of the pumping

(addressed later in the results chapter, Chapter 7) that transit to the amplified beam and the thermal

lensing that is the main concern of this work.

In summary, the original 1030 nm, 1.5 mm diameter seed beam is frequency-doubled to a visible, 515

nm green beam. In future work, the measurement should ideally be possible with and without amplification.

One particular goal is to measure the thermal lens under conditions as close as possible to those existing

during full operation.

6.2.2 Problems

Figure 6.4: Illustration of change of the probe beam size at the sensor plane with (solid line) and without (dashed
line) pumping laser [71].

A number of problems were met when implementing the experimental setup with the available

hardware and software, and we list them here for future reference. One of the problems leading to lengthy

reconfigurations was the change in the beam size. The Phasics software offers a very useful possibility,

which is making referenced measurements i.e. recording a first reference wavefront in the absence of

thermal lens, against which all subsequent changes are compared. The reference wavefront contains all
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eventual aberrations and defects of the probe beam that are not attributable to thermally induced effects.

The effective wavefront is obtained by subtracting the reference to the full, acquired wavefront. But for this

measure to be meaningful, it is necessary that both reference and measured beam are of the same size

at the sensor plane. This requires that the size of the analyzed beam remains independent of the thermal

lens. Fig. 6.4 illustrates this problem.

6.2.3 Solutions

This problem may be solved by imaging the central plane of the crystal into the wavefront sensor. Indeed,

when two planes are combined by an optical system, and the phase is changed in the object plane (i.e.

wavefront changes), then the phase also changes in the image plane. Note that the image size is only

determined by the magnification between the two planes, as illustrated in Fig. 6.5.

Figure 6.5: Imaging setup allowing constant beam size at the sensor plane [71].

The solution is to use two lenses forming a system of magnification given by G = -f2 / f1. The distances

d1, d2 and dint together with the focal lengths f1 and f2 are defined in the above Fig. 6.5. In this case, the

paraxial ray transfer matrix is written as:

T =

1 d2

0 1


 1 0

−1
f2

1


1 dint

0 1


 1 0

−1
f1

1


1 d1

0 1

 =

 −f2
f1

0

− 1
f1
− 1

f2
+ dint

f1f2

−f1
f2

 (6.1)

If the intermediate distance is chosen in such a way that, dint = d1 + d2, in the absence of thermal lens,

the wave front on the sensor is equal to the initial wave front of the probe beam, ideally plane, meaning

that the system is afocal. The transfer matrix in this conditions becomes simplified.

T =

−f2f1 0

0 −f1
f2

 (6.2)

The radius of curvature can then be deduced from the "ABCD matrix law", yielding
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Rmes =

(
f2
f1

)2

fth = G2fth . (6.3)

This configuration shows a number of advantages when compared to the setup of Fig. 6.4. The

bending radius is independent of any distance (even Rayleigh’s length), so only a precise knowledge of

magnification is needed. The limitations in terms of sensitivity and dynamics are therefore determined by

the sensor itself, and not by the method. Also, choosing the magnification has the significant advantage

of increasing the probe beam in the camera, allowing a more accurate measurement due to the higher

number of useful pixels.

6.2.4 Experimental Setup

Figure 6.6: Experimental setup for the thermal lens measurements.

Fig. 6.6 represents the overall scheme of the system, containing the crystal, the pumping delivery

configuration and the detector.
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The plate after the crystal is a Short Wave Pass Filter. It has, on one of the sides, an anti-reflective

coating for the pumping (900-1000 nm) and a reflective coating on the other surface. The angle of the

incidence beam should to be around 22.5º with the normal.

Two lenses are chosen with focal lengths such that the system shows a magnification equal to 2.

To decrease the intensity of the laser beam in order to not saturate the CCD detector Phasics, filters

are used just before the camera. These filters allow a better visualization of the beam and filter some

environmental illumination. Due to some instability during the measurements and to decrease the difficulty

in acquiring experimental data the CCD detector was mounted in a 3-axis translation stage, and 2-axis

goniometer stage for angular control.

6.2.5 Retrieval Process

To retrieve the phase from the acquired interferogram, a reconstruction technique is necessary. The

method chosen by the Phasics software requires a pupil of a simple form, round or square. The wavefront

is projected onto a set of orthogonal wavefronts, the decomposition being unique, which have the

advantage of representing physical properties. In the case of square pupil, the Legendre polynomials act

as basic functions; in the case of round pupils the Zernike polynomials have this task. The latter are in

fact the interest of this work.

