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Herausgegeben von 
Prof. Dr. phil. nat. Thomas Graf, Universität Stuttgart 
Institut für Strahlwerkzeuge (IFSW) 
 
 
 
Das Strahlwerkzeug Laser gewinnt zunehmende Bedeutung für die indust-
rielle Fertigung. Einhergehend mit seiner Akzeptanz und Verbreitung 
wachsen die Anforderungen bezüglich Effizienz und Qualität an die Geräte 
selbst wie auch an die Bearbeitungsprozesse. Gleichzeitig werden immer 
neue Anwendungsfelder erschlossen. In diesem Zusammenhang auftreten-
de wissenschaftliche und technische Problemstellungen können nur in 
partnerschaftlicher Zusammenarbeit zwischen Industrie und Forschungs-
instituten bewältigt werden. 
 
Das 1986 gegründete Institut für Strahlwerkzeuge der Universität Stuttgart 
(IFSW) beschäftigt sich unter verschiedenen Aspekten und in vielfältiger 
Form mit dem Laser als einem Werkzeug. Wesentliche Schwerpunkte bil-
den die Weiterentwicklung von Strahlquellen, optischen Elementen zur 
Strahlführung und Strahlformung, Komponenten zur Prozessdurchführung 
und die Optimierung der Bearbeitungsverfahren. Die Arbeiten umfassen 
den Bereich von physikalischen Grundlagen über anwendungsorientierte 
Aufgabenstellungen bis hin zu praxisnaher Auftragsforschung. 
 
Die Buchreihe „Laser in der Materialbearbeitung – Forschungsberichte des 
IFSW“ soll einen in der Industrie wie in Forschungsinstituten tätigen In-
teressentenkreis über abgeschlossene Forschungsarbeiten, Themenschwer-
punkte und Dissertationen informieren. Studenten soll die Möglichkeit der 
Wissensvertiefung gegeben werden.  
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Kurzfassung

Diodengepumpte Festkörperlasersysteme haben sich im letzten Jahrzehnt in der Materi-

albearbeitung immer weiter durchgesetzt, da sie die Vorteile einer faserführbaren Strah-

lung der Wellenlänge im 1 μm Bereich sowie eine gute Fokussierbarkeit und einer ho-

hen Ausgangsleistung bei hohem Wirkungsgrad miteinander vereinen. Inzwischen sind

auch die Anforderungen an industrielle Lasersysteme wie hohe Zuverlässigkeit und eine

lange Lebensdauer für diese Systeme umgesetzt worden, so dass deren Einsatz von der

Industrie akzeptiert und für bestimmte Anwendungen sogar favorisiert wird. Das Fest-

körperlaserkonzept des Scheibenlasers hat dabei im Vergleich zu den Faserlasern seine

Stärken in einer niedrigeren Sensitivität hinsichtlich Rückreflexen vom zu bearbeitenden

Werkstück und einem konzeptbedingten geringeren Auftreten von nichtlinearen Effek-

ten im Lasermedium. Ausgehend von einem am IFSW und DLR erfundenen vielver-

sprechenden Grundkonzept wurde der Scheibenlaser durch Firmen wie z.B. Trumpf und

Jenoptik industrietauglich gemacht, indem innovative Entwicklungen im Hinblick auf

wichtige Parameter wie Stabilität und Kompaktheit realisiert werden konnten.

Die vorliegende Arbeit befasst sich mit dem Kernthema der Verbesserung der Strahlqua-

lität von Scheibenlasern mit optischen Ausgangsleistungen im Kilowattbereich. Dabei

wurden Beugungsmaßzahlen im Bereich von M2≈ 8 für den multi-Kilowattbereich und

das Erzielen von Grundmodebetrieb bis zu einer optischen Ausgangsleistung von circa

einem Kilowatt angestrebt. Die erstgenannte Strahlqualitäts-Leistungskombination ist

insbesondere zum Schneiden von noch feineren Strukturen und mit höheren Distanzen

von Blechen interessant, wobei die an zweiter Stelle genannte Kombination unter An-

derem auf den Einsatz in Ultrakurzpulslasersystem abzielt. Um die im Scheibenlaserre-

sonator erzeugte Strahlqualität optimieren zu können, ist es von essentieller Bedeutung,

eine möglichst genaue Information über die Deformation des Scheibenlaserkristalls im

Allgemeinen und die Ausprägung der asphärischen Deformation (im 50-200 Nanometer-

bereich) im Speziellen zu erhalten. Aus diesem Grund wurde ein Interferometeraufbau

entwickelt, der auf die bestehenden Anforderungen des Betriebes von Scheibenlasern

bei Ausgangsleistungen bis zu mehreren Kilowatt zugeschnitten war und eine präzise

Echtzeitmessung der Deformation des Scheibenlaserkristalls ermöglichte. Die aus die-

sen Messungen erhaltenen Ergebnisse konnten daher direkt zur Optimierung der Strahl-

qualität des jeweiligen Scheibenlasersystems herangezogen werden.
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Für die experimentellen Untersuchungen wurden die laseraktiven Materialien Yb:YAG,

Yb:LuAG, Yb:Lu2O3 und Yb:YAB verwendet. Yb:YAG und Yb:LuAG sind von der

Qualität der Laserscheiben her industriell einsetzbar, wohingegen sich die laseraktiven

Materialien Yb:Lu2O3 und Yb:YAB noch im Entwicklungsstadium befinden, aber auf-

grund ihrer Eigenschaften neben einem effizienten cw-Betrieb insbesondere für den Ein-

satz in Ultrakurzpulsscheibenlasern prädestiniert sind. Für die vier laseraktiven Mate-

rialien wurden neben den spektralen Eigenschaften insbesondere die mechanischen Ei-

genschaften für den Einsatz im Scheibenlaser analysiert. Als innovatives Pumpkonzept

wurde das Zero-Phonon-Line Pumpen für Pumpleistungen bis in den Kilowattbereich

und mit einer spektralen Breite von weniger als einem Nanometer experimentell umge-

setzt. Dies ermöglichte es, bei Yb:YAG, Yb:LuAG und Yb:Lu2O3 die Wärmeerzeugung

im Mittel um ca. 30% zu reduzieren, was durch die längeren Pumpwellenlängen von

969 nm (Yb:YAG, Yb:LuAG) und 976 nm (Yb:Lu2O3) im Vergleich zum konventio-

nellen Pumpen im Wellenlängenbereich von 940-950 nm bedingt ist. Die dadurch be-

deutend geringeren thermisch induzierten Verformungen, insbesondere der asphärischen

Verformung, des Scheibenlaserkristalls erlaubt neben einer Steigerung der optischen Ef-

fizienz die Beugungsverluste des Scheibenlaserresonators so stark zu reduzieren, dass

Grundmodebetrieb bis in den Kilowattbereich möglich ist. Unter Verwendung dieses

Pumpkonzeptes wurde ein Yb:LuAG Scheibenlaser mit einer optischen Ausgangsleis-

tung von 742 W und nahezu beugungsbegrenzter Strahlqualität (M2 ≈ 1.5) bei einer

gleichzeitig hohen optischen Effizienz von 58.5% demonstriert. Im Multimodebetrieb

(M2 ≈ 15) konnte unter Verwendung von Yb:YAG ein Scheibenlaser mit einer opti-

schen Effizienz von 72% realisiert werden. Mit dem Zero-Phonon-Line Pumpen von

Yb:Lu2O3 konnte mit einer optischen Ausgangsleistung von 670 W die bis dato höchs-

te mit diesem laseraktiven Material realisierte Ausgangsleistung gezeigt werden. Neben

dem hohen Potential von Yb:Lu2O3 für den Einsatz im Scheibenlaser wurden jedoch

auch dessen (momentane) Limitierungen in der Kristallqualität dargestellt, was für eine

Erzeugung von beugungsbegrenzter Strahlung bis in den Kilowattbereich hinderlich ist.

Da ab einem bestimmten Ausgangsleistungslevel für die Erzeugung guter Strahlqua-

lität immer eine Kompensation der asphärischen Deformation des Scheibenlaserkris-

talls notwendig wird, wurden experimentelle Untersuchungen zur Verwendung stati-

scher Asphärenspiegeln durchgeführt. Diese wurden so konzipiert, dass sie bis zu meh-

reren Kilowatt Ausgangsleistung des Scheibenlasers eingesetzt werden konnten. Unter

Verwendung eines Asphärenspiegels im Resonator, wurde ein Yb:YAG Scheibenlaser

(eine Scheibe) mit einer optischen Ausgangsleistung von 3.4 kW und einem Strahlpara-

meterprodukt von 2.4 mm x mrad (M2 ≈ 8) realisiert. Auf diesen Experimenten konnte

am IFSW bei der weiteren Entwicklung von aktiv regulierten, asphärischen Spiegeln für
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den Einsatz im Scheibenlaser aufgebaut werden.

Die Forschung an neuartigen Lasermaterialien zur Verwendung im Scheibenlaser kon-

zentriert sich neben den Materialien die vorteilhafte thermische Eigenschaften besit-

zen vor allem auf jene, die insbesondere zur Erzeugung von ultrakurzen Pulsen ge-

eignet sind. Ein laseraktives Material, das beides bietet, ist Yb:YAl3(BO3)4, mit wel-

chem zum ersten Mal ein Betrieb im Scheibenlaser gezeigt werden konnte. Im cw-

Multimodebetrieb wurden dabei optische Ausgangsleistungen bis zu 109 W mit einer

optischen Effizienz von 50.2% realisiert. Im niedrigeren Leistungsbereich von ≈ 20 W

wurde mit Yb:YAB sogar eine optische Effizienz von über 60% erzielt. Durch Verwen-

dung eines resonanten Beugungsgitters wurde für den Yb:YAB Scheibenlaser eine spek-

trale Durchstimmbarkeit im Bereich von 1001 bis 1053 nm ermittelt (maximale optische

Ausgangsleistung von 36 W bei 1040 nm). Aufgrund dieser großen spektrale Breite ist

Yb:YAB für zukünftige Experimente in Ultrakurzpulsscheibenlasern interessant.
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In the last decade, diode-pumped solid-state laser systems became more and more esta-

blished and are nowadays widely used for material processing in the automotive, solar

and microelectronic industry. They can produce the desired combination of fiber gui-

dability, highly focused beams, high power and a high optical efficiency. Meanwhile,

also the demands of industrial laser systems like a long lifetime and a low failure rate

got realized so that the use of diode-pumped solid-state lasers is widely accepted by the

companies and for certain applications even favored. Comparing the two solid state laser

concepts disk and fiber, the thin-disk laser has its strength in a lower sensitivity to back

reflections from the work piece and in a design-based lower occurrence of nonlinear

effects inside the laser-active medium which is advantageous for pulsed laser systems.

Starting from the invention of a promising new laser concept at the IFSW and DLR,

the thin-disk laser emerged to a robust industrial system since innovative developments

with regard to important aspects like stability and compactness were realized thanks to

several companies such as for example Trumpf and Jenoptik.

The core topic of the present thesis is the improvement of the brightness of thin-disk

lasers at a targeted output power of one kilowatt and beyond. For an output power of

several kilowatts the intention was to approach a beam quality factor of M2≈ 8, whereas

for the thin-disk lasers with an optical output power up to one kilowatt a near diffrac-

tion limited beam quality was aimed. Multi-kilowatt beams with high brightness offer

advantages for fast and precise material processing applications such as remote cutting,

where the beam must propagate over large distances. In the second case a thin-disk laser

generating ultrashort pulses can be developed in a further stage. In order to improve the

beam quality of a thin-disk laser it is essential to know very precisely how the thin disk

deforms in laser operation whereby special attention has to be paid on the aspherical

part of this deformation which can be in the order of a few tens of Nanometers. For

this reason, an interferometric setup was developed which was optimized to measure the

disk deformation during laser operation with high precision. Thus, interferometric mea-

surements in real-time could be carried out when operating the different thin-disk lasers

up to an optical output power of approximately four kilowatt. The obtained results were

directly used to optimize the beam quality of each thin-disk laser individually.

For the experimental investigations the laser-active materials Yb:YAG, Yb:LuAG,



Extended abstract 21

Yb:Lu2O3 and Yb:YAB have been used. Thin-disk laser crystals out of Yb:YAG and

Yb:LuAG are available in a quality which is sufficient to implement them in industri-

al laser systems. On the contrary, the quality of the crystals has still to be improved to

achieve high quality laser disks for the laser-active materials Yb:Lu2O3 and Yb:YAB.

However, beside a high optical efficiency, these materials provide properties which are

favorable for the generation of ultrashort pulses. Beside a comprehensive analysis of

the spectral properties of the four laser-active materials, close attention was paid on the

mechanical ones particularly with regard to the manufacturing of laser disks.

The innovative concept of Zero-Phonon-Line (ZPL) pumping was experimentally im-

plemented to allow for pump powers of up to ≈ 2 kW at a narrow wavelength peak with

a width of less than one Nanometer. The pumping of the laser-active materials Yb:YAG,

Yb:LuAG and Yb:Lu2O3 at the ZPL-line allows to reduce the heat generation in the disk

by approximately 30% which is due to the longer pump wavelength of 969 nm (Yb:YAG,

Yb:LuAG) and 976 nm (Yb:Lu2O3) compared to the conventional pumping in the wa-

velength range of 940-950 nm. For this reason, the thermally induced deformations of

the thin-disk crystal are strongly reduced and the Stokes efficiency is increased. Especi-

ally the reduction of the aspherical phase distortions which result in significantly lower

diffraction losses of the fundamental mode is essential for the scaling of fundamental-

mode thin-disk lasers to the kilowatt output power level. Using the ZPL-pump concept, a

Yb:LuAG thin-disk laser with an optical output power of 742 W and nearly diffraction li-

mited beam quality (M2≈ 1.5) together with an unprecedented high optical efficiency of

58.5% was demonstrated. For an Yb:YAG laser in multimode operation (M2≈ 15), this

pumping principle allowed to achieve a maximum optical efficiency of 72%. Kilowatt-

level ZPL-pumping of an Yb:Lu2O3 thin-disk laser resulted in 670 W of output power

which is the highest optical output power reported to date for this laser-active material.

Despite the discussion of the high potential of the implementation of Yb:Lu2O3 for the

use in thin-disk lasers, also (current) limitations especially regarding the crystal quality

are adressed in this thesis. The insufficient crystal quality currently limits the generation

of fundamental-mode radiation at high output powers with this laser-active material.

Despite of the advantages of ZPL-pumping, at a certain output power level a compen-

sation of the aspherical phase front deformation induced by the thermally deformed

thin-disk crystal will always be necessary. Therefore, experimental investigations with

static aspherical mirrors have been carried out. These mirrors have been designed in

such a way that they can be used in thin-disk lasers operating at several kilowatts of

output power. Using an aspherical mirror in the resonator, an Yb:YAG thin-disk laser

generating an output power of 3.4 kW and a beam parameter product of 2.4 mm x mrad

(M2≈ 8) from one disk was demonstrated. Based on the gained knowledge from the in-
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vestigations with the static aspherical mirrors, actively-controlled mirror concepts were

developed later on at the IFSW.

Current research focuses on novel laser-active materials with beneficial properties to

obtain for e.g. a lower thermal load or to generate ultrashort pulses. An interesting laser-

active material which offers both is Yb:YAl3(BO3)4. Therefore, the first demonstration

of a thin-disk laser using Yb:YAB was carried out. In multimode operation cw-output

powers of up to 109 W with an optical efficiency of 50.2% were achieved. At a lower

power level of about 20 W this laser-active material showed an even more efficient ope-

ration with an optical efficiency of more than 60%. In fundamental-mode operation the

extracted output power was 10.4 W with an optical efficiency of 44.5% and a nearly

diffraction limited beam (M2= 1.39). The broad emission bandwidth of the material was

confirmed by measuring a continuous wavelength tuning range from 1001 to 1053 nm

by using a resonant diffraction grating in the resonator. The maximum output power

of 36 W was obtained at a wavelength of 1040 nm. Due to this broad spectral width,

Yb:YAB is attractive for the generation of ultrashort pulses. This will be investigated in

future experiments at the IFSW.



1 Introduction

1.1 Motivation

Among all solid-state lasers, the thin-disk laser technology has experienced a very fast

growth within the last decade and is today one of the most established laser technologies

resulting in the utilization of thin-disk laser systems in many industrial fields such as au-

tomotive, solar and microelectronics. This was enabled by the equivalently fast (or even

faster) development of laser diodes with high efficiency and high output power, emitting

in the wavelength range of 9xx nm which is required for the pumping of Yb-doped laser-

active materials such as Yb:YAG. Yb:YAG is the most established laser-active material

for high-power thin-disk lasers emitting at a wavelength of about 1 micron which allows

to guide the emitted radiation in optical fibers over very long distances (up to the order of

100 m). Furthermore, the thin-disk concept exhibits a reduced sensitivity to back reflec-

tions which may occur during material processing. In addition to these advantages, there

is an easily reachable good beam quality of thin-disk lasers (typical M2< 24) even for an

output power at the multi-kilowatt level. The good beam quality is possible thanks to the

approximately one dimensional cooling and the high ratio of cooled surface to pumped

volume of the laser disk.

Further improvement of the brightness of thin-disk lasers allows to increase the working

distances during material processing, to enable welding and cutting of finer structures

and to operate with higher cutting speeds. Moreover, the fundamental-mode operation

is an essential prerequisite for the operation of ultrafast laser systems. The potential of

these laser systems which emit radiation with pulse durations of a few hundred fem-

toseconds just started to be explored in various application fields. In combination with

high average powers, various new applications for material processing are imaginable.

The strength and unique properties of ultrafast lasers with high peak intensities is the

material ablation with almost no heat exposure of the surrounding area. This allows a

very precise processing of materials like e.g. metals, ceramics, carbon fiber reinforced

plastics, human tissues etc. and thus opens the way to entirely new applications.
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1.2 Objectives and approaches followed

In the present thesis the emphasis is on the development of thin-disk lasers with high

brightness at the kilowatt or even multi-kilowatt (4-5 kW) output power level with the

laser-active materials Yb:YAG and Yb:LuAG. To realize this, the thermal behavior espe-

cially of the thin disk and also of the complete pump and resonator cavity has been

analyzed in detail. For the highest obtainable brightness, i.e. the fundamental-mode ope-

ration of the laser, the evolution towards the one-kilowatt level (Yb:YAG and Yb:LuAG)

is shown. The future objective of the ongoing research following the experimental in-

vestigations presented in this thesis is the development of ultrafast oscillators at this

kilowatt power level. To achieve this, different Yb- doped laser-active materials have to

be evaluated regarding their thermo-optical and spectroscopic properties and also with

regard to their mechanical and chemical stability. This research plays a major role in

numerous scientific groups and companies worldwide. Our laser development group at

the IFSW focuses mainly on Yb doped laser materials to be used in disk lasers due to the

advantages of this concept mentioned previously. Important properties of the Yb-doped

laser materials which have to be analyzed are:

• the crystal structure, melting point and melting behavior

• the absorption and emission cross sections

• the spectral linewidth and shape of the absorption and emission peaks

• the thermal conductivity

• the change of the refractive index with temperature

• the heat expansion

• the thermal shock resistance

• the hardness and the tendency of fracture

This list does not claim completeness. However, it shall illustrate how comprehensive a

laser-active material has to be evaluated in order to be able to conclude on its suitability

for high-power lasers. An overview of material properties of Yb-doped laser-active ma-

terials in general and for the thin-disk laser configuration in particular can be found in

the references [1], [2], [3] and [4]. For this thesis the two potential materials Yb:YAG

and Yb:LuAG were investigated for high-power, high-brightness thin-disk lasers. In ad-

dition, Yb:Lu2O3 has been analyzed, which is a promising material to reach the kilowatt

output power level at shorter pulse durations compared to Yb:YAG or Yb:LuAG. Nonet-

heless, Yb:Lu2O3 has a very high melting temperature resulting in a complicated crystal

growth, hence close attention is paid to the quality of the supplied thin-disk crystals.

Furthermore, one interesting candidate from the novel laser materials is Yb:YAB which

will be introduced in this work using it for the first time in thin-disk configuration. The
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material quality of Yb:YAB is currently a crucial issue as well and has been evaluated

bearing in mind the objective of laser operation with an output power of a few kilowatts.

The present thesis is divided into nine chapters, where the 2nd chapter describes the state

of the art of the main solid-state laser types and therefore sets the starting point for the

research presented here.

In chapter 3, the basic principle of the thin-disk laser is briefly explained. After that, the

main spectral and mechanical properties of the four laser-active materials investigated

in this thesis are discussed and the important advantages and limitations of each ma-

terial are pointed out. This chapter concludes with the requirements on the laser-active

materials with regard to the manufacturing and use as thin-disk crystals.