So in case of a round pupil the term rp represents the radius, and should be considered carefully. The

choice of this radius is completely up to the user, but for a correct operation and in order to obtain precise

results it should be chosen such that it encompasses 95% of the intensity of the Gaussian beam in the

camera plane. This choice nonetheless has an impact on the accuracy of the measurement.

We will now introduce the main Zernike polynomials that are useful for our study. More information

about these polynomials can be found in Ref. [80].

number n m Polynomial Expression Physical Meaning

1 1 1 2ρ cos θ Tilt 0º
2 1 0 2ρ sin θ Tilt 90º
3 2 1

√
3(2ρ2 − 1) Defocus

4 2 2
√

6ρ2 cos 2θ Astigmatism 0º
5 2 0

√
6ρ2 sin 2θ Astigmatism 45º

6 3 1
√

8(3ρ3 − 2ρ) sin θ Coma 0º
7 3 2

√
8(3ρ3 − 2ρ) cos θ Coma 90º

8 4 2
√

5(6ρ4 − 6ρ2 + 1) Spherical aberration

Table 6.1: First Zernike polynomials characteristics.

The first Zernike polynomials (not counting the constant polynomial Z00, called "piston") are illustrated

in Fig. 6.7 and their mathematical expression is represented in Table 6.1. In the following we simply note

these coefficients Z1, Z2, Z3, etc. referring to the number of the first column of the table.

As mentioned before, all Zernike polynomials have a physical meaning attached. Normally 3-rd order

polynomials are enough to describe all the aberrations induced by a temperature profile and experimental
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Figure 6.7: Graphic 3D representation of the first Zernike polynomials (image by R. J. Mathar).

misalignment, reducing the study to first 8 Zernike polynomials. Among them, the tilt ( at 0º and 90º) is

associated with the first two polynomials, not being aberration, but rather a movement of the spots across

the pupil. We obtain in practice a nonzero tilt as soon as the probe beam is not properly centered on the

pumped area. The next one, Z3, represents the defocus of the system. Since it may be associated to the

wavefront curvature induced by a perfect lenses, our goal is to measure the magnitude of this polynomial.

The relation between the actual radius of curvature at its coefficient is given by:

Rmes =
r2p

4λZ3
. (6.4)

The following two, (Z4 and Z5) represent the astigmatism. It occurs when focal length is not the same

in two directions. This arises when the focal length is not identical along two transverse directions across

the beam aperture.
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Although of least importance, the Z6 and Z7 are not purely radial dependent and have a more

difficult interpretation. They are also originated by anisotropy and may be present due to some induced

deformation.

The last one is a spherical aberration. This residual effect can be be observed even if the overlap

between the pump beam and the cavity beam is good.

In summary, we have discussed and provided an overall picture of the experimental wavefront

characterization. The Zernike polynomials have been described in a mostly qualitative fashion, since a

precise description of their effects is not necessary for our goals. As mentioned above, the defocus is the

most important one and the goal of our characterization is to measure it with a relatively high precision for

a considerable range of values.
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In this chapter an extensive experimental campaign is presented aiming at qualifying the L2I laser in terms

of pumping, wavefront management and thermal lensing. Also a preparation for future work is completed

in terms of laser propagation and aberration analysis.

7.1 P U M P C H A R AC T E R I Z AT I O N

The first experimental task of our work consisted in the characterization of the pump beam profile over

the crystal length, which is crucial for the remaining tasks. This was achieved by sending a low-energy

replica of the pump beam into a CCD camera placed at the same optical distance as the crystal.

M12	


L = 8mm 
Crystal 

Figure 7.1: Evolution of the pumping profile according to the position within the crystal.

Fig. 7.1 shows the equivalent evolution of the pump beam profile as it propagates along the crystal.

The profile shows a visible change, and does not resemble a perfect "top-hat" or symmetrical Gaussian

distribution. In the current configuration the horizontal axis is several times larger than the vertical axis.

This asymmetry is caused mainly by alignment constraints and by the internal beam-stacking in the

pump module. Although not representing an impediment, the asymmetry will naturally cause difficulties in

achieving an optimized thermal management, leading to strong thermal lensing in the crystal.

As explained in Chapter 5, a well defined pump waist is necessary to correctly describe the thermal

lens. The graphs in Fig. 7.2 show the evolution of the beam waist of the two axes of the beam shown
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above. Assuming that the beam can be approximated by an elliptical Gaussian beam, we can observe

that the vertical axis (right) waist is located at the crystal middle plane, whereas the horizontal axis width

increases in an approximately linear regime. In other words, the beam is astigmatic.
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Figure 7.2: a) Horizontal axis size evolution according to its position. a) Vertical axis size evolution.

It is also quite important to measure the radius of the probe beam in comparison to the pumping waist

given that this criteria will influence the quantity of aberration induced and the amount of deviation from

the perfect plano-convex lens approximation.

The probe beam at the entrance of the crystal posses a diameter of approximately ≈ 1.4 mm (1/e2),

as shown in the Fig. 7.3 a). A typical wavefront showing the phase profile is present in Fig. 7.3 b). One

can observe that the input beam already exhibits a small (0.3 λ, peak to valley) wavefront deformation,

not being totally flat.

(a) (b)

Figure 7.3: Input beam characterization: (a) normalized intensity profile, (b) wavefront profile in units of λ.

Even though defocusing, this particularity should not influence the accuracy our measurement due to

the stability of the pulse. This quality can be observed in the Fig. 7.4 where 10 wavefronts were recorded

of the probe beam. Its radius of curvature presents small oscillations around a mean value, nearly all

smaller then 2% deviation, which means that it is possible to use this wave front as reference and record

only the difference in future measurements, retrieving accurately the thermal lens value. The residual
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wavefront observed in consecutive measurements, after the removal of the reference, is depicted in

Fig. 7.5 a). Naturally a nearly plane wave (< 0.01 peak to valley) is observed due to lack of variation as

mentioned before. An actual image of a wavefront measured with this technique is shown in Fig. 7.5

b). This corresponds to a 3.6 kW, 2 Hz, 3 ms pump pulse. It is clearly visible that the pumping profile

influences the output phase, being more stretched along the horizontal (x) direction as was seen in the

pumping characterization section.

Figure 7.4: Example of 10 consecutive measurements of the radius of curvature. A 2% deviation zone around the
average is highlighted. Stability is acceptable due to small variations as presented.

(a) (b)

Figure 7.5: a) Residual wavefront of the beam after the removal of the reference. A near plane wave is observed as
desired. b) Example of a measured wavefront at 3.6 kW and 2 Hz repetition rate. Phase presented in
units of λ. The wavefront adapts its form to the pumping zone as presented.

Fig. 7.6 presents the evolution of the Zernike coefficients of the input beam, with defocusing being the

most important one. As a matter of fact, a more precise alignment could provide a flatter wavefront with

less aberrations, but with a stable laser and with self-referencing this factor is well compensated.

Fig. 7.7 shows the evolution of the main Zernike coefficients with increasing repetition rate. An

expected increase in the defocus coefficient arises due to the stronger thermal lens, as well as a high
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Figure 7.6: Main Zernike polynomials of the original probe beam.

amount of 0-degree astigmatism. This effect is very likely originated by the differences in size between

the pump waist and the probe beam and the pump beam ellipticity. The other parameters remain mostly

unchanged.
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Figure 7.7: Measured evolution of the Zernike polynomials with the increase of repetition rate. Observable increase
in the defocus parameter is presented as expected. Furthermore, a rise of the aberrations is also noted,
that could have relevance in future implementation.

7.2 T H E R M A L L E N S I N G M E A S U R E M E N T S - M O D E L C O M PA R I S O N

Taking into account the above conclusions, we can compare the experimental data of the thermal lens

values with predictions made in the previous chapters. The first results come from the 1 Hz repetition rate

and 1 ms pumping time. The graph showing the predictions from the two models, analytical in blue and

numerical in red, and the experimental data can be seen in Fig. 7.8.
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Figure 7.8: Thermal lens evolution vs. pump power. Pump duration 1 ms, repetition rate 1 Hz. Comparison with
analytical model (blue) and numerical model (red). Limit lines are imposed to the model corresponding to
a minimum (wpmin) and a maximum (wpmax) pumping waist.

In order to achieve comparable results, the theoretical models have been applied for two pumping

waists in every case studied, one corresponding to a minimum value (wpmin) and other for a maximum

value (wpmax), creating an interval for the predicted experimental value. The criteria used for choosing the

two values is based on the pump beam ellipticity: the maximum value will be limited by the probe/seed

beam radius and for the minimum it will be used the smallest size of the vertical axis within the crystal.

That being said, the values used in the numerical simulations and analytical expression are wpmin = 1 mm

and wpmax = 1.4 mm for the minimum and maximum values respectively.
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Figure 7.9: Thermal lens evolution vs. pump power. Pump duration 3 ms, repetition rate 1 Hz.

In Fig. 7.9 the evolution of the lens is shown with pumping power at 3 ms pumping time and maintaining

the same frequency. The first conclusion is that at 1 ms pumping time, the models overestimate the

thermal lens value at small pumping power. This could be due to the fact that at low powers and lower

pumping time the excess pumping in the horizontal direction could be more significant and in this way
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contribute more for the thermal lens effect. Also at higher values the oscillations are more significant and

being more difficult to measure leading to a higher errors.