Chapter 4 emphasizes on the thermal effects inside and in front of a thin-disk crystal,

which currently limit the brightness of thin-disk lasers at kilowatt output powers. Simu-

lations and experimental analysis of these effects are presented and the possible causes

are discussed. The investigations undertaken show the influence of the thermal load on

the properties of the laser-active material itself and also address the contributions from

the contacting method, the heat sink design and the distribution of the pump power.

Another important factor is the ambient atmosphere especially in the pump cavity who-

se influence on the achievable brightness is also described.

The 5th chapter presents an interferometric setup which allows to precisely determine

the optical phase distortions caused in front of and inside thin-disk laser crystals. The

setup and the measurement method is explained and completed with an evaluation of the

achievable accuracy of the interferometer.

Chapter 6 discusses a key concept to minimize the thermal load in thin-disk lasers.

This concept causes a general reduction of the heat generated in the thin-disk crystal

itself and is called Zero-Phonon-Line (ZPL) Pumping. The experimental realization of

high-power, high-brightness thin-disk lasers with the laser-active materials Yb:YAG,

Yb:LuAG and Yb:Lu2O3 by using this pumping approach is presented and explained

in this chapter, which is the core part of this thesis. The necessary spectral narrowing

and wavelength stabilization of the radiation of the pump diode stack for ZPL-pumping

is described. The experimental investigations and performances achieved by using this

pump concept is shown for both, multi-mode and near diffraction-limited continuous-

wave operation. An analysis of the thermal load and the resulting deformation of the

thin-disk crystals are also included in this section.

Reducing the thermal load is of course beneficial for the thin-disk laser operation in

general, but the maximum achievable output power and consequently the thermally in-
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duced aberrations only shift the limit where unstable laser operation takes place. In time,

an element which compensates for these aberrations has to be inserted in the laser cavity.

One industrial approach is the compensation with a static aspherical mirror; the demons-

tration of this concept with multi-kilowatt output power is reported in chapter 7. The

further development from a static aspherical mirror to an actively-controlled aspherical

mirror was pushed forward intensively so that as final result fundamental-mode operati-

on at an output power close to the kilowatt level with an actively-controlled aspherical

mirror could be demonstrated. This result is briefly described at the end of chapter 7.

Current research focuses on different methods to carry out the compensation of ther-

mal effects in thin-disk laser resonators and on novel laser-active materials with bene-

ficial properties to obtain e.g. a lower thermal load. The objective of the use of novel

laser-active materials in thin-disk configuration is often to generate ultrashort pulses.

In chapter 8, different interesting laser-active materials used for this purpose are brief-

ly summarized and for one interesting material; Yb:YAB, a detailed study is presented.

Yb:YAB was investigated for the first time under the aspect to use it in thin-disk lasers.

The experimental results in CW-operation up to an output power level of 109 W and an

outlook to further power scaling using this laser-active material are also presented.

Chapter 9 contains the summary and a general outlook for the research described in this

thesis. Two final questions will be addressed briefly. What are the scaling prospects of

CW fundamental-mode thin-disk lasers? And is an ultrafast thin-disk oscillator at the

kilowatt average power level feasible?



2 Overview of high-power solid-state laser sys-
tems

This chapter gives a short overview of the current state of the art for high-power solid-

state laser systems (at the start of the research activities reported in this document) and

their ability to achieve high brightness. Here, the emphasis will be on thin-disk lasers,

since the enhancement of the brightness of this laser type is the topic of the research

presented here.

Nowadays, high-power solid-state laser systems (excluding semiconductor lasers) ex-

ceeding one kilowatt of output power can be divided into four different geometrical con-

cepts, whereby each laser concept exhibits advantages and disadvantages. These types

of lasers are:

• rod lasers

• fiber lasers

• slab lasers

• thin-disk lasers

The different concepts are schematically illustrated in figure 2.1:

Figure 2.1: Schematic drawings of the different solid-state laser and amplifier concepts. The
typical pump configurations are displayed, but also other pump and laser configu-
rations are used in the field.

Among the solid-state lasers, the rod laser was the first laser concept which was inven-

ted and scaled to output powers of several kilowatts in a highly multimode operation.

Even though rod lasers were widely used by the industry due to their simplicity and
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low cost, this laser concept has one major disadvantage: a comparatively strong thermal

lens which prevents fundamental-mode operation at the kilowatt output power level. In

2005, Frede et al. [5] reported the highest output power of 213 W in fundamental-mode

operation (M2= 1.15 with an optical efficiency of 23%) for this concept by using a ring

oscillator which contained four longitudinally pumped Nd:YAG rods. For the other three

laser concepts this power level with near diffraction-limited beam quality is already ex-

ceeded by using only one laser-active element inside the laser resonator.

In order to present the state of the art for fiber lasers in high-power cw operation, a dis-

tinction between fiber lasers in terms of oscillators and fiber amplifier systems has to

be made. In fact, the availability of high gain in laser-active fibers simplifies the use in

master oscillator power amplifier (MOPA) configurations. The utilization of one fiber

amplifier stage makes it possible to achieve 10 kW of output power seeded by a 1 kW

fiber laser oscillator. This optical scheme is e.g. used by the leading company of fiber

laser systems, IPG Photonics [6]. The typical laser-active materials in fiber laser systems

are Yb doped silica fibers which offer a broad gain bandwidth for wavelengths from 975

nm to 1180 nm. As a result, they can be pumped not only with high-power diode lasers at

the wavelength region of 9xx nm but also in a tandem pumping configuration where one

fiber laser is pumping the other at a wavelength of 1050 nm for example. The tandem-

pumping method which is an in-band pumping with high brightness has also a second

advantage: a very low quantum defect of less than 5% leading to high optical efficiency

and very low thermal load. Together with the development of the cladding pumping, this

constitutes the two important factors which resulted in an extraordinary power scaling

capability of fiber laser systems with near diffraction-limited beam quality. As shown

by Popp et al. [7], the high-brightness pump beam (M2< 16) for the tandem pumping of

fibers can also be provided by a thin-disk laser instead of a fiber laser. In this configu-

ration, a very compact “brightness-conversion” fiber laser unit close to the work piece

e.g. on a robot arm could be realized if a thin-disk laser was already used previously

for material processing purposes. The most crucial issues of fiber lasers which are still

under investigation are nonlinear effects like stimulated Raman and Brillouin scattering

and the sensitivity to back reflections. An overview of the current status of fiber lasers in

continuous-wave as well as in the different pulsed operation modes can be found in [8].

Slab lasers can be pumped in two configurations, either through the top and bottom of

the slab or from the edges (longitudinal pumping). The edge-pumped configuration is

typically applied when pumped by diode lasers. Here, the wave-guiding effect in the

thin slab can be used but is not mandatory. The advantage of the slab geometry in com-

parison to the thin-disk is the higher gain which is achieved by the length of several tens

of millimeters of the slab. The thickness of the slab is typically in the order of 1 mm,
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which enables efficient heat extraction and a homogeneous cylindrical thermal lens [9].

The asymmetry of the gain medium makes it more difficult to obtain diffraction-limited

beam quality in both directions. The scaling of the output power with the slab approach

is performed by an increase of the length and/or width of the laser-active medium or the

pump line, respectively. For the first realization of a kW-level, sub-picosecond slab la-

ser, an Yb:KGW oscillator emitting femtosecond pulses at a repetition rate of 20 MHz in

combination with two Yb:YAG slab-amplifier-stages were used [10]. The 2nd amplifier

stage generated an average output power of 1.1 kW corresponding to a peak power of 80

MW. A pulse-width of 615 fs could be obtained in this laser setup. The M2 factor was

measured to be less than 3 in both directions. As can be seen from the referenced pu-

blications, the slab configuration has its strength in the area of short pulse amplification

and is usually not used as a CW high-power laser source.

In the field of thin-disk laser development, the kilowatt output power level in multi-mode

continuous-wave operation was already demonstrated at the IFSW in 2000 by Stewen

et al [11]. The step from the laboratory setup to an industrial high-power laser system

was realized soon afterwards so that thin-disk laser systems with 16 kW of output power

using four disks are commercially available today. For the industrial success of the thin-

disk laser the company TRUMPF Laser played a key role. So far, the highest optical

output power from one thin-disk crystal which was obtained by the TRUMPF thin-disk

development group in 2012 [12] is 10 kW.

In the domain of fundamental-mode thin-disk lasers, the following two publications set

the benchmark at the beginning of this work. Pumping a single disk at the usual wa-

velength of 940 nm, Killi et al. demonstrated a fundamental-mode (M2< 1.05) output

power of about 500 W from an Yb:YAG thin-disk laser with an optical efficiency of

51% [13]. However, no information about the resonator set-up and the measurement

method for the beam quality factor M2 was given. Mende et al obtained almost the same

maximum output power [14] whereas in this case the fundamental-mode operation (M2=

1.55) was limited to two narrow output power ranges with a comparatively moderate op-

tical efficiency of 36%. The further reduction of the thermal load of the thin-disk crystal

is seen as a key factor for further power scaling in fundamental-mode operation and the

different possibilities will be described and evaluated in this thesis.

In chapter 9 the most recent publications will be discussed to conclude and describe the

further direction of this research topic and an outlook to future research will be given.
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In the previous chapter, the state of the art for high-power laser systems was illustra-

ted to set the starting point for the present work. The current chapter provides essen-

tial information on the basic principle of thin-disk lasers and the laser-active materials

which were analyzed for this thesis. The analysis was done with the objective to reali-

ze a high-power continuous-wave thin-disk laser with high brightness and as final goal

even diffraction-limited beam quality in combination with kilowatt output power. This

research will be continued to demonstrate a kilowatt fundamental-mode thin-disk laser

capable of generating femtosecond pulses. This will require future work, however, but

the goal is already considered in the investigations regarding suitable laser-active materi-

als presented here. The sections on laser-active materials include a selection of important

spectral and thermal parameters with regard to the objectives and also the evaluation of

the main mechanical parameters considering the manufacturing capability of thin laser

disks. So far, few researchers have addressed the problem of thin-disk manufacturing.

To evaluate the suitability for the use in high-power lasers, often the theoretical crystal

parameters rather than the experimentally investigated crystals were considered. For this

reason, this chapter pays particular attention to the challenges which occur in the growth

of large-sized crystals (section 3.3.1), the polishing of disks (section 3.3.2) at the micro-

meter scale and their coating requirements (section 3.3.3) to obtain the suitability for the

operation at output powers at the kilowatt level. The high demands on the laser-active

materials have, furthermore, to be seen in the context of the untypical high aspect ratios

of thin-disk crystals.

3.1 Basic principle of the thin-disk laser

Basic idea and key point of this concept is a laser disk with a thickness in the range of

100-300 μm and a typical diameter of 10-15 mm which is directly mounted on a heat

sink [15], [16]. The heat sink itself is in contact with the cooling fluid (e.g. water, liquid

nitrogen etc.). The thin-disk crystal can be pumped with high intensities and still be

cooled very homogeneously and efficiently due to the high ratio of cooled surface to

pumped volume. The heat flow occurs almost in one dimension i.e. in the axis parallel

to the laser beam. This reduces the thermally induced aberrations in the thin disk in
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comparison to transversally cooled rod- and slab-type crystal geometries by orders of

magnitude. Efficient heat removal at the back side of the crystal is realized by combining

a heat sink material with high heat conductivity and jet impingement cooling [16], [11],

[17]. To achieve an appropriate absorption length for the pump radiation in the thin

crystals, different multipass pump cavity configurations can be used to realize e.g. up to

32 pump beam passes [18] or with a slightly different scheme up to 44 pump beam passes

through the disk [11]. These two concepts are used industrially but they do not set the

limit for the maximum realizable number of pump beam passes with regard to the optical

design possibilities. An established layout for the pump cavity is the repeated imaging

of pump radiation emerging from a fiber or a homogenizing rod onto the disk using a

collimation lens and multiple reflections from a parabolic mirror. The pump optics unit

is completed by a pair of 180 degree folding mirrors and a rear mirror for an overall

double-pass [18]. A diagram showing the thin disk pump beam scheme for 24 passes

and a simple I-shaped laser resonator can be seen in figure 3.1. The thin-disk crystal is

passed each time in forward and backward direction due to the high-reflective coating

on its backside so that 24 single passes corresponding to 12 double passes through the

disk are obtained for the pump radiation.

Figure 3.1: Thin-disk pump and laser principle

As mentioned above, a fiber-coupled pump diode or, at higher powers, a homogenizing

rod is used for the delivery of the pump radiation. Thus, it guarantees a homogeneous

pump power distribution and correspondingly a homogeneous temperature profile on
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the disk. The homogeneity of the intensity distribution formed by the pump spots is

additionally increased due to a rotation of the pump spot images (which depends on the

angle between the two prism pairs) at each double pass. Furthermore, the overlapping

multiple pump beam spots applied by the design of the pump optics allow to obtain high

pump power densities on the disk. Quasi-three-level laser-active materials can therefore

be used efficiently in the thin-disk concept due to a high local pump power density

combined with an effective cooling. The thin-disk pumping scheme has two advantages.

First, the requirements on the brightness of the pump diodes are comparatively low and

second, a geometrical decoupling between pump and laser radiation is obtained. The first

point allows the use of pump fibers with larger diameter (assuming a typical numerical

aperture of 0.22) in comparison to what is needed for e.g. fiber lasers, which results in

a cost advantage. The latter reduces the risk of damaging the pump diodes due to back

reflected laser radiation.

3.2 Yb-doped laser-active materials for high-power thin-
disk lasers

In thin-disk laser configuration, materials with the laser-active ion Ytterbium can exploit

their full potential. The doping with Ytterbium (Yb) is favorable due to the formation

of only two manifolds within the structure of most laser hosts which are separated by a

large energy difference of about 10.000 cm −1 [19]. This constellation avoids the most

effective loss transitions like excited state absorption, cross relaxation and upconver-

sion [20]. For pumping, high-power laser diodes with sufficient brightness emitting in

the wavelength range between 900 and 980 nm are readily available. Furthermore, the

quantum defect is very low in comparison to Neodymium (Nd) doped crystals. Nevert-

heless, the optimum implementation of Yb in the laser host is, like for all active ions,

strongly influenced by the compound of the host material. Factors like the difference of

the atomic radii of the dopant to the replaced ion or the splitting of the energy levels are

correlated to the thermal conductivity, the possible doping concentration as well as the

thermal population of the laser levels. As a consequence, even Yb doped laser hosts face

problems due to lattice distortions caused by the implementation of the Yb-ion in the

crystalline structure.

For the present work the laser-active materials Yb:YAG, Yb:LuAG, Yb:Lu2O3 and

Yb:YAB were selected due to their specific optical and mechanical properties which

are described in the following sections. The main properties of these laser-active mate-

rials are presented with regard to the use as thin-disk crystals and summarized in one
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table for each material. The data available from literature were completed by calculated

values for the threshold density Emin and the saturation density Esat in laser operation as

well as the thermo-optical constant Kth−opt and the optimum disk thickness for typical

doping concentrations (Ndop). The parameter

Kth−opt =
∂n
∂T

+(n−1) ·αth [21] (3.1)

where n is the refractive index, T is the temperature and αth the thermal expansion, de-

termines the change of the optical path length when multiplied with the thickness of the

disk and with its temperature difference between the front and backside. The thermal ex-

pansion of a laser-active material can serve as an indicator for the risk of fracture during

the coating process. Kth−opt is used for a first estimate of the thermal behavior which can

be expected in thin-disk laser operation. Together with the optimum disk thickness dopt

these are two key values which are typically calculated prior to the manufacturing of a

laser-active material as thin-disk crystal. The parameter dopt is calculated by using the

following equation [22]

dopt =
1

Ndop

⎡
⎣ (lnMpEp

Et,e f f
)

Mpσabs,e f f (λp) fB,trans
+

LintTOC

Mr(σem,e f f (λem)+σabs,e f f (λem))
.
1+ fem,p

fB,trans

⎤
⎦ ,

(3.2)

where Ndop is the number density of the active ion, Mp is the number of pump-beam

passes through the disk, Lint the resonator-internal losses and TOC the output coupling of

the resonator. It has to be noted that for the calculation of dopt a constant temperature is

assumed, which is typically not the case in real laser systems. The spectral properties of

the used laser-active materials are included in the calculation by the parameters: absorp-

tion cross section at the pump wavelength σabs,e f f (λp) and the effective absorption and

emission cross sections at the laser wavelength σem,e f f (λem) and σabs,e f f (λem), respec-

tively. Further parameters are Ep, which is the pump power density and Et,e f f , which

is the effective pump power density to obtain transparency of the laser-active medium,

taking into account the superposition of the incident and multiply reflected pump be-

ams in the disk. The parameter Et,e f f depends on the effective emission and absorption

cross sections at the pump and laser wavelength as well as the fluorescence lifetime and

the pump photon energy. fem,p is given by dividing the effective emission cross section

σ em,e f f (λp) by the effective absorption cross section σabs,e f f (λp) at the pump wave-

length of the laser material. To describe the depopulation of the lower laser level when
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pumping the laser medium the factor fB,trans is used, commonly referred to as bleaching

factor since it defines the threshold when transparency is reached. It is given by [22]

fB,trans = 1− σabs,e f f (λp)+σem,e f f (λp)

σabs,e f f (λp)
· σabs,e f f (λem)

σem,e f f (λem)+σabs,e f f (λem)
(3.3)

For quasi-three-level Yb doped laser materials the bleaching or transparency is reached,

when the minimum necessary fraction of Yb-ions is pumped to the upper laser level so

that this level and the lower laser level have equal populations.

Despite the calculated values for the optimum disk thickness of the investigated laser-

active materials in the different resonator configurations presented in the chapters 6,7

and 8, it can be advantageous to define a larger thickness of the disk for the polishing

process. This is commonly applied e.g. to minimize the risk of fracture of the disks

during polishing or to reduce the stress induced in the disks during the coating process

(due to the large difference of the number of layers between an anti-reflective and a

high-reflective coating). If the laser-active material has a high thermal expansion a high

stress in the disk during the coating process and also during laser operation can occur. In

this case, a larger disk thickness than the one theoretically determined can be beneficial

as well.

In order to concentrate the determination of dopt to an area of interest, mainly parameters

to be used in the experimental investigations presented later on in this thesis have been

used for the calculation. For this reason, a few values were considered to be fixed or to

be changed solely in a defined range; for example in almost all experiments reported

later the number of pump beam passes Mp through the thin disk is 24. This value was

set by the available thin-disk pump module. The laser radiation passed either twice (Mr=

2, I-shaped resonator) or four times (Mr= 4,V-shaped resonator) through the thin-disk

crystal. Furthermore, mainly doping concentrations which are likely to be grown without

the formation of defects inside the crystal structure have been considered. These defects

lead to additional non-radiative loss mechanisms (detailed explanations in chapter 3.3.1

and chapter 4.1.1) like e.g. the absorption of laser radiation at impurities [23] and should

therefore be avoided. Additionally, the minimal possible aspect ratio with regard to the

polishing and coating process was taken into account. As a result, an indicative value of

an optimum thin-disk thickness of each laser-active material is given in tables 3.1, 3.2,

3.3 and 3.4 in view of the doping concentration to be used in the experiments. The value

of the nominal pump power density which is necessary to calculate dopt was set as well

according to what was planned to be used in the experimental investigations.
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As a first example, the calculated optimum disk thickness for Yb:YAG with a doping

concentration of 11 at.% as a function of the number of pump beam passes is shown

in Figure 3.2. The pumping wavelength is 969 nm in this case. For the calculation,

a V-shaped resonator with an output coupling of TOC = 4.5% and internal losses of

Lint = 0.15% was defined. The results are plotted for pump power densities between

2.03 kW/cm2 and 10.2 kW/cm2. It can be seen that the dependency of the optimum

thickness on the pump power density decreases strongly with increasing number of

pump beam passes through the thin-disk crystal. For 24 pump beam passes, marked

by the vertical line, the theoretical optimum thickness of the disk is between 144 μm

(2.03 kW/cm2) and 209 μm (10.2 kW/cm2) in the present case. It has to be recalled that

the temperature is not considered in this calculation of dopt . To target a thickness of the

disk in the order of 140 μm for Yb(11 at.%):YAG is apparently more benefical with

regard to the power handling capability during laser operation.

Figure 3.2: Optimum Yb:(11at.%)YAG disk thickness versus number of pump beam passes
through the disk for different power densities of the incident pump radiation for a
pumping wavelength of 969 nm. Considered was a V-shaped resonator configurati-
on with an output coupling of TOC = 4.5%.

As a second example, the dependency of the optimum disk thickness on the number

of pump beam passes for Yb:(11at.%)YAG, Yb:(11at.%)LuAG, Yb:(3at.%)Lu2O3 and

Yb:(12at.%)YAB at a defined pump power density of 8.12 kW/cm2 is illustrated in figure

3.3. This pump power density is chosen close to the currently feasible maximum of
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approximately 9 kW/cm2 for Yb:YAG disks and based on the consideration to generate

1 kW of output power in fundamental-mode operation with an incident pump power

of 2 kW on a pump spot diameter of 5.6 mm. Again a V-shaped resonator is assumed

with 4.5% of output coupling for all configurations. Even though an ouptut coupling of

4.5% is not the optimum for all four laser-active materials in this configuration, it can

be seen that the variation of the optimum disk thickness for 24 pump beam passes and

above is not high. At 24 passes of the pump radiation dopt lies between ≈130 μm for

Yb:(3at.%)Lu2O3 and ≈200 μm for Yb:(11at.%)YAG (λp = 969 nm).

Figure 3.3: Optimum disk thickness as a function of the number of pump beam passes for
Yb:(11at.%)YAG, Yb:(11at.%)LuAG, Yb:(3at.%)Lu2O3 and Yb:(12at.%)YAB at a
power density of 8.12 kW/cm2 of the incicent pump radiation in a V-shaped resona-
tor. The output coupling was defined to be TOC = 4.5%. The considered pumping
wavelengths are listed in the legend.

In addition, the influence of the pump wavelength on the optimum disk thickness of

Yb:(11at.%)YAG can be seen from the two curves with rectangular symbols. At a pump

wavelength of 941 nm, the calculation resulted in lower values for the optimum disk

thicknesses than for pumping at 969 nm. For 24 pump beam passes the optimum thick-

ness of the disk would be ≈189 μm at the wavelength of 941 nm. This is about 11 μm

thinner than for the wavelength of 969 nm where a thickness of ≈200 μm was determi-

ned. This suggests that for an optimum absorption of the pump radiation at 969 nm, the

Yb:(11at.%)YAG thin-disks have to be manufactured either a few micrometers thicker
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or the doping concentration and/or the number of pump beam passes should be increased

(assuming the given conditions). The adaption via an increase of the doping concentrati-

on is in practice easier to realize for Yb:LuAG than for Yb:YAG due to defect formations

in the latter laser-active material. This is due to the very similar atomic mass of Lutetium

(174.97 amu) and Ytterbium (173.04 amu). On the contrary, the element Yttrium with

an atomic mass of 88.91 amu has a significantly different atomic mass, which results in

a higher difficulty for a “perfect” implemetation in the host lattice so that the formation

of defects is more probable when doping YAG with Yb.

The aim of operating a high-power resonator in fundamental mode implies the thin-

nest possible disk in order to obtain low phase distortions. A doping concentration of

15% in Yb:LuAG and the use of a pump module with 44 passes through the disk would

therefore be beneficial and allow a decrease of the optimum disk thickness to appro-

ximately 82 μm when pumping at a wavelength of 969 nm. Both, crystal material of

Yb:(15at.%)LuAG and a pump module with 44 passes were not available during this

thesis, thus it has to be a prospect for future work.

In order to evaluate the accuracy of the calculated optimum thicknesses, one should bear

in mind that additionally to the neglected temperature dependence of the parameters it

also depends to a large extent on the accuracy of the data available in literature. Un-

fortunately, the values from literature can differ quite significantly from one source to

another. The values used in the calculations for each laser-active material presented here

can be found together with their references in the tables of the following section (see

tables 3.1, 3.2, 3.3 and 3.4).

In addition to the data accuracy, there is an obvious influence of the actual crystal quality,

since parameters like the exact doping concentration Ndop, the fluorescence lifetime or

lifetime of the upper laser level τ f l and the internal losses Lint are defined by the grow-

th process and the purity of the raw materials used (which are commonly supplied as

powders). Furthermore, the typically manufacturing tolerance of the polishing process

has to be considered which is in the order of +/- 10 μm. Altogether, the values given for

dopt can be used to start an investigation in thin-disk configuration of each laser-active

material presented here but are not meant to replace a precise calculation by considering

the points mentioned above.
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Other important laser parameters for the analysis of laser-active materials are the thres-

hold density Emin [24]

Emin =
h.c

λ .
p[σabs,e f f (λp).

σem,e f f (λem)

σabs,e f f (λem)
−σem,e f f (λp)].τ f l

(3.4)

and the pump saturation density Esat,p [24]

Esat,p =
h.c

λ .
p(σabs,e f f (λp)

.+σem,e f f (λp)).τ f l
, (3.5)

where λ p is the pump wavelength, h the Planck’s constant and c the speed of light. The

effective absorption σabs,e f f and stimulated emission σem,e f f cross sections are either

defined by the pump or the emission wavelength of the laser. Both parameters were

calculated for the four investigated laser-active materials according to [24].

The threshold density Emin defines the pump power density needed for the minimum

number of excited ions in the upper laser level to obtain population inversion in the ideal

case of a zero-loss laser cavity. However, with the thin-disk concept the required inten-

sities are in general easily achieved due to the multiple passes of the pump radiation and

range between 0.39 and 1.8 kW/cm2 for the four laser-active materials presented in the

following. To determine the values of Esat,p and Emin , the fluorescence lifetime τ f l of the

laser-active material has to be known. It is difficult to measure the fluorescence lifetime

precisely because of the reabsorption effect in laser crystals and the strong dependency

of this value on the purity of the raw materials used for the growth. For these reasons,

quite a large variation of the values reported in literature can be found. The pump power

density of > 20 kW/cm2 where saturation takes place in Yb:YAG and Yb:LuAG is rather

high. For Yb:Lu2O3 and Yb:YAB the pump saturation intensity is almost halved. This

lower saturation intensity can become a limiting factor when the laser-active material is

intended to be used in thin-disk amplifiers with high pump power densities in the tens

of kilowatt per square centimeter range and has to be remembered for this case. By re-

aching the saturation intensity, the bleaching of the pump light absorption takes place,

which results in an approximately constant output power level even at a further increase

of the pump power.

Furthermore, as last important parameter, the nominal maximum doping concentrati-

on for laser operation is given in the tables (3.1, 3.2, 3.3 and 3.4) of the laser-active

materials. This value can be considered as an estimation and is based on experimental-

ly determined data reported in the literature as well as on practical knowledge gained
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during the analysis of the laser-active materials. The main influencing factor on the ne-

cessary doping concentration in a laser crystal is the ion concentration. For instance,

with 2.85·1020 cm−3 the ion concentration in Yb:Lu2O3 is approximately twice as high

as in Yb:LuAG with 1.42·1020 cm−3. This means that for Yb:Lu2O3 only half of the

doping concentration is needed to obtain the same density of Yb-ions in the host when

compared to Yb:LuAG. It can be assumed that a nominal lower doping concentration

causes a lower distortion of the host lattice resulting in a lower probability for the for-

mation of structural defects, but it is by far not the only influencing factor. In addition,

the lattice imperfections are one major reason for the decrease of the thermal conducti-

vity with increasing doping concentrations thus resulting in a higher temperature of the

laser-active material in laser operation. To sum up, the different previously discussed

parameters of each laser-active material used in this thesis together with the absorption

and emission spectrum will be given and explained further in the next sections.

3.2.1 Yb:YAG
Yb:YAG is the most commonly used laser-active material in commercially available

thin-disk laser systems at all power levels. This is due to the fact that Yb:YAG crystals

can be grown with high quality in large sizes (diameters larger than 100 mm) and offer

good laser properties up to a doping level of about 15% (see table 3.1). To evaluate the

suitability of other laser-active materials, their thermal, optical, and mechanical proper-

ties are therefore systematically compared to thoses of Yb:YAG which is considered as

the benchmark-material for thin-disk lasers. In this context it should be noted that a mo-

re detailed comparison of certain thermo-mechanical parameters like the heat expansion

value will be given in section 3.3 and therefore doesn’t appear in the following tables.
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Table 3.1: Properties of Yb:YAG [22]

Properties Yb:YAG
Pump wavelength 941/969 nm

Laser wavelength 1030 nm

Absorption bandwidth (FWHM) 12.5 at 941 nm

2.5 at 969 nm

Emission bandwidth (FWHM) 4 nm

Quantum defect 8.6% at 941 nm

5.9% at 969 nm

Effective absorption cross section at λpump 0.76·10−20 cm 2 at 941 nm

0.76·10−20cm2 at 969 nm

Effective emission cross section at λlaser 2.1·10−20cm2

Fluorescence lifetime 1040 μs

Threshold density 1.68 kW/cm2 at 941 nm

1.70 kW/cm2 at 969 nm

Pump saturation density 28.7 kW/cm2 at 941 nm

29.2 kW/cm2 at 969 nm

Thermal conductivity 9.8 W/(m·K) (undoped)

6.1 W/(m·K) (10at.% Yb)

dn/dT 7.8·10−6 1/K (undoped)

Thermo-optical constant Kth−opt 13.8·10−6 (Yb10%; 300K)

Refractive index 1.82

Ion concentration 1.38·1020cm−3 at 1at.%

Nominal max. doping concentration for laser operation 15%

Theoretical optimum disk thickness 208 μm at 941 nm

220 μm at 969 nm

(Both 10% doping)

The spectra of Yb:YAG are illustrated in figure 3.4. Two main absorption peaks at the

wavelengths of 941 nm and 969 nm can be observed. This results in quantum defects of

8.6 % and 5.6 %, respectively, due to the emission wavelength at 1030 nm.
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Figure 3.4: Absorption and emission spectrum of Yb:YAG [25]

3.2.2 Yb:LuAG

In the field of lithography, undoped LuAG is expected to be a good alternative high-

index lens material for UV-applications. For this reason, the company Schott supported

the further development of the Czochralski growth of LuAG a few years ago with the

aim to obtain large-sized boule material (diameter of >80 mm, length of >300 mm).

Furthermore, the cleaning and polishing process has been optimized with respect to low

absorption values [26]. The production of Yb doped LuAG has also benefited from the

resulting progress. As a consequence, industrial grade Yb:LuAG is now readily available

as well and can be purchased e.g. from the companies FEE or Crytur. For Yb:YAG

and Yb:LuAG, the optical, mechanical and thermal properties are quite similar, whereas

Yb:LuAG exhibits a lower decrease of the thermal conductivity with increasing doping

concentration due to the mentioned smaller difference of the atomic radius of Lu to Yb.

This advantage also applies to Yb:Lu2O3 (see following section). Yb:LuAG possesses

two main absorption peaks at the wavelengths of 938 nm and 969 nm (for material
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properties see table 3.2); whereby the peak at 969 nm corresponds to the zero-phonon-

line transition with an absorption cross section which is about 0.06·10−20cm2 higher

as the one of Yb:YAG. The most relevant physical properties of Yb:LuAG with regard

to the use in thin-disk lasers are summarized in table 3.2. The absorption and emission

spectrum is shown in figure 3.5.

Table 3.2: Properties of Yb:LuAG [25], [48], [49]

Properties Yb:LuAG
Pump wavelength 938/969 nm

Laser wavelength 1030 nm

Absorption bandwidth (FWHM) 18 nm at 938 nm

2.5 nm at 969 nm

Emission bandwidth (FWHM) 5.5 nm

Quantum defect 8.9% at 938 nm

5.9% at 969 nm

Effective absorption cross section at λpump 0.63·10−20 cm 2 at 938 nm

0.83·10−20 cm 2 at 969 nm

Effective emission cross section at λlaser 2.55·10−20 cm 2

Fluorescence lifetime 951 μs

Threshold density 1.8 kW/cm2 at 938 nm

1.4 kW/cm2 at 969 nm

Pump saturation density 35.4 kW/cm2 at 938 nm

26.0 kW/cm2 at 969 nm

Thermal conductivity 8.5 W/(m·K) (undoped)

7.6 W/(m·K) (10at.% Yb)

dn/dT 8.3·10−6 1/K
Thermo-optical constant Kth−opt 13.4·10−6 (300K)

Refractive index 1.84 (undoped)

Ion concentration 1.42·1020cm−3

Nominal max. doping concentration for laser operation 15-20 at.%

Theoretical optimum disk thickness 214 μm at 938 nm

193 μm at 969 nm

(Both 10% doping)
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Figure 3.5: Absorption and emission spectrum of Yb:LuAG [25]

The first investigation of Yb:LuAG in comparison to Yb:YAG by using an active-mirror

configuration was reported by Kasamatsu et al. in 1999 [27]. Core subject of this paper

was the analysis of the thermal behavior of these two materials when pumped at a wave-

length of 970 nm. More recently, the benefits from choosing Yb:LuAG with respect to

Yb:YAG in thin-disk laser operation were discussed in [25]. There, a maximum output

power of 5 kW could be demonstrated. In addition, the main spectral, mechanical and

thermal properties of Yb:LuAG are also summarized in [25]. Noteworthy is the used

Yb doping concentration of 10at.% since a larger benefit could be obtained with higher

doping concentrations of 15at.% and above. At an Yb doping concentration of 10at.%

the heat conductivity of Yb:YAG is approximately 19% lower than the one of Yb:LuAG.

This difference increases to about 25% with a doping concentration of 15at.%. It is ex-

pected that Yb:LuAG has additionally a lower tendency to generate crystal defects and

therefore non-radiative loss transitions, which is due to the nearly identical atomic mass

of Lutetium and Ytterbium. However, laser operation with about 100 μm thin Yb:LuAG

thin-disk crystals with 15at.% or 20at.% doping concentration has not been demons-
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trated so far. In principle, Yb:LuAG with an Yb content of 15at. % is available from

the company Crytur [28] but a defect-free crystal structure could not be guaranted from

them. Nevertheless, this investigation has to be a prospect for future works.

3.2.3 Yb:Lu2O3

Yb:Lu2O3 belongs to the group of the sesquioxide crystals, which features good thermo-

optical properties combined with a broad emission spectrum. This laser-active material

allows to obtain high optical efficiencies and also shorter ultrafast pulses than Yb:YAG.

Yb:Lu2O3 is the most promising material among the sesquioxides due to its high thermal

conductivity of ≈ 12 W/(m·K) (Yb:YAG ≈ 7 W/(m·K)) for the doping concentrations

typically required for efficient thin-disk laser operation. So far, one critical aspect is

the limited availability of Yb:Lu2O3 crystals with a sufficient size and quality for high-

power laser operation (kilowatt level). The reason is undoubtedly the quite demanding

growth process of the single crystals from their melt due to a melting temperature of

more than 2.400 °C. Currently, only the ILP Hamburg is able to grow Yb:Lu2O3 with

good quality through the heat exchanger method [29]. This process was intensely and

successfully developed over several years in order to obtain crystal qualities similar to

that of Yb:YAG (Tmelt = 1.930 °C) grown by the Czochralski method. A technology

transfer of this growth process to the company FEE was initiated but appeared to be dif-

ficult so that a commercial fabrication of this material using this process lays still in the

future. The material properties of Yb:Lu2O3 which are most relevant for thin-disk laser

operation are summarized in table 3.3. To avoid the high temperatures required for dra-

wing mono-crystalline Yb:Lu2O3 or other sesquioxides from their melt, rare earth-doped

sesquioxide ceramics are expected to be an interesting alternative. Temperatures well be-

low the melting point are sufficient for processes like vacuum sintering and hot pressing.

Yb:Lu2O3 ceramic started to show its potential with the publication of the first cw-laser

operation and broad spectral tunability in 2006 [30]. In the same year, Yb:Lu2O3 ceramic

manufactured using a vacuum sintering process was tested in a mode-locked bulk laser

with an output power of 532 mW and a pulse duration of 357 fs [31]. The shortest pulse

duration of 65 fs using Yb:Lu2O3 ceramic was demonstrated by Kerr-lens mode-locking

[32]. More recently, a laser based on Yb:Lu2O3 ceramic produced by hot pressing has

been reported. The laser was operated with a maximum output power of more than 16 W

and a slope efficiency of 74 % [33]. Although the powers are still lower than what was

already demonstrated with crystalline material, Yb:Lu2O3 ceramics also have a high po-

tential, since their production process makes it possible to obtain larger pieces of laser-

active material more easily. Another novel approach to grow single crystal Yb-doped
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sesquioxides is based on aqueous hydroxide solutions [34]. This hydrothermal growth

takes place at temperatures in the range of 550 °C to 660 °C resulting in low thermal

strain of the laser-active crystals which is advantageous for high-power laser operation.

Nevertheless, the experimental verification of the suitability of hydrothermally grown

Yb:Lu2O3 for high-power laser operation is still in progress to date.

Table 3.3: Properties of Yb:Lu2O3 [35], [36]

Properties Yb:Lu2O3

Pump wavelength 949 nm/976 nm

Laser wavelength 1034 nm /1080 nm

Absorption bandwidth (FWHM) 8.6 nm at 949 nm

2.9 nm at 976 nm

Emission bandwidth (FWHM) 13 nm

Quantum defect at λlaser 1034 nm 8.2 % at 949 nm

5.6% at 976 nm

Effective absorption cross section at λpump 0.95·10−20 cm 2 at 949 nm

3.1·10−20 cm 2 at 976 nm

Effective emission cross section at λlaser 1.26·10−20 cm 2 at 1034 nm

0.44·10−20 cm 2 at 1080 nm

Fluorescence lifetime 820 μs

Threshold intensity 976/1034 nm 0.39 kW/cm2

Pump saturation intensity 976/1034 nm 8.01 kW/cm2

Thermal conductivity 12.6 W/(m·K) (undoped)

11 W/(m·K) (3at.% Yb)

dn/dT 8.6·10−6 1/K (undoped)

Thermo-optical constant Kth−opt 16.9·10−6

Refractive index 1.91

Ion concentration 2.85·1020cm−3 at 1at.% Yb

Nominal max. doping concentration for laser operation >5%

Theoretical optimum disk thickness 271 μm at 949 nm

128 μm at 976 nm

(Both 3% doping)

Table 3.3 shows that Yb:Lu2O3 exhibits a significant difference between the values of

the effective absorption cross section for the two main absorption pwxeaks at the wave-

lengths of 949 nm and 976 nm. The value of 3.1· 10−20 cm2 at the wavelength of 976

nm is remarkably high. However, the general drawback of the zero-phonon absorption
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line applies also for Yb:Lu2O3: these transitions have a comparatively narrow spectral

bandwidth. The full width at half maximum (FWHM) bandwidth of the absorption peak

at 976 nm in Yb:Lu2O3 is only 2.9 nm.

Figure 3.6: Absorption and emission spectrum of Yb:Lu2O3 [36]

3.2.4 Yb:YAB

The laser-active material Yb:YAl3(BO3)4 features two interesting properties for the use

in laser systems. First, the self-frequency doubling capability of the YAB host [37],[38]

which generated an intense development of this material in the last decade to produce

microchip lasers emitting in the green spectral region and furthermore as undoped cry-

stal for frequency conversion by second and third harmonic generation [39]. Second, its

broad gain bandwidth of >40 nm (σ -polarization) which demonstrated its potential for

the use in ultrafast laser systems [40] with sub-100-fs pulse durations [41]. In addition to

these properties, its good thermal conductivity of 4.7 W/(m·K) (at a doping concentrati-

on of 5.6 % [42]) indicates a sufficient ability to scale the laser output power. Yb:YAB is
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a negative uniaxial crystal exhibiting a high nonlinear coefficient. Most of the research,

up to now, was therefore devoted to the improvement in the use for frequency doubled

operation. Some key properties of Yb:YAB are shown in table 3.4 which indicate that

good laser perfomances can be expected as well when the crystal is used in the infrared

spectral range.

Table 3.4: Properties of Yb:YAB [37],[43]. The values of the effective absorption and emission
cross sections available from literature [37],[43] given in this table differ from the
ones obtained from the measurements of the Yb12at.%:YAB samples at FEE This
issue will therefore be discussed in the following section.