The same type of measurements were performed with an increase in repetition rate, doubling it to 2

Hz. Fig. 7.10 and Fig. 7.11 show that a natural decrease in thermal lens focal length occurs meaning

an increase in optical power. The models, as before seen for 1 Hz, make a good prediction for the 3 ms

pumping time. The experimental data is situated close to the limits of the theoretical intervals. For 1 ms

once again the same problem arises, being overestimated at small pumping power.
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Figure 7.10: Thermal lens evolution vs. pump power. Pump duration 1 ms, repetition rate 2 Hz.
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Figure 7.11: Thermal lens evolution vs. pump power. Pump duration 3 ms, repetition rate 2 Hz.

The diode-laser pumping module from JENOPTIK Laser GmbH possesses a duty cycle of 1%, which

means that at 5 Hz and 10 Hz only 1 ms pumping time is used. In Fig. 7.12 the experimental data of 5 Hz

is presented. In general, the previous statements also apply to this case. It is possible to observe the

separation between the numerical and analytical model, because of the different type of pumping profile

considered.
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Figure 7.12: Thermal lens evolution vs. pump power. Pump duration 1 ms, repetition rate 5 Hz.

Finally, Fig. 7.13 shows the data for pumping at 10 Hz repetition rate. At lower powers the numerical

model has a better adjustment, and at higher powers both models slightly underestimate the magnitude of

the thermal lens. It was expected that such minor discrepancy would occur at higher rates due to pumping

profile differences, given that both perfect top-hat and Gaussian profiles will cause a stronger thermal

lensing at higher powers than the that originated by our pump beam. In any case, given the assumptions

that we have considered even in the absence of perfect conditions, all series of experimental data are

predicted remarkably well by both the theoretical models.
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Figure 7.13: Thermal lens evolution vs. pump power. Pump duration 1 ms, repetition rate 10 Hz.

7.3 B E A M P RO PAG AT I O N A N A LY S I S

In the previous section, positive values of thermal lensing were measured which, will lead to beam

focusing. Depending on the number of round trips in the imaging amplifier this effect adds up and thus
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the beam diameter on the optics can get smaller than the limit set by the LIDT. In order to predict the

performance of the laser after the proposed 8 passes through the crystal a simulation of the propagation

is performed. It is a Matlab script based on Gaussian beam optics. The main objective of this section

is to foresee possible damage of the turning mirrors in the multipass configuration. In this simulation

the crystal is considered a perfect thin lens with the focal length of the minimum expected for the 10 Hz

repetition rate. Taking the value measured before for the 3.6 kW, f = 2.37 m, the graph of Fig. 7.14 shows

the evolution of the laser beam diameter along propagation.

Figure 7.14: Simulation of Gaussian beam propagation through the multipass amplifier. Initial diameter corresponding
to 1.5 mm. Minimum diameter obtained corresponds to the value of d = 1.2 mm , while the minimum
allowed for the LIDT is dmin = 1.13 mm.

Figure 7.15: Multipass setup composed of multiple turning mirrors. System allows 8 passes through the crystal.

Recalling the original multipass setup previously (Fig. 7.15), the propagation starts at mirror M5,

such that the first beam waist (i.e. z = 0) coincides with the first pass through the crystal. Pure thermal

lensing has a small influence in the laser behavior as can be observed: no hard focusing in the mirrors

takes place, ensuring that a practical implementation can be considered. The major concern should be

the possible damage induced to the turning mirrors (M11 and M12) after the 6-th passage. Here the

minimum beam waist is predicted, corresponding to a diameter of 1.2 mm, while the LIDT diameter in

this region (approximately 45 mJ) leads to a minimum diameter dmin = 1.13 mm. Although not being

quantified, astigmatism and other aberrations also have the potential to increase with the number of

round trips through the crystal. If the compensation of the effect turns out to be impossible with standard

techniques, a deformable (or a permanent convex) mirror could be used in order to to compensate the

induced wavefront deformation.
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7.4 C O N C L U S I O N

We have performed an experimental characterization of thermally induced effects and their induced

changes in the laser gain medium, ranging from wavefront deformation and the corresponding optical

aberrations. Naturally, such effects can lead to significant modifications in the overall performance of the

laser and should to be equated for demanding performance goals. A comparison with two theoretical

models was conducted and the influence of pump pulse duration was studied, namely the effect of

the additional 2 ms of pumping that contributes mainly to the thermal lensing. Performance at 10 Hz

was evaluated and possible implications were considered. Some deviations between the model and

the experimental data are observed and a possible fine tuning can be performed considering better

conditions and algorithms. Cooling performance was not considered and as a future work its influence

and optimization can be studied as it can become of extreme importance for such systems.
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C O N C L U S I O N

8.1 S U M M A RY

The work described is part of the development of high power lasers based on the laser medium Yb:YAG.