Properties Yb:YAB
Pump wavelength 976 nm

Laser wavelength 1040 nm

Absorption bandwidth (FWHM) 20 nm

Emission bandwidth (FWHM) 16 nm

Quantum defect 6.2%

Effective absorption cross section at λpump ≈ 3.4·10−20 cm 2 [37]

Effective emission cross section at λlaser ≈ 0.8·10−20 cm 2 [37]

Fluorescence lifetime 680 μs

Threshold intensity 0.39 kW/cm2

Pump saturation intensity 8.8 [kW/cm2]

Thermal conductivity 9.8 W/(m·K) (5.6at.% Yb)

dn/dT 11·10−6 1/K
Thermo-optical constant Kth−opt ∼20·10−6 (Nd:YAB)

Refractive index 1.76

Ion concentration 0.57·1020cm−3 at 1at.% Yb

Nominal max. doping concentration for laser operation >12%

Theoretical optimum disk thickness 160 μm at 12at.% Yb

The company FEE performed and provided polarization-dependent transmission mea-

surements over the wavelength range of 300 nm to 1100 nm on an 4 mm thick Yb:YAB

crystal oriented along the c-axis. The values of the effective absorption and emission

cross-section of Yb:YAB for p- and s-polarized radiation were derived from these mea-

surements as explained in the following. To calculate the effective absorption cross-

sections

σabs,e f f (λ ) = ln(
I100%

IT meas(λ )
· 1

Ndop · l ) (3.6)
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the Lambert-Beers law was applied to the measured values, where I100% is the intensity

of the incident radiation and IT meas the intensity of the radiation which is transmitted

through the Yb:YAB sample with a thickness l.

From the thereby obtained effective absorption cross-sections, the effective emission

cross-sections were derived by using the reciprocity relationship [44], [45]

σem,e f f (λ ) = σabs,e f f (λ ) · Zl

Zu
· exp[(EZL−hν)/kBT ], (3.7)

where kB is the Boltzmann constant and T the temperature. The Stark energy-level dia-

gram of the 2F5/2 and 2F7/2 manifolds of Yb3+ in YAB used to calculate the partition

functions Zl and Zu of the lower and upper laser level, respectively, and the value of the

energy difference for the zero-phonon-line transition EZL have been reported in [37].

Figure 3.7: Absorption and emission spectrum of Yb:YAB at room temperature calculated from
transmission measurements of a 4 mm thick sample for the wavelengths between
900 and 1060 nm.
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The spectroscopic properties of Yb:YAB obtained by the calculations are shown in figure

3.7. It can be observed that for light with a polarization parallel to the c-axis an increase

of noise (modulation of the line) for wavelengths above 1040 nm occurs. This can be

explained by a decrease of the absorption with increasing distance from the fundamental

transition as discussed in [46]. For light which is polarized perpendicular to the c-axis,

the main absorption peak is at a wavelength of 976 nm. Together with the laser peak

at the central wavelength of 1040 nm this results in a low quantum defect of 6.2% for

Yb:YAB (see table 3.4). It should be pointed out that the FWHM bandwidth of the

absorption peak at 976 nm is about 20 nm which significantly lowers the demands for

the pump diodes.

However, the cross-sections reported here differ from other experimentally determined

values as reported in [37] and [42]. The small difference to the values given in [37] could

be explained by the use of unpolarized radiation during the measurements in [37] and

furthermore by the use of a comparatively thick sample (l= 4 mm) in the transmission

measurements reported here. In both cases, the Yb:YAB crystal was cut for frequency

doubled operation which suggests a similar cut-angle so that this influence is considered

as marginal when comparing these two results. As opposed to [37] and this work, the

values of the absorption- and emission cross-sections determined by [42] differ strongly,

especially the emission cross-section with a value of≈ 4·10−20 cm2 for s (correspondin-

gly σ ) -polarized light is about 4 times higher (see figure 1a of the paper). The reason

for this large difference seems to be a strong anisotropy of the spectroscopic proper-

ties of Yb:YAB [42] depending on the orientation of the axes of the crystal. Different

measurements which have been analyzed during this thesis confirm this consideration.

To conclude, there can be a benefit from applying a specific cut angle to the Yb:YAB

crystal to obtain a high absorption and/or emission cross section. In view of the desired

operation of the Yb:YAB laser, this possible benefit is worth to be considered for future

work with this material.

3.3 Crystal properties: manufacturing requirements
for high-power thin-disk laser operation

The key properties of Yb:YAG, Yb:LuAG, Yb:Lu2O3 and Yb:YAB have been outli-

ned in the previous section. Beside these mainly optical properties, certain mechanical

properties of the laser-active materials are of high importance for the use as thin-disk

laser crystals. This section of the thesis therefore emphasizes more on essential mecha-

nical ones, since for instance the mechanical and chemical resistance plays a decisive



50 3 Basics of the thin-disk laser technology

role especially during the manufacturing process of the thin-disk crystals. Moreover, the

manufacturing requirements regarding the surface quality and planarity of the disks are

high, since all type of losses result in a decrease of the efficiency during laser operation.

This is of particular importance for a low gain laser configuration like the thin-disk laser.

The comparatively poor gain is obviously caused by the small thickness of the disks of a

few hundred micrometers. Furthermore, laser crystals with a diameter of at least 10 mm

are mandatory to realize a thin-disk laser suitable for output powers at the kilowatt level.

At this high-power level, the active disk has to be as thin as possible to obtain an ap-

propriate heat removal. This requires either a large absorption cross section, an increase

of the number of pump-beam passes or an increase of the doping concentration to gua-

rantee efficient laser operation. The limit for the minimal possible thickness of a laser

disk is set by the manufacturing process (polishing and coating constraints). For instan-

ce, it is about 60-80 μm for Yb:YAG. This thickness requires an increase of the doping

concentration to about 15% to guarantee efficient operation. A problem, however, is the

increase of the doping concentration which leads often to the generation of additional

loss transitions due to the distortion of the crystal structure when implementing the Yb3+

ion in the lattice. The strength of this structural distortion is more pronounced when the

difference of the radius of the laser-active-ion (e.g. Yb3+) to the radius of the host ion

(e.g. Y3+, Lu3+) is high. In Yb:YAG a larger difference of the radius between Yb3+ to

the host YAG exists than for e.g. of Yb3+ in LuAG, which results in a larger reduction

of the length of the unit cell. It might therefore be possible that the distance between

the active ions in Yb:YAG decreases more than in Yb:LuAG with increasing doping

concentration [47]. In case the distance becomes very short, an interaction between the

Yb3+ ions occurs. This mechanism and other defect formations in the crystal lattice and

their influence on the laser performance are discussed in sections 3.3.1 and 4.1.1.

In general, polishing such thin disks necessitates a certain mechanical strength of the

laser-active material. Thus, a high tendency of fracture (e.g. such as for Yb:KYW or

Yb:CaF2) makes it more difficult to handle the disk during the polishing, coating and

contacting process. Moreover, the power handling capability in the thin-disk geometry is

reduced. This is a drawback, especially when the aim is the usage in industrial systems.

Another key parameter to keep in mind is the hardness of the material which has a

similar importance during the manufacturing process as softer material is more likely

to be scratched or even damaged. A summary of the most relevant properties for the

manufacturing of thin-disk crystals out of Yb:YAG, Yb:LuAG, Yb:Lu2O3 and Yb:YAB

is given in table 3.5.
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Table 3.5: Relevant properties with regard to the manufacturing of thin-disk crystals out of
Yb:YAG [22], Yb:LuAG [48], [49], [50],Yb:Lu2O3 [35] and Yb:YAB [51], [52],
[53], [54]

Yb:YAG Yb:LuAG Yb:Lu2O3 Yb:YAB
Density [g/cm3] 4.56 6.67 9.42 3.84

Mohs hardness 8.4 8.5 6-6.5 7.5

Heat expansion coefficient [10−6/K] 7.7-8.2 6.13 8.6 8.5

Thermal shock resistance [W/m] 0.76 1.24 1.47 1.15

Melting temperature [°C] 1930 2060 2450 1836

Other key factors of the materials for laser operation (especially at the high-power le-

vel) as for instance the tensile strength, the elastic modulus or the resistance against

temperature changes are rarely reported in literature. The only exception is Yb:YAG.

However, to be able to evaluate the mechanical stability of a laser-active material in a

simple expression, Petit et al. [1] proposed to use the thermal shock resistance

RT ≈ λth

αth
, (3.8)

where λth is the thermal conductivity and αth the thermal expansion coefficient. To cal-

culate RT , values of λth of each material were taken from the literature references given

in table 3.1, 3.2, 3.3 and 3.4. The values of αth and the determined values of RT can be

found in table 3.5. All four laser-active materials have a high thermal shock resistance,

but the value of 0.76 of Yb:YAG is surprisingly the lowest among them. In fact, the ther-

mal shock resistance of Yb:Lu2O3 is approximately twice as high as for Yb:YAG when

using this calculation. This is contrary to the observations in practice reported later on.

The reason is most likely the non-optimum quality of the currently available Yb:Lu2O3

crystals which limits the industrial break-through of this laser-active material despite

his advantageous theoretical parameters. A better alternative at the moment seems to

be Yb:LuAG with a still high value of 1.24 for RT and a readily available good crystal

quality which can withstand the multi-kilowatt output power level[25].

In the following sections, the production techniques of thin-disk crystals are evaluated

with regard to the influence on the expected laser performance. Each manufacturing step

is analyzed, and the critical factors identified. This includes a more detailed discussion

of the theoretical properties of the investigated laser-active materials with respect to the

actual industrial readiness level. The aim is to have a suitable crystal quality for thin-disk
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lasers with an output power at the kilowatt level that additionally allows fundamental-

mode operation.

3.3.1 Defects implemented by the crystal growth

The quality of a thin-disk laser crystal is to a large extent affected by the growth process.

This leads us to two important parameters: melting temperature (see last row of table

3.5) and crystallographic structure. These parameters define the applicable growth me-

thods for each laser crystal, whereas a high melting temperature increases for instance

the demands for the growth apparatus. This is due to the fact that the material to be used

for the crucible needs to have higher melting temperatures than the crystal to be grown

(an exception is the crystal growth by the flux method). In addition, higher melting tem-

peratures often lead to an implementation of higher stress in the crystal, because it is

more difficult to maintain a homogeneous temperature distribution during the growth

and cooling process. Thereby, dislocations or even cracks are formed, indicating a re-

sidual stress in the crystal material. As an example, Yb:Lu2O3 thin-disk crystals grown

by the heat exchanger method (HEM) have been analyzed regarding birefringence using

the conventional method of crossed polarizers. An analyzed disk with a doping concen-

tration of 3 at.% and a diameter of 7 mm is shown in figure 3.8. It can be seen that

this disk contains numerous crystallite boundaries, which indicates high internal stress.

The wavefront distortions induced by this disk to the beam are likely to be higher than

without these defects. They also increase the diffraction losses of the laser cavity and

can even result in a general deformation of the laser mode, especially in fundamental-

mode operation. Additionally, it is assumed that this Yb:Lu2O3 thin-disk crystal features

a lower resistance against thermally induced stress which is for example present in axial

and radial direction of the transition area between the pumped and unpumped region of

the disk during laser operation (see chapter 4.1 for the explanation of thermal effects in

thin-disk crystals).
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Figure 3.8: Stress in an Yb:Lu2O3 disk with 3 at.% doping concentration visualized by crossed
polarizers.

Another indication for high residual stress is that the Yb:Lu2O3 boules crack usually into

pieces when they are removed from the crucible [36] as shown in figure 3.9. From the

pieces (which are shown like delivered), the areas with low birefringence are selected to

have sufficient good material for high-power thin-disk laser operation.

Figure 3.9: Example of as grown Yb:Lu2O3 pieces.
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In figure 3.9 another common crystal defect of laser-active materials can be seen as well:

the formation of color centers due to lattice defects in the crystal structure. Color centers

are well known to appear due to impurities or defaults in the crystals during the growth

process and can be removed by means of annealing over several hours (typically 24-48

h) at high temperatures (typically 900-1.600 °C) [36]. After annealing the crystals are

usually colorless. However, occasionally a pale yellow or brownish color of the crystals

remains by which the absorption of pump and laser radiation in the disk is increased. It is

furthermore problematic that a post-growth formation of color centers can occur inside

the laser crystals by exposure to UV-light, since different kinds of UV-radiation can be

present in several manufacturing steps for laser optics. For instance in every dielectric

coating process (containing plasma) UV-radiation is generated [55] which consequently

can increase the absorption of the laser material. Moreover, in case the disk gets glued

onto the heat sink an UV-curable adhesive is typically used. For these reasons an analysis

of the influence of UV-radiation on different samples was carried out [56]. Beforehand, it

has already been communicated that the formation of color centers should be considered

for thicker disks like those typically used in amplifiers and also for bonded disks with

YAG as a support substrate. The question was then if it is also critical for disks where

the aim is to operate at an output power at the multi-kilowatt level. Thus, an analysis of

the change of the absorption due to color centers in LuAG, YAG and Yb:YAG samples

has been performed. Although the detailed explanation of the optical process behind the

formation of color centers in garnets by irradiation with UV-light shall not be discussed

here, the interested reader may find further information in [57], where the possibility to

reduce the color centers by annealing is mentioned as well and has thus been investigated

for the present samples. To determine the necessary duration and temperature for the

annealing process of coated thin-disk laser crystals, absorption measurements (following

DIN ISO 11551 [58]) on different samples were performed at the wavelengths of 808

nm, 940 nm and 1030 nm. The absorption of the samples was first measured as delivered,

then after the irradiation for different time durations with either an array of UV-LED’s

or a UV-oven and finally after defined annealing steps. The array of UV-LED’s emitted

radiation at a wavelength of 370 nm and the lamp of the UV-oven (Loctite 97035, 1

kW mercury vapor lamp) exhibited a spectrum from 220-500 nm. An increase of the

absorption of the samples was observed after irradiation with both sources. However, the

increase of the absorption after irradiation with the UV-LED’s for a time duration of 1

minute is marginal as illustrated in figure 3.10 for the example of LuAG. It can therefore

be assumed that the low increase of the absorption in the disk due to a formation of

color centers during the curing of the adhesive in the gluing process by an UV-LED can

be neglected. On the contrary, the irradiation for 12 minutes in an UV-oven increases

the absorption significantly (approximately by 8 times). Besides the longer duration, an
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influence of the higher energy of the radiation for the shorter wavelength present in the

UV-oven is suspected. As a consequence the curing of adhesives with an UV-oven when

gluing thin-disk crystals or the utilization of it for cleaning should be avoided in case no

equipment for an annealing is available afterwards.

Figure 3.10: Absorption coefficient at 940 nm and 1030 nm for a 4 mm thick LuAG sample: as
delivered, after 1 min irradiation with a UV-LED and after 12 min irradiation in
the UV-oven.

The previously reported formation of color centers of undoped LuAG samples by ir-

radiation of UV-light in the UV-oven was also observed for undoped YAG, Yb-doped

YAG and Yb:LuAG crystals. As an example, the absorption of an 7% doped Yb:YAG

disk measured at a wavelength of 808 nm after irradiation and annealing are depicted in

figure 3.11. This sample was first irradiated in the UV-oven for 12 minutes and then dif-

ferent annealing steps were investigated. It was determined that a significant reduction

of the absorption due to formation of color centers took place for temperatures excee-

ding 300 ◦C. In conclusion, an annealing of the 7% doped Yb:YAG for a duration of

24h at 450 ◦C resulted in an absorption that was even slightly lower than the initial one

prior the performed UV-irradiation. It was also experimentally verified that this was the

maximum temperature of the annealing process where no degradation of the applied

coatings of the thin-disk crystals took place. A similar behaviour was observed for all

analyzed samples. Thus, this annealing procedure can be recommended to be applicable

for Yb:YAG and Yb:LuAG thin-disk crystals.
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Figure 3.11: Absorption coefficient measured using a 0.9 mm thick Yb:YAG sample with 7%
of doping: as delivered, after 12 min irradiation in the UV-oven, after annealing
over 24 h at T= 450°C, and after a 2nd irradiation over 12 min in the UV-oven.

Finally, other intrinsic defects of laser crystals to be mentioned that severely reduce the

laser performance are bubbles or striaes inside the laser-active material. These are typical

scatter centers which can occur inside the complete volume of the crystal and can cause

such high losses that thin-disk laser operation cannot be obtained. An example of these

kind of inclusions observed inside an Yb:YAB disk are shown in figure 3.12.

Figure 3.12: Bubbles inside an Yb:YAB thin-disk crystal.
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A thin-disk crystal containing no scatter centers would appear completely transparent

which would mean that the image of the used dark-field microscope would be completely

dark. On the contrary, the Yb:YAB disk in figure 3.12 exhibits bubble-shaped inclusions

which are spread almost over the complete bottom area of this disk section and form

even striae-like structures as detectable in the upper left part of the picture.

3.3.2 Influence of the polishing on the laser performance

In order to obtain an adequately high surface quality of the thin-disk crystals, the polis-

hing process has to be analyzed and optimized for each laser-active material individually.

An important parameter thereby is e.g. the resistivity of the material against the chemi-

cal supplements of the polishing fluids. In case of Yb:Lu2O3, the higher sensitivity to

chemicals in comparison to Yb:YAG resulted most likely in the destruction of several

thin-disk crystals when using an automated polishing machine for the disk manufactu-

ring (as communicated by the company FEE). A further point to consider is the material

of the polishing cages. For laser crystals which are softer than the commonly used stain-

less steel cages, damage of the laser crystals at the edges takes place which reduces the

disk diameter and causes scratches due to small crystal particles. Contrary to the po-

lishing with machines, polishing by hand is more gentle so that the risk of damaging

the disk is lower. The drawback of the manual polishing is the longer time needed for

the process. For this reason, this method is quite costly. To analyze the surface quality

and to characterize the planarity of the laser disks after polishing, microscopic (diffe-

rential interference contrast microscopy and dark field microscopy) and interferometric

measurement devices have been used. The microscopic methods enabled an analysis

of the disks regarding surface defects and contaminations, whereby a Twymann-Green-

interferometer was typically used to determine the planarity of the disks after the po-

lishing process. The inspections showed that there are significant differences of the po-

lishing quality of thin-disk crystals. The reason for this has been investigated further. It

appeared that the quality inspection of the thin-disk crystals by the companies has often

been a manual process which was done only visually by using white-light source. As a

result, the inspection of the polishing quality has formerly been influenced subjectively

by the examiner. To reduce the quality fluctuations of the suppliers, the DIN ISO 10110

[59] specifications were applied in order to define the requirements for the polishing of

thin-disk crystals [60]. The parameters are as follows:

• Planarity: minimum λ /10

• Parallelism: 10“

• Surface defects: maximum 5/3x0.01

• Side facets: grinded
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It is sufficient to specify the first three parameters for a defined free aperture of the disk,

which is about 60 to 70 percent of the diameter [60]. This is appropriate due to the da-

mages at the edges during manufacturing and the general aperture effect of each optic

which is used in a resonator. A good polishing quality at the edges is not beneficial, even

detrimental, as parasitic lasing due to an amplification of radiation propagating perpen-

dicular to the optical axis can occur in certain cases [22]. Hence, the fourth specification

is to grind the side facets, whereas the easiest possibility to grind is after the contacting

of the disk on the heat sink. If the grinding of the side facets is performed additional-

ly under a specific angle [17] a further reduction of the parasitic radiation is obtained.

This method is especially beneficial for thin-disk amplifiers with an output energy at

the multi-millijoule level, but also for oscillators operating at several kilowatt of output

power.

Despite a proper specification, there are different kinds of surface defects which can

appear during the polishing of the thin disks. One of these polishing defects, for example,

are scratches on the front and/or backside of the thin-disk crystals (as shown in figure

3.13), another are damages on the surface due to a chemical reaction of the laser crystal

with the polishing fluid (see figure 3.14).

Figure 3.13: Hole-shaped scratches on the surface of an Yb:Lu2O3 disk.
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Figure 3.14: Yb:Lu2O3 disk with surface defects formed by a chemical reaction with the polis-
hing fluids.

In the worst case, a complete batch of thin-disk crystals is rendered unusable during

processing. However, it was determined that scratch-like defects are less critical with

regard to the laser performances than other defects which are discussed in the following.

For instance, absorbing defects for pump, fluorescence and laser light inside the disk, the

contact layer and/or the heat sink contribute much stronger to optical damages and are

assumed to cause a more significant decrease of the efficiency during laser operation.

3.3.3 Influence of the coating on the laser performance

For thin-disk crystals, the requirements of the coating especially at the high-power level

are demanding. The coating techniques should provide very dense layers which result in

high reflectivity values and high damage thresholds, but on the other hand exhibit low

thermal resistance (HR rear side) and introduce the lowest possible stress. An important

demand for the coating of thin-disk crystals, when compared to other laser designs, is

the high angular acceptance for the pump radiation. The desired specifications of the

coating are summarized in tables 3.6 and 3.7. The values are given for the example of

Yb:YAG.
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Table 3.6: Specifications AR-coating Yb:YAG

Wavelength [nm] Angle of incidence in air [°] Reflectivity [%]
Laser radiation (1020-1055) 0-11 <0.1

Pump radiation (938-942) 18-52 <0.3

Table 3.7: Specifications HR-coating Yb:YAG

Wavelength [nm] Angle of incidence in Yb:YAG [°] Reflectivity [%]
Laser radiation (1020-1055) 0-6 >99.95

Pump radiation (938-942) 12-38 >99.7

Certain differences of the demands of the coating for pump and laser radiation have

to be pointed out. As mentioned above, the important aspect for the pump radiation is

the large angular range, whereas a compromise is acceptable for the reflectivity with

slightly lower values for the HR and marginally higher ones for the AR layer coating

compared to the coatings for the laser wavelength. Contrary to this, the reflectivities for

the laser radiation have a direct influence on the laser threshold and efficiency since the

residual transmission acts as a loss channel for the thin-disk laser. Therefore, the goal

for the HR coated rear side of the disk are values of the reflectivity exceeding 99.95%,

whereas the front side should consist of a low loss (absorption, scattering) AR-coating

with values below 0.1%. During the application of the coating onto the thin-disk crystal

a bending of the disk occurs. This is due to the high aspect ratio between diameter and

thickness in combination with the large difference of the number of layers between AR

and HR-coating which create a different amount of stress on each side. Common coating

materials are SiO2 (low refractive index), Ta2O5 and HfO2 (both: high refractive index)

which are alternated in order to realize the desired profile of the refractive index. To

achieve high reflectivities, more than 30 layers with a thickness corresponding to a quar-

ter of the operation wavelength have to be deposited, whereas an anti-reflective behavior

can already be realized with 3-5 λ/4-layers. A trade-off for the HR coating design exists

between the highest possible reflectivity and the lowest possible heat resistance. Addi-

tionally, for kilowatt output power operation the damage threshold of the materials is a

critical issue. For example, HfO2 features a higher damage resistance and is therefore

often used for coatings which are used in lasers emitting pulses with a pulse duration of

a few picoseconds (to resist high peak powers). Its drawback is a lower refractive index

than Ta2O5. For this reason, a higher number of coating layers is needed to obtain the

same reflectivity which results in the implementation of more stress through these coa-
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tings. Hence, Ta2O5 is often preferred as coating material for optics used in continuous

wave operation. Typical coating designs and a detailed description of a novel IBS (Ion

Beam Sputtering) coating system optimized for thin-disk crystals can be found in [61].

In case the contact between the thin-disk and the heat sink gets realized by soldering, a

metallization [17] has to be applied on the rear side of the disk on top of the HR dielec-

tric coating. To realize this in-situ, a separate chamber with metal-targets of Cu, Ni and

Au is needed. For contamination reasons not all coating suppliers are willing to offer

this option which, for a certain time, limited this type of coating design to the company

Jenoptik.

Contaminations during the coating or polishing process are supposed to be the reason for

the last defect mechanism to be mentioned here: the formation of particle inclusions at

nanometer scale, which are possible absorption centers for both the pump and the laser

radiation. Absorbing defects with even a very small size are in general much more cri-

tical than scattering defects due to the high power densities of pump and laser radiation

present in a thin-disk laser. They result in localized hot spots which can deteriorate the

beam quality or damage the disk. The coating damages shown in figures 3.15 and 3.16

belong to defects of this category.

Figure 3.15: Defect in the coating: example 1, (scale of the image: 1.3 mm width x 1mm height)
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Figure 3.16: Defect in the coating: example 2, (scale of the image: 1.3 mm width x 1mm height)

Comparative studies on coatings for high-power laser optics [62] have shown that the

IBS-process has advantages regarding the quality and stability of the coating layers

when compared to IAD- (Ion Assisted Deposition) processes. This is due to the high

kinetic energy of the ions in the IBS-process in combination with low process tempera-

tures, which form a very compact, glass-like layer structure. In contrast, a more porous

micro-structure is deposited by the IAD-process. The compact layer structure of the IBS

exhibits a better thermal conductivity and less absorption and scatter centers. Critical pa-

rameters of the IBS are the adhesion of the coating and the occurrence of stresses in the

layers which were optimized for the thin-disk crystals with in-situ measurement devices

of the company sigma-physik [63]. However, other parameters like the reproducibility

of the optical constants of the material from one coating run to another and the number

and density of defects depending on the cleanliness of the coating chamber and the prior

cleaning of the samples to be coated, are also important. These parameters cannot be

influenced by the coating process alone and depend on multiple factors like for instance

human ones. Further coating techniques which have been applied for thin-disk laser cry-

stals and which show a suitability for high output powers are magnetron sputtering (MS)

and ion plating (IP). A short overview and the basics of MS and IP coating techniques

can be found in [64] and [65] respectively. These publications give an impression of the

complexity of coating depositions and the effects of different process parameters which

range from the process gas to the post-annealing.
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In summary, chapter 3 outlined the criteria which were applied to select the four laser-

active material investigated in this thesis and showed the challenges to manufacture thin-

disk crystals out of them. The 4th chapter will address the limitations in order to scale

the output power of fundamental-mode thin-disk lasers to the kilowatt level which have

to be considered additionally. Nonetheless, the reported processes of manufacturing and

the limitations discussed in chapter 4 represent only a snapshot of the development of

thin-disk lasers since a continuous progress regarding all aspects is ongoing with the re-

sult that manufacturing capabilities are permanently improved and the mentioned limits

stretched or even overcome.



4 Limitations to the power scaling of high-
brightness thin-disk lasers

The advantages of laser beams featuring high power (at least kilowatt level or higher) to-

gether with high brightness have already been pointed out in chapter 1. There is no doubt

that the thin-disk laser approach has the potential to reach the desired performances due

to the efficient heat extraction and easy power scalability of this concept. Nevertheless,

the efficient generation of several kilowatts of output power per disk at beam parameter

products of less than 3 mm.mrad (corresponding to M2 <10) is limited by a thermally

induced aspherical wavefront distortion occurring inside the disk and air turbulences in

front of it. Until 2009, these phase front deformations kept the fundamental-mode opera-

tion of thin-disk lasers below approximately 500 W of output power because they induce

diffraction losses in the laser resonator. Thus, the topic of this chapter is the explanation

of the factors influencing the brightness of thin-disk lasers and to show the limitations

they impose on power scaling to output powers up to the (multi-) kilowatt level.

4.1 Thermal effects inside the thin-disk crystal

In a thin-disk laser the ratio of cooled surface to pumped volume is comparatively high

and the heat flow is one dimensional, in a first approximation. The heat spreads along

the axial direction of the thin-disk across the bonding layer and the heat sink to the

cooling water. Assuming no defects at the edges and no aperture effect of the thin-

disk, a pumping over the complete area of the thin-disk crystal would in principle be

possible. In this theoretical case where the interface between pump area and un-pumped

area is neglected, the thermally induced aberrations of the thin-disk would solely be

defined by the homogeneity of the pump power distribution and the cooling concept.

However, only pump spot diameters up to approximately two third of the disk diameter

are practicable due to the aperture effect of the disk and manufacturing defects at the

edges. Therefore, at the intersection between the pumped and un-pumped area in a thin-

disk crystal a small radial heat flow takes place. For small diameters of the pump spot

the part of the radial heat flow in relation to the overall heat dissipation is larger so

that the heat is more evenly distributed between axial and radial direction. Thus, the
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thermally induced variations of the refractive index of the disk in radial direction is less

pronounced and can still be described as almost spherical. By increasing the diameter

of the pump spot, which is certainly reasonable for power scaling, the temperature at

the intersection between the pumped and un-pumped area of the disk exhibits a larger

gradient since the temperature in the center of the pump spot stays almost constant in

radial direction. Likewise to the refractive index, the thermal expansion of the disk is

correlated to the temperature gradients. Both contributions induce a mainly aspherical

phase distortion to the beam during its propagation through the thin-disk crystal. The

aspherical optical phase distortion has a step-like shape. The stronger this step-like phase

distortion is pronounced the higher are the diffraction losses for the fundamental-mode

beam [22]. To illustrate the thermally induced optical phase distortions introduced by

the thin-disk crystals during laser operation, detailed interferometric measurements and

a comprehensive analysis are presented in chapter 5.

Summing up, the following thermal effects contribute to the optical phase distortion of

the beam caused by a thin-disk crystal during laser operation and have to be considered

in the analysis:

• Temperature dependence of the refractive index inside the laser-active material

(mainly aspherical)

• Thermal expansion of the thin-disk crystal (mainly aspherical)

• Deformation of the rear side of the disk, mainly due to stress which is induced

by different thermal expansions of the heat sink and the thin-disk crystal (mainly

spherical)

Already at a beam parameter product of about 3 mm.mrad, the aspherical part of the

phase distortion starts to cause a reduction of the efficiency and a degradation of the

beam quality of the thin-disk laser. The aspherical part of the optical phase distortion

should therefore be compensated with a static or adaptive mirror to guarantee a stable

operation of the laser resonator as soon as the aberrations exceed a certain level. The

spherical part can be taken into account to a large extent by the resonator design e.g.

with the use of dynamically stable resonators [66]. A compensation with a spherically

deformable adaptive mirror concept [67] is also possible but obviously more complex

than the optimization of the resonator layout.

The thermally induced optical phase distortion of the beam when propagating through a

thin-disk crystal during laser operation can be calculated by [22]

Φ(r) = 2 · 2π
λl

[∫ d

0
[(n0 +

∂n
∂T
· (T (r,z)−Tc)+Δns(r,z)−1] · [1+ εz(r,z)]dz− z0(r)

]

(4.1)
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where λl is the laser wavelength, d is the thickness of the disk, n0 the refractive index,

δn/δT characterizes the change of the refractive index with temperature, Tc is the cooling

temperature, Δns is the stress-induced change of the refractive index and εz the relative

expansion of the length in z-direction. The point of reference is z0 which is located at

the backside of the thin-disk crystal.

Another contribution to the change of the refractive index in the laser-active material

Yb:YAG has been investigated in [68] and should be discussed briefly in the present con-

text. This contribution is the electronic lensing, which takes place due to the change of

population of the excited and ground state in the Yb3+ active ion resulting in a different

polarizability of the states. For pulsed pumping of the thin-disk crystal, a predominati-

on of the electronic lens in comparison to the thermal lens was reported. However, the

electronic lens has been evaluated [68] to approach zero for CW-pumping and is thus

several orders of magnitude smaller than the thermal lens in this case. Even for the case

that a measurement wavelength of 375 nm (measurement wavelength of the interferome-

ter introduced in chapter 5) is chosen to analyze the optical phase distortions in thin-disk

crystals during laser operation, the influence of the electronic lens on the measurement

accuracy is still negligible. Hence, it was not taken into account in the analysis.

4.1.1 Influence of the laser-active material itself on the thermal load

The main parameters influencing the heat generation in a laser-active material and the

heat extraction out of it, are the quantum defect regarding the first aspect and the heat

conductivity for the latter. Heat generation and extraction are influenced by the doping

concentration and the ability to implement the laser-active ion (Yb3+) into the host. Here,

the goal is to realize the lowest possible distortion of the structure of the host crystal.

This will minimize the risk of the formation of additional non-radiative loss transitions.

The heat load of each laser-active material which is caused directly by the quantum

defect is pre-defined by the given pump wavelengths and cannot be influenced. The

major contributing factors are therefore the non-radiative processes which can be caused

by impurities, ion-ion-interaction, absorption of fluorescence radiation or spontaneous

emission at impurity ions etcetera.

An evaluation of Yb-doped laser-active materials regarding their spectral and thermal

properties have been reported in several publications, e.g. in [69], [16], [1]. For this

purpose different figure of merits (FOM) have been introduced. In the following section

the suitability of the four laser-active materials used in this thesis are analyzed with the

FOMs proposed in [16]. Prior to the evaluation of the laser-active materials with FOMs,
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the most relevant properties with regard to high-power cw and mode-locked thin-disk

laser operation have been identified. These are the quantum defect, the emission cross

section, the absorption bandwidth, the fluorescence lifetime, the gain bandwidth and the

thermal conductivity. In general, the following properties are favorable:

• a large emission bandwidth is suitable to generate ultra-short pulses

• a small quantum defect to minimize the heat load

• a large emission cross section and a long fluorescence lifetime for a low laser

threshold

• the availability of high-power pump diodes with reasonable brightness matching

the absorption spectrum in terms of wavelength and bandwidth

• a large absorption cross section at the pump wavelength in combination with a

high possible doping concentration to minimize the thickness of the disk

• a high thermal conductivity for efficient heat removal

Emission bandwidth, emission cross section and fluorescence lifetime of a laser-active

ion are closely related to each other in such a way that not all the desired properties can

be obtained simultaneously. For instance: for two different laser-active materials with an

approximately equal fluorescence lifetime, a broad emission bandwidth typically leads

to a small cross section.

The three FOMs established by Voss in [16] are explained below. They are used to

quantify the favorable properties of the laser-active materials. To compare the FOMs

of the considered materials, the calculated optimum disk thickness (FOMopt−path) and

the material properties listed in the tables of chapter 3 were used. The number of pump

beam passes Mp is 24 for the calculations presented here. The FOMth−opt describes the

quality of the material with respect to the thermo-optical effects. It is defined by the ratio

of the thermal conductivity λth to the thermo-optical constant Kth−opt

FOMth−opt =
λth

Kth−opt
(4.2)

The higher the FOMth−opt the better the heat extraction and/or the lower the thermal

expansion of the laser-active material. A small thermal expansion is beneficial with re-

gard to deformations and thus the thermally induced stress in the disks. Nevertheless,

the high values for FOMth−opt of Yb:LuAG and Yb:Lu2O3 (see table 4.1) can mainly be

attributed to their high thermal conductivity. It should be noted that FOMth−opt can have

a negative value. This is the case for instance when the change of the refractive index of

the laser host material with temperature is negative (like e.g. in Yb:CaF2 or Yb:YLF). In
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this case, the change of the refractive index with temperature acts opposed to the thermal

expansion leading to a small value for Kth−opt and therefore a high value for FOMth−opt .

To evaluate the laser-active material regarding an efficient absorption in thin-disk confi-

guration,

FOMabs−disk =

∣∣∣∣∣
(3 ·M2

p ·FOMth−opt)

l2
abs,e f f

∣∣∣∣∣ (4.3)

can be used, where labs,e f f denotes the effective absorption length of the pump radiation

in the thin-disk crystal. In general, an absorption of about 90% of the pump radiation in

the disk is considered as efficient [16]. The effective absorption is influenced by the do-

ping concentration and the overlap of the pump spectrum with the absorption spectrum

of the laser-active material. The FOMabs−disk for ZPL-pumped Yb:Lu2O3 amounts to

11.9·1014 W/m3 and is therefore about 2-10 times higher than the one of the other laser-

active materials (see table 4.1). This is mainly due to the high absorption cross section

of Yb:Lu2O3 at the ZPL pump wavelength which results in a comparatively short ab-

sorption length.

Table 4.1: Comparison of FOMth−opt and FOMabs−disk of the laser-active materials Yb:YAG,
Yb:LuAG, Yb:Lu2O3 and Yb:YAB.

Yb:YAG Yb:LuAG Yb:Lu2O3 Yb:YAB
FOMth−opt 0.44 (10at.%) 0.57 (10at.%) 0.65 (3at.%) ≈0.49 (5.6at.%)

[106W/m]

labs,e f f 2.36 (10at.% 2.74 (10at.% 3.05 (3at.% 1.09 (12at.%

at 941 nm) at 938 nm) at 949 nm) at 976 nm)

[mm] 2.47 (10at.% 2.16 (10at.% 0.97 (3at.%

at 969 nm) at 969 nm) at 976 nm)

FOMabs−disk 1.37 (10at.% 1.30 (10at.% 1.21 (3at.% 7.16 (12at.%

at 941 nm at 938 nm) at 949 nm) at 976 nm)

[1014 W/m3] 1.25 (10at.% 2.09 (10at.% 11.9 (3at.%

at 969 nm) at 969 nm) at 976 nm)

The thermally induced optical path difference in the thin-disk crystal can be estimated

with FOMopt−path which is given by
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FOMopt−path =
1

ΔLopt
=

1

Kth−opt · qges
λth
· d2

3

, (4.4)

where ΔLopt is the change of the optical path length in axial direction, qges is the heating

power density in the disk and d is the thickness of the disk (here dopt is used). Thus, this

FOM allows an evaluation of the strength of the optical phase distortion that is expected

to be present in the different thin-disk crystals during laser operation. The aim is to show

the potential of the considered laser-active materials for the realization of a thin-disk la-

ser with approximately 1 kW of output power and near diffraction-limited beam quality.

For this purpose, an incident pump power of 2 kW on a pump spot diameter of 5.6 mm

(Ep= 8.12 kW/cm2) was defined for the following discussion of the four materials. To

calculate the fraction of pump power which is converted into heat, the assumption of

an ideal crystal quality was made so that only the quantum defect is considered. For

Yb:YAB, literature data of Nd:YAB were used partly (see table 3.4) since the availabi-

lity of data is limited. The calculated values of the FOMs for Yb:YAB should therefore

only be considered as a rough indicator to know where to position this laser-active ma-

terial with respect to the other three.

Table 4.2: Comparison of FOMopt−path of the laser-active materials Yb:YAG, Yb:LuAG,
Yb:Lu2O3 and Yb:YAB.

Yb:YAG Yb:LuAG Yb:Lu2O3 Yb:YAB
FOMopt−path 44 (10at.% 51 (10at.% 40 (3at.% 115 (12at.%

at 941 nm) at 938 nm) at 949 nm) at 976 nm)

[105 m−1] 57 (10at.% 95 (10at.% 262 (3at.%

at 969 nm) at 969 nm) at 976 nm)

These three figures of merit evaluate mainly the heat extraction capability of the laser-

active materials in thin-disk configuration, under the assumption that there are no further

non-radiative loss transitions or absorbing defects in the crystal structure. Therefore on-

ly the potential for high-power fundamental-mode operation at optimum crystal quality

but, for instance, not the suitability to generate ultrashort pulses in particular can be ana-

lyzed with the calculated values. The comparison of the FOMs of these four laser-active

materials predict the best performances for Yb:Lu2O3 when pumped at the ZPL-pump

wavelength of 976 nm. However, also Yb:LuAG and Yb:YAB exhibit higher values for

FOMabs−disk and FOMopt−path than Yb:YAG so that a high potential for good perfor-

mances in thin-disk laser operation can be expected.
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4.1.2 Influence of the contact layer and heat-extraction-method

After the invention of the thin-disk laser concept, three different methods have been

established in order to contact the laser disk on the heat sink:

• Soldering, which requires an additional metallization on top of the HR coating on

the backside of the disk

• Direct glueing of the HR coated rear side of the thin disk onto a heat sink

• Diffusion bonding of the front side of the thin disk to a support substrate which is

AR coated

All three methods have different advantages and disadvantages which are discussed in

the following with the aim to derive the concept which offers the best suitability for the

generation of output powers at the kilowatt level with high brightness.

Figure 4.1: Established technical concepts of thin-disk modules. The image on top shows the
concept where the water cooling is integrated in the heat sink. For the concept
depicted at the bottom, the HR-coating of the thin-disk crystal is in direct contact
with the cooling water.

Apart from some technical aspects, the mounting concept of the thin-disk crystal by glu-

eing or soldering it on the heat sink is essentially the same. This is schematically shown

in the top image of figure 4.1. The differences arise mainly from the contact materi-

al itself and furthermore from the necessity to apply a metallization on both adjacent
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layers to be able to perform a soldering. In general, solders feature higher heat conduc-

tivities than glues so that thicker layers are permitted for comparative heat resistances.

A typical thickness of a solder layer is about 50 μm, whereas for a glue the thickness

should be 10 times lower or even less for efficient heat removal [17].

The advantage of the mounting concept with a support substrate on top of the thin-disk

crystal (depicted at the bottom of figure 4.1) is the possibility to apply the cooling fluid

directly at the backside of the disk. A disadvantage arises due to the low thickness of the

thin-disk crystals of a few hundred micrometer. The support substrate therefore requires

a certain thickness to mechanically stabilize the disk against the strong flow of the coo-

ling water. The attachment of the support substrate with a typical thickness between one

and three millimeter is usually realized by diffusion bonding. Materials like sapphire

or YAG have been used for this purpose so far. The critical issue thereby is the non-

negligible fraction of pump and laser radiation which is absorbed in the substrate. This

causes strong thermally-induced aberrations inside the laser resonator. Consequently,

thin-disk lasers applying this mounting method could not generate high-brightness ra-

diation together with output powers at the kilowatt level by now. An interesting future

prospect of this concept could be the use of single crystalline diamond as the substrate. It

can be assumed that with the realization of diamond with low absorption, the exceptional

high heat conductivity of this material will lead to a significant reduction of the thermal-

ly induced aberrations inside the substrate. However, it is still challenging to produce

single crystalline diamond with a sufficient size (> 10 mm). The achievable maximum

diameter is currently limited to about 9 mm [70]. Another critical issue is the further

development of a bonding method which guarantees a stable contact between diamond

and thin-disk crystal also for laser operation at high output powers.