It developed around two complementary objectives: first, the study of the amplifier performance under

upgraded conditions; second, a general study of thermal effects and its implication in the material and the

laser design.

The thesis was organized in three major sections. We started by developing a numerical model for the

amplification process. The goal was to evaluate the directions in which the system can evolve and study

the possible new conditions to which it will be subjected. We concluded that the pumping power was not

used in the most efficient way, that the crystal size could also be adjusted and the number of passes

through it can increase. The temperature influence in all these parameters was also taken into account.

The second part was dedicated to calculate the increase in the temperature imposed on the amplifi-

cation medium during operation, which is a major concern for amplification. A two way approach was

considered, one being purely analytical and other numerical. It was found that adjusting the pumping

time to the fluorescence time of Yb:YAG is crucial. From both methods a way of calculating the thermal

lens effect was derived. An increase in temperature ranging from 20º to 140º was found under different

conditions, meaning that efficiency has a great impact in the final operation.

Finally, the third part consisted of the experimental work performed with the goal of confirming the

models and of measuring the thermal lens magnitude. The pump profile was measured and it was found

that its ellipticity has an influence in the overall comparison with the models. The chosen technique

for making the thermal lens characterization was adequate and delivered results with good precision.

Experimental work was conducted for 1 Hz, 2 Hz, 5 Hz and 10 Hz, obtaining values between 2-13 m for

the focal length of the thermal lens, decreasing with the frequency as expected.

These findings show that an upgrade of the laser system is possible, namely the increase in the

repetition rate to 10 Hz. These conditions can be obtained with a predicted minimum of 3 kW pumping

power at 1 ms time. The induced thermal lens of≈3 m can be managed according to the beam propagation

simulation.

The next step should be implementing the 8 pass configuration, confirming the waist values through an

overall characterization of the beam profile. More concern should be dedicated to the existing aberrations

and their evolution during amplification, which was not considered in the simulation. It is important to

mention that some errors should still exist in the experimental data due to the very demanding stability

conditions required, namely for the camera support. Pump profile can be improved, and a higher symmetry

could allow a higher efficiency of the laser amplification process. This could also lead to smaller thermal
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lensing and aberrations. The confirmation of the output energy is crucial, and this can only be achieved

after the alignment of the laser. This alignment should also confirm the absence of damage in mirrors and

minor adjustments could be considered.

The lensing diagnostics can be repeated in the final form, now in two different regimes, lasing and

non-lasing, which was not possible in this work. Work developed by [71] demonstrated that these two

regimes could behave with slight differences, but the measurements done in this thesis provides the

maximum limit for the thermal effects.

8.2 F U T U R E WO R K

The general characterization of the laser at 10 Hz is crucial, including spectral properties that were not

addressed in the present work. This includes the optimization of the regenerative amplifier and overall

components by using spectral amplitude and phase shaping (e.g. Dazzler), which as previously mentioned,

enables wavelength matching and a higher performance. The pumping process could be optimized and

should increase the performance of the multipass amplifier. A readjustment of the cylindrical lenses could

lead to a more symmetrical beam.

In the longer term, a direct measurement of the temperature of the crystal by infrared thermography

could be performed. Phase distortion measurements by passing a beam through the crystal, as we have

done, only provide access to the temperature gradient but not its absolute value. Such a measurement

would complement the thermal lens measurements, and allow us to study the role of the thermal contact

between the crystal and radiator. Also cryogenic temperatures could be equated due to clear advantages

presented in the amplification processes. It was demonstrated that cooling the crystal to liquid-nitrogen

temperature can increase the thermal diffusivity K/Cp up by a factor of ≈400, and, in addition, the

coefficient dn/dT is lowered by a factor of ≈7, resulting in a better thermal conditions.

Further studies on new laser materials or other composite crystals with attractive properties can also

be a road to explore. Among such materials we may highlight a few e.g. Yb:GGG, Yb:GdCOB, Yb:BOYS,

Yb:CaBOYS, Yb:SYS and Yb:YSO, which have already demonstrated potential advantages in specific

applications. In conclusion, we can state that research in this field is an open, exciting topic, in a moment

when lasers based on ytterbium-doped gain media are starting to become commercially available, while

still offering many opportunities for innovative research and applications.
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