Contrary to the previously discussed case, a thin-disk crystal which is mounted with

the rear side on a heat sink exhibits lower thermally-induced aberrations. In this case,

the only mechanism which generates heat in the disk is the laser process itself. Thus,

an optimization of the heat distribution and the thermally induced aberrations is easier

to obtain. For this reason, this mounting concept has been the method of choice in all

experiments reported later on.

In order to develop thin-disk lasers operating at the high-power level not only the laser-

active material and contact material itself have to be analyzed with regard to thermal-

ly induced-aberrations. These choices just open the discussion about parameters like

hardness or stiffness and heat conductivity which has to be extended to all components

present in a disk-heat-sink unit. For instance, the heat sink allows to influence the defor-

mation and the heat extraction capability of a thin-disk crystal by a proper design. This

topic shall be discussed further in the following section.
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4.1.3 Influence of the heat sink on the heat extraction and deformation
of thin-disk crystals

Two parameters of the heat sink directly affect the capability of heat removal and influ-

ence the deformation of the attached thin-disk crystal and thus the induced phase front

deformation in the resonator. Firstly, the kind of material and secondly, the mechani-

cal design i.e. the geometry of the heat sink. The influence of the previously discussed

contact layer shall be neglected in the following considerations for the sake of simplicity.

For disks to be soldered with AuSn, the thermal expansion of the heat sink has to be

adapted to the laser-active material e.g. Yb:YAG. This is due to the high melting point

of AuSn of 280 °C [71]. Without adaption, the tensile strain would cause damage to the

thin-disk crystal during the cooling phase of the two components after soldering. For

Yb:YAG a good match of the heat expansion value is achieved when CuW containing

15 to 20 percent of copper is used for the heat sink. However, the thermal conductivity of

the CuW compound is lower than for pure Cu resulting in a less efficient heat extraction.

The higher stiffness of CuW is beneficial on the other hand as it reduces the overall

deformation of the disk-heat-sink unit. With regard to heat conductivity and stiffness (see

table 4.3) chemical vapour deposited (CVD) diamond plates are superior to all other heat

sinks, but the low thermal expansion of this material makes it more difficult to solder a

thin-disk crystal to it. Therefore, the mounting of thin-disk crystals on CVD-diamond

heat sink plates by gluing is the method of choice for high-power thin-disk laser systems.

The only drawback is the comparatively high price of CVD-diamond in comparison to

other materials such as Cu, CuW, SiC etc. so that for thin-disk lasers with average output

powers at the hundred watt level another choice could be more appropriate. The thermal

conductivity and thermal expansion coefficient for the different heat sink materials are

summarized in table 4.3.

Table 4.3: Comparison of the thermal properties of different heat sink materials investigated
during this thesis.

Thermal conductivity Therm. expansion
at 300 K coefficient at 300 K

Cu [72] 398 W/(m·K) 17·10−6/K

Cu20W80 [73] 235 W/(m·K) 8.3·10−6/K

6H-SiC (single crystal)[74] 490 W/(m·K) 4-5·10−6/K

CVD-diamond [75] >1200->1800 W/(m·K) 1·10−6/K
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One possibility to adapt the thermal expansion of the heat sink to that of the thin-disk

crystal is the utilization of material compounds. Typically, metal compounds are used

such as for instance the already mentioned CuW. The drawbacks of metals are a low

stiffness and the abrasion by water. The latter point is a weak point especially for the

industrial use of the heat sinks during long-term operation. Compounds where a ceramic

is added to the copper could be an alternative. Substrates consisting of copper which is

bonded to a ceramic, e.g. aluminium nitride (AlN), can be supplied from the company

Curamik [76]. Different sandwich designs out of Cu and AlN slices have been investi-

gated as a heat sink for thin-disk laser crystals [60]. For these sandwich-structures, the

adaption of the thermal expansion to that of Yb:YAG has been obtained with a copper

content of 50-60 %. First investigations of these sandwich-structures in the DiskModul

project have been promising when using them in thin-disk lasers at moderate power le-

vels (hundred Watt range) [60]. Nevertheless, for an utilization of AlN-Cu heat sinks at

an optical output power in the kilowatt range, more comprehensive studies have to be

carried out in the future.

To illustrate the influence of the heat sink material on the heat extraction out of the disk

in more detail, one example is discussed in the following. The aim was to obtain a direct

comparison of the heat-removal capability of copper and CVD-diamond heat sink disks

for the laser-active material Yb:YAB (see material properties in chapter 3.2.4). For this

purpose different FEM-simulations with COMSOL Multiphysics have been performed.

It was assumed that an Yb:YAB disk (diameter= 6.3mm, thickness= 250 μm) is mounted

with the same contact layer and therefore the same thermal resistance onto the heat sink.

The heat sink disks had a diameter of 16 mm and a thickness of 2 mm. The optimum

case for the thermal load was assumed, which is a transformation of 6.2% of the incident

pump radiation into heat (that corresponds to the quantum defect of Yb:YAB). Different

incident pump power levels from 100 W up to 500 W on a pump spot with a diameter

of 2.6 mm were considered. The pump power densities varied from 1.9 kW cm2 to

9.4 kW cm2. The cooling of the heat sink was taken into account by setting the backside

temperature of the heat sink to 15 °C (fixed constraint).
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Figure 4.2: Numerically calculated temperatures on the top surfaces of the Yb:YAB thin-disk
crystals (diameter of 6.3 mm, thickness of 250 μm) for the case of a Cu (left) or
CVD-diamond (right) heat sink.

The resulting distribution of the surface temperature on the front side of the thin-disk

crystal is plotted in figure 4.2. The FEM-simulations show that the maximum tempe-

rature increase of the Yb:YAB disk can be reduced by approximately 23% when using

a heat sink consisting of CVD-diamond instead of copper. This lower temperature in-

crease, together with the higher stiffness of CVD-diamond allows to reduce the overall

deformation of the Yb:YAB disks.

The example shows that beside the already mentioned issue of higher cost, an incre-

ase of the performance of most laser-active materials in thin-disk configuration at the

high-power level can be achieved by using heat sinks made of CVD-diamond. However,

another disadvantage of CVD-diamond should be mentioned. The thermal expansion

(see table 4.3) is very low, which can result in an increase of stress in the thin-disk

crystals or even a fracture of the disk during laser operation. This is particularly criti-

cal for laser-active materials with low hardness and/or a large difference of the thermal

expansion for the different axes of the crystal.
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4.1.4 Influence of the intensity distribution of the pump radiation on
the brightness of the laser beam

In addition to the properties of the contact layer and the heat sink, also the intensity

distribution of the pump radiation influences the achievable brightness of the oscillating

laser beam. Readers for which the optical layout of a pump beam delivery of a thin-

disk laser system is completely unknown (for the basic principle see chapter 3.1 and

reference [18]) can find one example of a pump optics unit containing a homogenizing

rod in figure 6.2. Instead of a rod, also a fiber can be used for the homogenization of the

pump radiation. This is typically the case for fiber-coupled laser diodes. Both versions of

homogenization use an optical collimator afterwards so that together with the parabolic

mirror an image of the exit facet of either the fiber or the rod is generated on the thin-disk

crystal.

It has been determined that the intensity distribution of the pump light in a thin-disk laser

can introduce a radially varying gain profile due to an inhomogeneity of the pattern. This

can lead to a coupling of radiation into higher-order modes and thus has to be minimized

for fundamental-mode operation. A detailed theoretical analysis of the deteriorations of

a laser beam induced by distortions inside the cavity such as e.g. the distribution of the

pump power can be found in [77]. In practice, the mode behavior of the resonator has to

be analyzed with regard to the actual condition of the pump spot on the disk at different

operation points. In fact, there are different parameters which influence this intensity

distribution of the pump radiation:

• Degree of homogenization of the pump radiation by the utilized rod or fiber

• Geometrical shape of the exit facet of the rod or fiber

• Number of pump beam passes (intrinsic parameter of the thin-disk pump module)

• Quality of the image obtained by the collimation optics

• Thermal deformation of the parabolic mirror at high pump power densities

By investigating these parameters one major aspect has to be adequately examined: the

extraction of a Gaussian shaped fundamental mode from the laser disk with an intensity

distribution of the pump radiation which has approximately a top-hat shape. This shape

can be observed for a typical intensity distribution generated by imaging the end facet

of a rod or fiber onto a disk (see as examples, images 4.5 and 4.6 correspondingly). The

typical shape of the intensity distribution of the pump radiation for the pump sources uti-

lized in this work is actually not a sharp top-hat but rather a Super-Gaussian profile with

an exponential order varying between 8 and 12 (see calculated plots in figure 5.6). In all

cases, the Gaussian fundamental laser mode does not efficiently extract the energy of the
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outer gain area generated by the overlapping pump spots which leads to higher tempera-

tures at these positions. However, the closer the intensity distribution of the image of the

pump radiation gets to a Gaussian profile, the lower are these temperature differences.

Another point to consider when analyzing the intensity distribution of the pump radiation

is the achievable degree of homogeneity of the optical image of the pump spot which

is influenced by the guiding properties of the utilized rod or fiber. Radiation which is

propagated through a fiber with a core diameter of e.g. 0.6 to 2 mm and a length of 5 m

has typically a quite homogeneous intensity distribution, whereas radiation propagating

through a cylindrical rod with a diameter of 5 mm and a length of 20 cm has still a

rather non-uniform intensity distribution with localized intensity fluctuations after the

propagation. However, a further enhancement of the degree of homogenization of the

intensity distribution is obtained by the pump optics of the thin-disk pump module itself.

This is due to the rotation of the image of the pump spot on the disk which is caused

by the rotation (in axial direction) of one prism pair of the thin-disk pump module. For

a pump module with 24 passes, the angle of rotation of the upper prism pair is 15°

corresponding to a rotation of the re-imaged pump spots by 60° for each double-pass of

the pump radiation through the thin-disk crystal (see details of the principle in [18]). A

comprehensive insight into the topic of beam-shaping of the pump radiation for high-

power thin-disk lasers can be found in [78].

Fibers or rods have typically plan-parallel end facets whereby the resulting image on

the thin-disk crystal is elliptical (see figure 4.3) due to the off-axis incidence on the

parabolic mirror. By using commercially available fiber-coupled laser diodes with LLK

or SMA fiber connectors the end-facet is not accessible for a post-processing so that a

compensation of this effect by altering the end facet is difficult to realize. Nevertheless,

the rotation of the image of the pump spots by the prisms reduces this ellipticity and

supports the formation of an overall circular image of the overlapping pump spots as can

be seen in figure 4.4.
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Figure 4.3: Individual, slightly elliptical
images of the pump spots which occur due
to a displacement of the disk in z-direction
with regard to the focal plane of the para-
bolic mirror.

Figure 4.4: Overlapped pump spots when
positioning the thin-disk crystal in the fo-
cal plane of the parabolic mirror. In both
figures the images of an end facet of a fiber
are shown.

Contrary to fibers, rods are often manufactured individually, which allows to polish the

exit face with a defined angle in order to compensate for the slightly elliptical shape of

the pump spot (an example of a homogenizing rod is displayed in figure 6.3). To illus-

trate the effect that an exit face with specific angle has on the intensity distribution of

the pump spot image, a few examples are given in figure 4.5. The two pictures on top

(4.5 a) and b)) show the images of a pump spot generated by a circular rod and the two

pictures underneath (4.5 c) and d)) are the images obtained by using a rod with octahe-

dral geometry. Both rods had an end facet which had a specific angle. In pictures 4.5 a)

and b) the effect of a pump spot defocusing by the collimation lens can be seen. This

is the simplest method to reduce the strong temperature gradient between pumped and

unpumped area of the thin-disk crystal. A more detailed analysis of this approach to di-

rectly influence the aspherical phase front deformation was obtained with high precision

interferometric measurements. The summary of the performed measurements, together

with the description of the interferometric setup is given in chapter 5.
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Figure 4.5: Different intensity distributions in pump spots obtained by homogenizing rods. a)
sharp image of the pump spot of a circular rod with angled exit face; b) defocused
image of the pump spot due to shift of a z=3 mm of the collimation optics after the
circular rod; c) sharp image of the pump spot of an octahedral rod with angled exit
face and 20 pump beam passes; d) sharp image of the pump spot of an octahedral
rod with angled exit face and 24 pump beam passes.

In picture 4.5c) and 4.5d) images of the pump spot of a octahedral rod are shown. The

difference in this case is the number of pump beam passes which is reflected by the

“roundness” of the image. After 20 pump beam passes (shown in figure 4.5c)) the con-

tour of the octahedron is still detectable, whereas by an increase of the number of pump

beam passes to 24 an almost circular image shape is obtained (figure 4.5d). This “smoo-

ther” edge of the image is also beneficial with regard to a realization of a homogeneous

intensity distribution of the pump radiation.
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Figure 4.6: Corresponding horizontal cross-sectional profiles of the pump spot distributions
shown in figure 4.5. Plots of the relative intensity (grey scale) versus the number of
pixels of the CCD-camera.

The cross sections through the different intensity distributions of the pump radiation

(discussed above) allow to determine more accurately the intensity variations in the cen-

tral part as well as the contour of the edge of the different pump spots. A non-uniformity

of the intensity distribution in a horizontal cross section of the pump spot profile indica-

tes a potential source of optical aberrations due to a misalignment of the pump spots or

a non-perfect overlap of pump spots and laser mode (can be detected with an additional

IR-filter in front of the camera). Non-uniformities in the image of the pump spot should

therefore be minimized. For instance, by comparing the plot in figure 4.6b to the one

of figure 4.6a, lower aberrations of the fundamental mode due to a smoother profile for

the case of 4.6b can be expected. The imaging of the pump spot by a CCD-camera is

therefore a comparatively simple method to predict thermally induced aberrations that

may be caused by an inhomogeneous intensity distribution of the pump spot.

4.2 Thermal effects in front of the thin-disk crystal

Beside the thermal effects which occur inside the thin-disk crystals, also the thermally

induced optical inhomogeneity of the air in front of the disk has to be taken into account.
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This is due to the high temperature of the surface of the disk of more than 100 °C at

pump powers of several kilowatts. The heat transfer from the disk to the air next to the

disk surface causes a temperature gradient in the ambient atmosphere, which results in

a change of the density of the air. The air density decreases so that an upward laminar

flow is formed (see figure 4.7) which is affected by the frictional forces. To simulate the

distribution of the temperature and the velocity of the flow as depicted in figure 4.7, a

simplified assembly of disk, heat sink and cooling layout was used. The additional air

flows which are typically generated by the heated deflecting prisms and the parabolic

mirror surfaces inside the pump cavity have been neglected. One can assume that the

previously described free convection laminar flow at lower powers transforms into a

more complex air flow in high-power systems exhibiting small turbulences in front of

the disk.

Figure 4.7: Numerical calculation of the temperature distribution and the air velocities in front
of a thin-disk crystal mounted on a heat sink. False-color graphic with blue= mini-
mum temperature (ambient air) up to red= maximum temperature (> 100°C inside
the disk) and the velocity vectors.

The density- and thus the thermally induced variations of the refractive index in the

air in front of the thin-disk crystal add to the phase distortions of the laser beam. The-

se wedge-shaped wavefront distortions which occur in air under ambient atmosphere

are in the order of several tens of nanometers and non-static, which makes it difficult
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to compensate them. Nevertheless, these wavefront distortions are strongly reduced by

operating the pump cavity in helium atmosphere. The next step in order to completely

avoid them is the operation of the laser in a vacuum chamber. However, a vacuum se-

tup is quite costly so that a thin-disk laser setup which allowed a flushing with helium

was realized due to the simpler construction requirements. This setup was used for the

experiments presented in the sections 5.2.1, 5.2.2 and 7.1.

Table 4.4: Comparison of thermal and optical properties of air and helium

Properties Air Helium
Density (25◦C, 1bar) 1.22 [kg·m−3] 0.44 [kg·m−3]

Specific heat capacity 1007 [J/(kg·K)] 5194 [J/(kg·K)]

Heat conductivity 0.024 [W/(m·K)] 0.150 [W/(m·K)]

Refractive index 1+2.74·10−4 1+3.475·10−5

(at a wavelength of 1030 nm)

Refractive index change with temperature: -0.88·10−6 [K−1] -0.116·10−6 [K−1]

dn/dT (at a wavelength of 1030 nm)

The lower refractive index of helium in comparison to air results in an 8 times lower

value of dn/dT. Together with a 6 times higher value for the heat conductivity (see table

4.4) this significantly reduces the phase distortions of the laser radiation passing in front

of the disk. To underline the benefit of a helium atmosphere, a direct comparison of

the overall phase front deviation induced in front of the disk (see figure 5.8) in air and

helium is given in section 5.2.1. The measurements of the phase front deviations were

performed at a pump power density of 10.7 kW/ cm2 during laser operation. The high-

precision interferometer used for this purpose is presented in the following chapter.
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Numerical modeling of the temperature distribution in thin-disk laser crystals [79], [80],

[81] and the related thermally induced aberrations in thin-disk laser resonators was star-

ted soon after the invention of this laser concept. However, it is nowadays still difficult

to obtain precise information about the optical phase distortion (OPD) solely by nume-

rical modeling. This is due to the limited accuracy of the input data which are needed

for every FEM-analysis. This applies to the material properties of the laser-active ma-

terial, contact layer and the heat sink material. In addition, the heat conductivity, heat

resistance, thermo-optical constants etc. have to be measured or be available in litera-

ture as well. A further difficulty arises from the large difference between the size of the

thin disk, the contact layer and the heat sink, which makes it more complex to generate

the correct mesh for the FEM-analysis especially at the geometrical interfaces. Instead,

a calculation by defining heat resistances at the interfaces can be done, however, these

values are rarely given in literature and therefore have to be determined experimentally.

A direct measurement of the distortions of the optical phase induced by the thin-disk cry-

stal during fluorescence and laser operation is often the most accurate approach. Hence,

different methods to measure the parameters such as e.g. the change of the radius of cur-

vature of the disk or directly the OPD induced by the thin-disk crystal were investigated.

From these measurement methods, the interferometric [82] and Shack-Hartmann based

ones [83], [81] are most frequently used for the characterization of thermally induced

aberrations. A critical point to consider for the measurement in thin-disk lasers is the

permanent vibration of the thin-disk crystal which is due to the impingement cooling

applied at the backside of the heat sink. Using Shack-Hartmann sensors for the analy-

sis provides vibration insensitivity, but the resolution is lower than for interferometric

setups. Therefore, only the interference stripe analysis (detection of the deformation of

one interference stripe) was used as an interferometric measurement concept for this

purpose up to now [82]. Another challenge regarding the measurement is the small am-
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plitude of the aspherical distortion which is in the range of a few tens to hundreds of

nanometer. Nevertheless, this small aspherical distortion has a strong influence on the

diffraction losses of the resonator beam. A high resolution of the measurement is the-

refore a stringent requirement to obtain the accuracy which is needed. For this reason

an interferometric measurement setup was developed which allowed the use of the pha-

se shifting technique despite the vibration of the disk. To obtain vibration insensitivity,

a simple optical method was applied which is explained in the following section. In a

more recent development, the camera based shearing interferometric device of the com-

pany Phasics appeared to also be a good alternative for an accurate measurement and is

therefore compared to the setup presented here at the end of this chapter.

5.1 Description of the interferometric setup

A measurement wavelength of 375 nm was chosen for the interferometer. This short

wavelength permits to measure the OPD with higher sensitivity than e.g. at 1064 nm or

515 nm. Moreover the wavelength of 375 nm is close to the third harmonic of the laser

wavelength at 1030 nm. This results in an anti-reflective behavior of the typical front-

side coating and a high reflectivity at the backside coating of the laser disk. This also

allowed an accurate measurement of the deformation of the rear side of the disk. Apart

from this, the wavelength of 375 nm is spectrally well separated from the fluorescence

and laser emission for all Yb doped laser-active materials (≈ 900-1100 nm), which sim-

plifies the filtering of the measurement signal.

A schematic drawing of the optical setup can be seen in figure 5.1. The basic principle of

the interferometer is a common-path Mach-Zehnder configuration. The used light source

was a linearly polarized (1000:1) laser diode (Oxxius S.A; OXX-375-07-CE) with a

maximum output power of 15 mW. The already polarized laser beam was prepositioned

regarding the forthcoming setup which means that the polarization of the laser diode

was orientated at 45° to the horizontal axis. Behind the diode, a Keplerian-telescope was

placed which magnified the collimated beam to a diameter of approximately 18 mm. The

expanded beam then passed through a thin-film polarizer (extinction ratio >10.000:1)

which was oriented parallel to the polarization state of the laser diode to further enhance

the degree of polarization. After the polarizer, the beam was divided into two beams

with orthogonal polarization states (horizontal- and vertical-polarization, respectively)

by a polarizing beam splitter (PBS1). This polarizing beam splitter was the first element

of the core part of the common-path Mach-Zehnder type interferometer which consisted

in addition of a beam combiner (PBS2), two lenses (L1,L2) and two reflective mirrors
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(M3, M4). One of the mirrors (M3) was mounted on a piezoelectric transducer (PZT)

to perform the desired phase shifts. An important element of the interferometer was the

implementation of a focusing lens (L1) in one of the interferometer arms which had

its focal plane directly located on the disk. This created a reference beam which can

be described as an almost ideal wave emerging from a point source. Due to its small

diameter on the disk, this beam is almost insensitive to deformations and movements

of the thin-disk crystal in radial direction. The second beam remained approximately

collimated and served as probe beam which contains the information of the optical phase

difference and therefore the path length change in the thin-disk crystal. Both beams

propagate in a common path after the Mach-Zehnder part of the interferometer and are

incident on the thin-disk crystal so that they experience exactly the same vibrations of

the disk during a measurement. This is the key point of the interferometer to obtain the

desired vibration insensitivity in order to apply the phase shifting technique.

Figure 5.1: Schematic setup of the interferometer

Reference and probe beam are reflected at the HR-coated rear-side of the thin-disk cry-

stal. The backward propagation followed approximately the same path like the incident

beams. However, the propagation of the probe beam is influenced by the radius of curva-

ture of the thin-disk laser crystal, which resulted in a focusing of this beam for the given

constellation. For this reason, an additional compensating lens (L2) was implemented
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in the beam path. After passing through the analyzer, the beams were redirected by a

beam splitter and finally imaged on a silicon-based CCD camera. A laser-line filter at a

wavelength of 375 nm in front of the camera assured a sufficient reduction of ambient

radiation at other wavelengths.

The coherence length of the used laser diode is only in the order of a few 100 μm, which

made it necessary to have almost equal path lengths for both arms of the interferometer.

Therefore, the position accuracy of the optical elements in the Mach-Zehnder part had

to be high. This was obtained by a rigid mechanical mount of the middle block (holding

PBS1, PBS2, M3 and M4) manufactured within close tolerance limits, together with

the usage of a 3-screw mirror mount to fine adjust the z-plane of mirror M4. The short

coherence length of the laser diode on the other hand avoids spurious interferences from

other optical elements in the setup.

The high resolution obtained with this interferometer can be evidenced by the image of

the CCD-camera given in figure 5.1. This image was captured at a pump power den-

sity of only 0.7 kW/cm2. In addition to the use of a comparatively short measurement

wavelength of 375 nm and the application of the phase shifting technique (see section

5.1.2), the resolution of the interferometer was further enhanced by using defined pola-

rization states, since the achievable contrast is higher compared to interferometers with

non-defined ones.

To obtain not only a high relative accuracy of the interferometric measurements but also

a high absolute one, specific optical properties of the LAM of the disk at the wave-

length of 375 nm have to be known for an exact analysis. Therefore, the determination

of the conversion factor between the laser wavelength of 1030 nm and the measurement

wavelength of the interferometer of 375 nm for the laser-active material Yb:YAG was

performed as described in the following section.

5.1.1 Determination of specific optical properties of Yb:YAG at the
wavelength of 375 nm

In order to derive the change of the optical path length induced by an Yb:YAG disk

when measuring at a wavelength of 375 nm with the previously described interferometer;

the wavelength dependency of the refractive index had to be taken into account. This

implied the determination of the difference between the thermo-optical constant Kth−opt

(see chapter 3.2 for the equation) of Yb:YAG for the two wavelengths of 375 nm and

1030 nm. Beside the refractive index n, the constant Kth−opt furthermore depends on the
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thermal expansion α th and the refractive index change with temperature dn/dT . Strictly

speaking, the dependence of these material parameters on the temperature and also on

the Yb doping concentration should be considered. However, this was not possible in

all cases due to a lack of reliable data in the literature. For instance, the refractive index

at the wavelength of 375 nm was derived to be 1.872 by extrapolation of the dispersion

curve of undoped YAG. It was assumed that the refractive index at a wavelength of

1030 nm is 1.818. In addition, the Yb:YAG samples used to determine the material

parameters, as reported below, had not exactly the same Yb doping concentration as the

thin-disk crystals used in the experiments later on. These small deviations should be

mentioned and kept in mind even though it can be expected that they have only a minor

influence on the overall accuracy of the determined optical phase distortions.

In reference [17] the value of dn/dT of Yb:YAG at a wavelength of 1030 nm and a

temperature of 80°C was reported to be 9.84 · 10−6/K. To estimate the corresponding

value at a wavelength of 375 nm, the change of the optical path length Δ(n ·L) with tem-

perature was determined experimentally by using the fringe counting method. For this

purpose, a 10x10x10 mm large sample of Yb-doped (12%) YAG was placed in one arm

of the Mach-Zehnder part of the interferometer and subjected to different temperature

increases ΔT . Holder and heating device had been constructed in such a way that a very

efficient heat input in the sample and a good isolation of the sample to the surrounding

was guaranteed. This was necessary in order to minimize the measurement error due

to the temperature difference between sample and ambient air. The value of dn/dT for

temperatures between 80◦C and 150◦C was calculated according to [84] by:

dn
dT

= n · ( 1

n ·L ·
Δ(n ·L)

ΔT
− 1

L
· ΔL

ΔT
), (5.1)

where L is the geometrical length of the YAG sample, and yielded 30.0 +/- 0.9· 10−6/K.

This value and the one of the heat expansion α= 6.34·10−6/K (T= 300 K) given in [22]

allowed to determine a conversion factor of 2.78 for Kth−opt of Yb:YAG between the

two wavelengths of 375 nm and 1030 nm. The high value of dn/dT at a wavelength

of 375 nm increases the sensitivity of the measurement of the path length change by

approximately eight times when compared to a measurement at the wavelength of 1030

nm (dn/dT = 7.3· 10−6, interferometric measurement in double pass).
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5.1.2 Analysis method of the interferometric measurements

The μ-shape interferometry software of the company Trioptics (formerly FISBA OP-

TIK) was used for the control and the calibration of the PZT of the interferometer and to

record the interferometric patterns. Prior to the measurements with incident pump radia-

tion, an interferogram of the unpumped (“cold”) thin-disk crystal was taken as reference.

In order to determine the optical phase difference with respect to the initial phase, the

five-phase algorithm [85], [86] was automatically applied by the software. For this pur-

pose five intensity distributions, each with a phase shift of π /2 between each image,

were recorded. The first and the fifth interferometric pattern should be identical; as a

consequence this method is examining itself which allows to minimize systematic mea-

surement errors due to miscalibration of the phase steps. The distortions of the optical

phase at a single reflection at normal incidence on the thin-disk laser crystal were cal-

culated from the recorded phase maps. By this, all optical phase distortions, induced by

the thin-disk crystal and also of the atmosphere in front of it, are considered. As an ex-

ample, a measurement graph of a typical OPD induced by an Yb:YAG thin-disk crystal

(mounted on a CVD-diamond heat sink) during laser operation is given in figure 5.2.

Figure 5.2: Typical OPD induced by an Yb:YAG thin-disk crystal during laser operation in-
cluding the distortions in the atmosphere in front of the disk. The laser disk was
mounted on a CVD-diamond heat sink. The measurement data were exported and
plotted with Origin.

Two essential parameters of thin-disk lasers can be derived from the interferometric
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measurements. One is the determination of the optical path difference of the wavefront

between the unpumped disk and the disk during laser operation (mainly aspherical) and

the other one is the thermally induced refractive power of the thin-disk crystal (sphe-

rical). To obtain the latter one, a parabolic fit (e.g. figure 5.4) can be applied to the

measured OPD of the disk. Another possibility is the extraction of the radius of curva-

ture of the disk from the Zernike focus term provided by the software, since for every

measurement the Zernike polynomials are calculated automatically. The software provi-

des different features to export the recorded data. Either an export of a cross-section in

x- or y-direction or of a complete OPD (data matrix) can be performed (see figure 5.2).

The fit of the cross-sections allows a fast and already quite accurate analysis since the

OPD induced by the thin-disk crystal is radially symmetric in a first approximation. Ho-

wever, for a more detailed analysis, especially with regard to small, localized deviations,

the comprehensive three-dimensional (3D) fit of the phase matrix is more appropriate.

To perform the fit, conventional software like e.g. Origin or Matlab can be used.

Figure 5.3: Example of a fit-function to appro-
ximate the aspherical part of the OPD induced
by the thin-disk crystal during laser operation.
To perform this fit either a higher-order Gaussi-
an distribution or a Fermi-Dirac distribution can
be used.

Figure 5.4: Example of a parabolic fit to ex-
tract the spherical deformation of the thin-
disk crystal during laser operation. The sphe-
rical and the aspherical distortion induced by
the laser disk possess opposite signs.

In order to obtain an accurate data analysis the choice of the fit functions is an essential

issue since the different parts (aspherical and spherical) of the thermally induced OPD

are superimposing each other. This is especially important for the exact determination

of the aspherical part of the distortions in order to be able to perform a compensation

later on. To apply a fit to the approximately step-shaped aspherical part (see figure 5.3

for an example) of the OPD, the step height and steepness of the edges has to be ap-
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proached quite accurately as explained in the following. Beside the correct choice of

the fit functions, the selection of suitable starting values are also important in order to

allow the fit algorithm to converge towards appropriate values or even to converge at all.

This is especially indispensable for a 3D-fit since the number of parameters is quite high

and the spherical and aspherical contribution to the distortions induced by the laser disk

additionally have opposite algebraic signs.

Taking as example the OPD of the thin-disk crystal during laser operation shown in figu-

re 5.2, the bending of the disk which is largely spherical can also be well approximated

by a 4th order polynomial function:

f (x,y) = (z0 +A2 · (x− x0)
2 +A4 · (x− x0)

4 +B2 · (y− y0)
2 +B4 · (y− y0)

4), (5.2)

whereas x0, y0 and z0 define the center of the function. The approximation by a 4th order

polynomial function is based on the solution for a deformation of a clamped thin plate

with homogeneous rigidity and an uniformly distributed load [87]. Subtracting the fitted

4th order polynomial function from the measured OPD of the disk results in a residual

distortion which is mainly ashperical. The aspherical, step-shaped distortion which is

left can be well approximated by either a Fermi-Dirac or Super-Gaussian distribution.

Figure 5.5: Fermi-Dirac distribution as example
for a step height of 100 nm for different values of
B. For a sharp image of the pump spot on the disk
B is typically in the order of 0.25.

Figure 5.6: Higher order Gaussian distribu-
tion as example for a step height of 100 nm
with increasing factor m. For a sharp image
of the pump spot on the disk m is typically
in the order of 10.

The difference between these two functions lays in the definition of the steepness of the

edge, which is either defined by the order number m (Super-Gaussian distribution) or
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the quality factor B (Fermi-Dirac distribution). In fact, the steepness or, in other words,

roundness of the edges controls the diffraction of the circulating laser mode. Generally

one can say that the higher the value of m or the lower the value of B, the sharper the

edges of the aspherical part of the OPD. This results in a higher diffraction which cor-

responds to a larger power loss for the circulating mode inside the resonator. Depending

on the distribution of the pump intensity on the laser disk either the Fermi-Dirac or the

Super-Gaussian function corresponds better to the actual shape of the aspherical distor-

tion. For this reason either the former or the latter was used to fit the aspherical part of

the OPD induced by the disk during laser operation.

5.2 Results of interferometric measurements during high-
power laser operation

The interferometric measurements presented in the following section have been selected

to discuss two important issues of high-power thin-disk lasers:

• influence of the atmosphere in front of the disk on the OPD during laser operation

• influence of the sharpness of the pump spot image on the aspherical aberrations

induced by the thin-disk crystal

In this chapter it is illustrated that measurements performed with the previously des-

cribed interferometer did not only permit a detailed analysis of the thermally induced

distortions of the laser disk, but also allowed to investigate the influence of the atmos-

phere in front of it. This topic has been already introduced briefly in chapter 4.2 and shall

be discussed further with the help of the data acquired by the interferometric measure-

ments. The measurements were conducted during laser operation whilst the laser cavity

was either operated in ambient air or in helium atmosphere. A V-shaped laser resonator

was used which allowed reference and probe beam of the interferometer to have their

incident axis perpendicular to the laser disk. The laser disk was pumped at a wavelength

of 940 nm.

5.2.1 Interferometric measurements to analyze the influence of the am-
bient atmosphere on thermal effects in front of the thin-disk cry-
stal

For a given design of the disk-heat-sink-unit (here: disk glued on diamond) and dia-

meter of the pump spot (here: 9.4 mm), the amplitude of the thermally induced OPD

of the laser disk scales with the incident pump power. This correlation can be seen

in figure 5.7. The measurements include the optical phase distortions in front of the
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disk and were performed in helium atmosphere. The highest pump power density of

10.7 kW/cm2 corresponds to a laser output power of ≈ 4 kW for the resonator configu-

ration (multimode resonator consisting of a plane HR and a plane OC 96%) used during

this experiment.

Figure 5.7: Profiles of the OPD induced by an Yb:YAG thin-disk crystal during laser operation,
including the optical phase distortions in the helium atmosphere in front of the
disk, for different pump power densities (pump spot diameter of 9.4 mm, pump
wavelength of 940 nm). The laser disk was mounted on a CVD-diamond heat sink.

In order to analyze the effect of the atmosphere in front of the disk when operating the

laser either in helium or in air, a direct comparison of the OPD of the thin-disk crystal

for both cases is shown in figure 5.8 for a pump power density of 10.7 kW/ cm2.
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Figure 5.8: Comparison of the thermally induced OPD of the thin-disk crystal during laser
operation including the distortions in front of the disk when operating the laser
resonator either in air or helium atmosphere.

The difference of the two profiles arises from the fact that at several kilowatts of pump

power the temperature of the disk surface is larger than 100°C and therefore a thermally

induced optical inhomogeneity of the atmosphere in front of the disk takes place which

is much more pronounced in air than in helium. The inhomogeneity is wedge shaped and

can be identified in the graph by the tilt of the profiles of the measurement in air when

compared to the one in helium. The stronger pronunciation of the wedge in air results

from its higher refractive index, its larger change with temperature and its poorer heat

conductivity (see table 4.4 for the properties). These parameters are significantly better

in helium, which reduces the distortions in front of the disk remarkably (see section 4.2

for a more detailed discussion). In addition, distortions in an air atmosphere are more

difficult to control so that a major part of the measurements were conducted with a

thin-disk laser operating in a helium atmosphere. However, the difference between the

two atmospheres is quite small which makes the determination so challenging. For the

present case, a difference of the thermally induced OPD of the laser disk in the order of

50 nm was measured.
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5.2.2 Interferometric measurements to analyze the influence of the shar-
pness of the pump spot image on the aspherical contribution to
the OPD

The evaluation of the interferometric measurements which include the determination of

the aspherical step-shaped distortions of the wavefront induced by the disk during laser

operation allows to determine the influence of the distribution of the pump intensity to

the oscillating mode(s) in the resonator. To emphasize this topic, a study was underta-

ken which analyzed the influence of the position of the pump spot image in z-direction

(defocusing) on the aspherical part of the thermally induced distortions. Interferometric

measurements were carried out during the operation of the previously described high-

power thin-disk laser resonator in helium atmosphere. The results which are presented in

the following were obtained at approximately 2 kW of laser output power (multi-mode)

with a pump power density of 5.7 kW/cm2. The defocusing of the pump-spot image was

performed by moving the collimating optics in z-direction. At the position z = 0 of the

collimating optics the pump spot image on the disk was sharp. The position of the optics

was altered to the maximum defocusing position of z = -4 mm in defined steps. From

the interferometric measurement at each position, the aspherical part of the OPD was

extracted and analyzed. The Fermi-Dirac distribution was chosen as fit-function for the

aspherical contribution. The results are shown in figure 5.9, together with the correspon-

ding image of the pump spot on the disk.
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Figure 5.9: Variation of the steepness of the pump spot edge by defocusing the collimation
optics. The graph shows the derived aspherical part of the OPD induced by a sharp
image of the pump spot on the laser disk (bottom picture) and by two defocused
images (z= -2 and -4 mm) together with the corresponding pump spot images.

It can be seen that the defocusing of the pump spot mainly affects the edge steepness

of the aspherical part of the OPD, whereas the amplitude h0 remains nearly unchanged

(difference ≈5%). This leads to the conclusion that the effect of the gain aperture of

the thin-disk crystal during laser operation can be influenced with this method. A lower
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steepness of the edges results in a reduction of the diffraction loss of the laser mode(s)

and is thus favorable for fundamental-mode and few-mode operation. On the whole,

by simple defocusing of the pump optics a better adaption of the distribution of the

pump power density on the disk to the intensity distribution of the laser mode(s) can

be obtained. Consequently, this method can be used to facilitate the laser operation in

(transversal) fundamental-mode and few-mode lasers. This relation was experimentally

verified when conducting the experiments with the goal to compensate the aspherical

part of the thermally induced aberrations by suitable mirrors and which are reported

in chapter 7. The method described above was also applied during the experiments to

obtain fundamental-mode operation at high optical output powers (see section 6.2).

The previously described defocusing of the pump optics is only one possibility to in-

fluence the mode distribution of a thin-disk laser but apparently more effective for few-

mode than fundamental-mode operation due to the following reasons. To achieve an op-

timum overlap for the transversal fundamental-mode, an approximately Gaussian distri-

bution of the pump power density is required. To obtain this by applying the defocusing-

method would introduce too much losses for the pump radiation, which would result in a

substantial reduction of the pump power density. This method is therefore only useful to

perform small adaptations. Another possibility to obtain a Gaussian distribution of the

pump power density on the laser disk is to implement Gaussian refractors (for instance

from the company aμs [88]) in the path of the pump beam. A proof of principle for the

use of these elements in a thin-disk laser system with the goal to shape the pump spot

image, was performed during this thesis. Even though the choice of the available Gaus-

sian beam shapers was limited, a Gaussian distribution of the pump power density was

obtained with one of the shapers. The Gaussian refractor which achieved this goal was

20 mm in diameter, had a divergence angle of 10 degree and was made of fused silica.

For the obtained distribution of the pump power density a good overlap to the fundamen-

tal mode distribution was expected. However, the drawbacks of the Gaussian refractors

available at that time (2013) was a power loss of about 6% (refraction efficiency >90%)

and the increase of the divergence angle due to the structure of the elements. Unfortuna-

tely, the maximum permissible numerical aperture of the pump radiation entering in the

thin-disk pump module was already reached even without the Gaussian refractor so that

the increase of the divergence induced a significant loss at the entrance aperture of the

module. For this reason, this investigation was restricted to a pump power of 125 W and

can thus only be seen as a promising starting point for further work.

Returning to the initial topic of this chapter. By using the interferometer presented here,

an exact determination of the aspherical part (amplitude as well as steepness of the ed-

ge) of the OPD thermally induced by the thin-disk crystal during laser operation can be
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performed up to the multi-kilowatt output power level. It was shown that, due to the high

precision of the interferometer, even small deviations of the OPD, such as for instance

the wedge-shaped inhomogeneities of the atmosphere in front of the disk, can be detec-

ted and analyzed. However, a statement about the absolute accuracy of an interferometer

cannot be given without a precisely defined reference surface for calibration. Unfortu-

nately, a precise calibration sample was not available for this interferometric setup. To

nevertheless obtain an estimation of the accuracy of the interferometer, a comparison

with a commercially available wavefront-sensor (SID4) based on the lateral shearing

method from the company Phasics was performed. These measurements revealed that

the resolution and accuracy of the interferometer is at least as good as, if not better, than

the one of the SID4-wavefront-sensor. The specifications of a SID4-device from Phasics

can be found on the company web page and are a phase resolution of < 2 nm rms and

an accuracy of 10 nm rms.

In summary, it can be stated that by considering the points mentioned in this chapter, a

precise analysis of the OPD induced by the disk even in high-power laser operation can

be conducted with the developed interferometer. The fit-algorithm has the largest influ-

ence regarding an accurate determination of the aspherical part of the thermally induced

OPD of thin-disk crystals during laser operation. Strictly speaking, the convergence of

the algorithm was identified as the most crucial point of the analysis. This is especially

true for the 3D-evaluation of the measurement data. Thus, an appropriate starting value

is essential to facilitate the convergence of the fit-algorithm. To obtain this value, the

amplitude of the aspherical part of the OPD can be estimated by calculating the path

length change with temperature in the laser disk (see equation 7.1 in chapter 7.1).



6 Zero-Phonon-Line pumping of high-power
thin-disk lasers

6.1 High-power pump source for ZPL-pumping of Yb-doped
thin-disk lasers

The ZPL-pumping reduces the overall thermal load of the thin-disk laser crystal and

thereby allows to enhance the laser performance of crystalline laser-active materials

(LAMs). To achieve a reduction of the thermal load, the LAM is pumped directly in-

to the lowest sublevel of the upper laser level [27]. This leads to a laser transition wi-

thout any additional non-radiative process in the upper laser level which usually involves

the participation of a high-energetic phonon. This excitation method is therefore com-

monly referred to as „zero-phonon line (ZPL) pumping“ [89], though the term „direct

in-band pumping“ [90] is also existent in the literature. However, the drawback of the

ZPL-pumping is usually the narrow spectral bandwidth of only 1-2 nm (FWHM) of the

absorption peak which resulted in a rare use of this pumping concept so far. Then again,

with the better availability of high-quality gratings for the spectral stabilization of laser

diodes, ZPL-pumping can be realized with much lower efforts so that the implementa-

tion in practice becomes more and more beneficial. The setup for this pumping method

which was realized during this thesis is described in detail in the sections 6.1.2 and 6.1.3.

6.1.1 Theoretical background of ZPL-pumping

For the research presented in this thesis, the ZPL-pumping was applied to the laser-active

materials Yb:YAG, Yb:LuAG and Yb:Lu2O3. Their energy level schemes are shown in

figure 6.1.
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Figure 6.1: Energy levels of Yb:YAG [22], Yb:LuAG [49] and Yb:Lu2O3 [36], whereby 2F7/2

corresponds to the lower and 2F5/2 to the upper laser multiplett. The energy va-

lues are given in cm−1. The arrows with an inclination of 45 degree indicate non-
radiative transitions where phonons are involved.

As indicated, the ZPL-pumping takes place from the ground level (0) directly to the

lowest upper laser level (0’). All three LAMs have a smaller quantum defect when ZPL-

pumping is applied in comparison to the conventional pumping at the wavelengths of
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938 nm, 940 nm and 949 nm, respectively. In the present case, it allows to increase the

pump power by about 50% to equal the thermal load in the thin-disk crystal otherwise

produced by conventionel pumping. The benefit of the ZPL-pumping in terms of quan-

tum efficiency, heat reduction and estimated possible power increase for the three LAMs

is summarized in table 6.1.

Table 6.1: Comparison between ZPL-pumping and conventional pumping

Yb:YAG Yb:LuAG Yb:Lu2O3

Quantum efficiency [%] 8.6 at 941 nm 8.9 at 938 nm 8.2 at 949 nm

5.9 at 969 nm 5.9 at 969 nm 5.6 at 976 nm

Heat reduction [%] 32.2 33.7 31.7

Estimated power increase [%] 47.5 50.8 46.4

In addition to the lower heat generation, the effective absorption cross section of

Yb:LuAG and Yb:Lu2O3 is higher at the ZPL pump wavelength. This allows to reduce

the thickness of the thin-disk crystals of both materials while keeping the absorption of

the pump light sufficiently high. The lower thickness further improves the heat extracti-

on capability of the disk. Another advantageous aspect of ZPL-pumping is that in case

of an interruption of the laser oscillation the risk of damaging the thin-disk crystal due

to overheating is substantially minimized. This is because of the strong bleaching of the

absorption at the ZPL-wavelength during fluorescence operation.

Apart from the reduction of the thermally induced aspherical deformation of the wave-

front in the disk by ZPL-pumping, the spherical deformation of the thin-disk crystal is

lower too. This is especially beneficial for the stability of the resonator, since the sphe-

rical deformation corresponds to the thermal lens of a thin-disk laser which is in general

low but not negligible when operating at high output powers. A more detailed discussion

of the influence of the remaining spherical deformation on the stability of the resonator,

together with the description of the used resonator layout, is therefore presented in sec-

tions 6.2.1 and 6.2.2.

6.1.2 Optical design of the pump source

Compact sized, actively cooled high-power diode laser stacks are nowadays commerci-

ally available with output powers of up to 3 kW. Their spectral bandwidth is typically 3 to

4 nm, which is appropriate for efficient pumping of Yb:YAG, Yb:LuAG and Yb:Lu2O3

which have broad absorption peaks at the wavelengths of 940 nm, 938 nm, and 949 nm,
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respectively. The spectral width of these broad absorption bands, are in the order of 10

nm which makes the typical temperature-dependent wavelength drift of ≈0.3 nm/K of

the diode laser stacks rather uncritical. When pumping at these absorption peaks, the

control of the cooling temperature is sufficient to keep the emission wavelength of the

diode stacks within the desired range. On the contrary, as already mentioned previous-

ly, the demands on the pump diodes increase when these laser-active materials shall be

pumped at the ZPL-transition. In this case, the pump radiation requires a spectral band-

width of about 2 nm (FWHM). A wavelength stabilization using an optical feedback

into the diode laser stack becomes therefore necessary for efficient absorption of the

pump radiation. In the present work this was realized by using Volume-Bragg-Gratings

(VBG‘s) which were positioned directly behind the fast-axis collimation lenses of a di-

ode laser stack. The characteristics of the diode laser stack and the optical design for the

shaping of the pump beam is briefly summarized in the following.

The beam of the diode stack was already collimated in the fast-axis by means of cy-

lindrical microlenses so that a divergence angle of less than 0.5° was obtained. In the

slow-axis, the divergence was specified to be less than 9° (full angle). The radiation

emitted by the diode stack (that consisted of 25 bars) had to be imaged onto the entrance

facet of the available homogenizing rod as sketched in figure 6.2. This was performed

by a set of crossed cylindrical lenses, which had an AR-coating for a wavelength range

of 940-980 nm on both sides. Lens 1 and 3 ( flens1= 233 mm, flens3= 82 mm) were used

for the slow axis imaging and lens 2 ( flens2= 233 mm) to image the fast-axis. The overall

image at the entrance facet of the homogenizer was about 5 x 5 mm. The homogenizing

rod shown in figure 6.3, had a cylindrical shape with two additional side facets (starting

from the entrance facet up to a certain length) in order to break the rectangular sym-

metry of the diode stack. The exit facet of the rod was beveled at an angle of 30°. This

was done to obtain a circular image on the thin-disk crystal which would otherwise be

elliptical because of the off-axis position of the pump beams on the parabolic mirror. A

bi-aspherical lens with a focal length of 80 mm was used to collimate the pump radiati-

on after the rod.The collimation lens and the parabolic mirror (focal length of 76 mm)

acted as a telescope to image the exit-facet of the homogenizer on the thin-disk crystal.

All elements used for the pump beam shaping were made of fused silica.
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6.1.3 Characterization and performance of the Volume Bragg Gra-
tings

The used VBGs were manufactured by the company Optigrate. A holographic process

which generated a defined phase information inside a photo-thermo-refractive [PTR]

glass was applied for the fabrication [91]. The PTR-glass consisted of Na2O-ZnO-

Al2O3-SiO2-NaF-KBr doped with silver, cerium and fluorine. A modulation of the re-

fractive index of the PTR glass was achieved [91] by coherent irradiation with a UV-laser

emitting at a wavelength in the region between 280 to 350 nm together with a thermal

treatment.

In order to be able to use VBG-elements in high-power laser systems, the parameters

temperature and damage threshold have to be particularly considered. The used PTR-

glass was specified to possess a high temperature tolerance of up to 400◦C and a dama-

ge threshold of ≈ 40 J/cm 2 (for laser pulses with a duration of 8 ns). These parameters

were experimentally determined and published by Glebov et al [92]. A successful imple-

mentation in a high-power pump setup was therefore considered as feasible. A thermal

characterization of an uncoated PTR-glass sample inside the actual setup prior to the

inscription of the Bragg grating was nevertheless carried out as briefly described in the

following section.

The characterization of the PTR-glass sample by using a FTIR-spectrometer revealed an

absorption inside the PTR-glass of approximately 0.70% so that a maximum temperature

of 70 °C was expected for the given pump power of 2 kW. To verify this estimation

experimentally, the PTR-glass sample was glued into a water cooled holder which was

similar to the one planned to be used for the VBGs in the experiments afterwards. The

heating of the sample was then measured for different incident output powers of the laser

diode stack by using a thermal camera (InfraTec VarioCam). The recorded minimum,

average, and maximum temperatures are shown in figure 6.4.

The maximum temperature at an incident optical power of 2 kW is approximately 68°C,

which is in good agreement with the previously estimated temperature. Hence, a tem-

perature of 70 °C was set as specification for the nominal operation temperature of the

VBG-elements.

The free aperture of the diode stack used in this work was 43.8 mm x 10.2 mm which was

larger than the producible size of the VBG´s in 2009. For this reason, the first generation

of VBG’s for diode stabilization (used for the research presented here) at a wavelength of

969 nm (ZPL pump wavelength of Yb:YAG and Yb:LuAG) consisted of two elements.

A schematic drawing of the setup and the working principle can be seen in figure 6.5.
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Figure 6.4: Temperature change of the PTR-glass sample with increasing incident power of the
radiation from the laser diode stack.

Figure 6.5: Set-up of the VBGs in combination with the diode stack. Two VBGs were used
for the wavelength stabilization at a wavelength of 969 nm. Only one VBG was
used for the wavelength stabilization at a wavelength of 976 nm. Tip-and tilt of the
VBGs had to be aligned according to their specifications to obtain an optimal back
coupling of the refracted beam into the diode stack.

The two VBGs for the wavelength of 969 nm were glued into a water cooled mount

and adjusted independently from each other by taking into account the manufacturing

specifications given in table 6.2. It was expected that the elements would expand with

increasing temperature so that a fixation with low-strain has been chosen by using a

silicon based glue. The same mounting procedure was also successfully applied later on

for the VBG element with a free aperture of 46 x 12 mm (C40-01 in table 6.2) to be

used for the diode stabilization at a wavelength of 976 nm to pump the ZPL-transition

of Yb:Lu2O3.
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An AR-coating with R< 0.4% (for a wavelength of 969 nm) and R< 0.15% (for a wa-

velength of 976 nm) was applied on both sides to avoid additional reflections and to

minimize a further reduction of the amount of pump radiation by the surfaces of the

VBG. The thicknesses of 1.5 mm and 1.31 mm of the VBGs was rather thin which

required a careful mounting procedure. After mounting and alignment, their feedback

resulted in a narrowing of the spectral bandwidth of the laser diode stack to 0.5/0.7 nm

and 0.24 nm, respectively.

Table 6.2: Specifications of the used VBGs designed for a wavelength of 969 and 976 nm re-
spectively.

Wafer Diffraction Resonance Spectral Grating Thickness Free

ID efficiency wavelength bandwidth tilt aperture

(average) (in air) FWHM HxV

% nm nm deg mm mm

Ce006-26 20.0 968.85 0.5 -0.5 x -0.5 1.5 22 x 11

Ce006-27 19.6 968.85 0.7 0.2 x 0.1 1.5 22 x 11

C40-01 18.7 975.7 0.24 -0.2 x -0.2 1.31 46 x 12

The setup for the VBG-locking of laser diodes that was used in the research presented

here was the first experimental realization of this kind at the IFSW and publications in

literature are rare. In addition, the costs of the VBGs for the desired use were high so

that their specifications and their behavior at high power had to be thoroughly evaluated.

The following section therefore briefly lists the points which were discussed, except the

thermal issues described directly after. First of all, a trade-off between the reflectivity of

the VBGs and the locking capability had to be found for the wavelength stabilization of

the present laser diode stack. On the one hand the loss of the usable pump power which

corresponds to the percentage of back reflected power had to be considered and on the

other hand a sufficient back coupling to lock all emitters of the diode stack at the desired

wavelength had to be guaranteed as well. Based on a discussion with the grating manu-

facturer, the reflectivity of the VBGs was specified to be approximately 20 %. The exact

determination of the effectively injected part of the pump radiation into the emitters of

the laser diode stack is nevertheless difficult. This is due to several reasons. Besides the

requirement for accurate alignment of the VBG, the pre-adjustment of the micro-optical

fast-axis-collimation lenses by the diode supplier is another important prerequisite. Any

distortion of the emitted spatial pattern e.g. the appearance of the so called “smile”,

which is a small bend of the emitter line, results in a non-optimum locking of the diode

bars. The diode stack consisted in total of 25 bars which had all to be locked by two

(969 nm) or even one (976 nm) volume bragg element. Additionally, the VBG could
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only be positioned with a certain distance to the diode stack. Hence, especially the hig-

her divergence of the emitted beams in the slow axis (FWHM ≈ 7◦) can deteriorate the

locking. Furthermore, the exit facets of the diode bars were not AR-coated due to cost

issues.

Prior to the usage at high diode output powers, all three supplied VBG-elements we-

re characterized regarding their thermal load and locking capability at different output

power levels. The two elements designed for a wavelength of 969 nm showed higher

temperatures when compared to the previously measured values for the PTR glass itself

(without inscribed grating structure). Already at less than half of the total power of the

diode laser stack the temperature of the VBGs exceeded 85 °C, which made it necessa-

ry to install an air cooling in order to keep the targeted temperature of about 70 °C at

the maximum output power. Applying the air cooling allowed to reduce the maximum

surface temperature of the VBGs to 68.8 °C when operating the diode stack close to the

maximal current of 100 A which corresponds to approximately 2 kW of output power.

The thermal image of the VBGs at this operating point can be seen in the bottom left

picture in figure 6.6.

Figure 6.6: Thermal images of the VBG-elements: Left side: Two VBGs to lock at a wave-
length of 969 nm. The diode laser stack operated at currents of 30A (top) and 100A
(bottom). Right side: Single VBG for locking the diode laser stack at a wavelength
of 976 nm. The diode current is 30 A (top) and 90 A (bottom).
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However, the supplier Optigrate was able to significantly reduce the absorption of the

VBG designed for a wavelength of 976 nm fabricated later. As shown in the bottom right

picture of figure 6.6, even without air cooling this VBG reached a maximum surface

temperature of only 42.9 °C when operating the diode laser stack at a current of 90 A.

Beside the lower absorption value, Optigrate also managed to approximately double the

free optical aperture of the VBG elements. This permitted the use of only one VBG-

element for the wavelength stabilization at 976 nm instead of the two VBGs for the

wavelength stabilization at 969 nm.

A difference in the capability to lock all emitters of the laser diode stack for the VBGs

designed for the wavelength of 969 nm in comparison to the one used to lock at a wa-

velength of 976 nm was observed. For this reason, it was assumed that the number of

emitters which where still free-running was different in both cases. The typical spectral

shift of the emitters which could not be locked by the VBG(s) was ≈ 0.3 nm/K. This

spectral shift was influenced by the cooling temperature and the operating current so that

the contribution of the radiation emitted from the free-running emitters to the pumping

process changed accordingly. On the whole, the efficiency of the locking was higher

when using the VBGs designed for the wavelength of 969 nm than the one designed for

the wavelength of 976 nm due to the following reasons. The desired locking wavelength

of 969 nm was much closer to the central wavelength of≈ 971 nm of the spectrum of the

free-running emitters (Tcool,diode = 25°C). This appeared to be beneficial for the efficien-

cy of the locking. Although, the efficiency of the locking with the VBGs designed for a

wavelength of 969 nm was not 100%, neither, it was easier to adjust the spectrum of the

free-running emitters of the diode laser stack adequately to the desired working point by

adapting the cooling temperature. This for instance meant that the largest spectral over-

lapp between the spectrum of the free-running emitters and the absorption spectrum of

Yb:YAG was obtained at a diode current of≈ 80 A at a cooling temperature of the diode

laser stack of 25°C. This optimum operation point shifted to a diode current of ≈ 95 A

when the cooling temperature of the diode laser stack was set to 22°C. For this cooling

tempererature, the measured spectral shift of the free-running emitters with increasing

diode current is shown together with the absorption spectrum of Yb:YAG in figure 6.7.

Overall, the ZPL-pumping of the Yb:YAG and Yb:LuAG at a wavelength of 969 nm was

obtained with an pumping efficiency close to the theoretical maximum.
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Figure 6.7: Normalized measured spectra of the pump diode for different currents (20A-80A)
of the diode stack (cooling temperature = 22 °C). The locking efficiency is incre-
asing with increasing current of the diode. The absorption spectrum of Yb:YAG is
indicated by the dashed line.

Significantly lower locking- and therefore pumping-efficiencies of the diode laser stack

were obtained when changing the VBGs designed for a wavelength of 969 nm to the

one designed for a wavelength of 976 nm. Especially at low output power (which is

equivalent to shorter wavelengths of the pump radiation), it was observed that numerous

emitters of the diode laser stack could not be locked. Therefore, the cooling temperature

was increased to shift the spectrum of the free-running emitters closer to the resonance

wavelength of the VBG of 975.7 nm in order to facilitate the locking and to improve the

overlap between the spectrum of the free-running emitters and the ZPL-absorption peak

of Yb:Lu2O3 (see figure 6.8). However, the locking-capability was still not completely

satisfactory even though the diode laser stack was finally operated at a cooling tempe-

rature of 39 °C. A reason for this insufficient locking seemed to be the remaining large

difference between the center wavelength of the free-running emitters and the resonance

wavelength of the VBG of about 6 nm. Besides this, it is presumed that less radiation

was coupled back into the emitters of the diode laser stack by the VBG. This was most

probably due to the reduced degree of freedom when only one element (976 nm) can



108 6 Zero-Phonon-Line pumping of high-power thin-disk lasers

be adjusted instead of two (969 nm) and the lower diffraction efficiency of this VBG

(976 nm) (see table 6.2). Moreover, the spectrum of the free-running emitters was still

not perfectly overlapping with the ZPL-absorption peak of Yb:Lu2O3 as can be seen in

figure 6.8.

Figure 6.8: Normalized measured spectra of the pump diode for different currents (20A- 80A)
of the diode stack (cooling temperature = 39 °C). The locking efficiency is increa-
sing with increasing current of the diode. The absorption spectrum of Yb:Lu2O3 is
indicated by the dashed line.

6.2 Experimental results of ZPL-pumped Yb:YAG and
Yb:LuAG thin-disk crystals

Thin-disk pumping optics providing 24 passes of the pump beam through the laser cry-

stal were used for the experiments conducted with the ZPL-pump source. An efficient

pump light absorption was thus guaranteed for all experiments. The maximum pump

power of the diode laser stack entering the thin-disk pumping module was 1.44 kW in

the present case. The pump spot was designed to have a diameter of 5.6 mm on the disk

which corresponds to a pump power density of about 5.2 kW/cm2. This pump intensi-

ty is adequately below the nominal thermally induced damage threshold for Yb:YAG
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and Yb:LuAG thin-disk crystals. Typical used disk thicknesses were in the order of

100-140 μm. Both host materials feature quite similar optical, mechanical, and thermal

properties so that the only relevant difference between them was the higher thermal con-

ductivity of Yb:LuAG for the used doping concentration of about 10 at.%. A detailed

overview of the physical and spectroscopic properties of Yb:YAG and Yb:LuAG can be

found in sections 3.2.1 and 3.2.2.

6.2.1 CW-multi-mode performance of Yb:YAG and Yb:LuAG thin-
disk lasers

The Yb:YAG and Yb:LuAG thin-disk crystals were glued with their HR coated backside

on CVD-diamond heat sinks in order to provide a highly efficient heat removal. All heat

sinks were water-cooled by the common impingement cooling. The temperature of the

cooling water was approximately 15 °C. The front side of the thin-disk crystals had

the typical AR-coating for pump and laser wavelengths (see section 3.3.3 for AR- and

HR-coating specifications).

The resonator consisted of a plane end mirror, the thin-disk with a radius of curvature

of about 2 m, and a plane output coupler. Its overall length was 1.3 m. This V-shaped

resonator featured a beam quality factor of M2 ≈ 15 and was operated with 4.5 % of out-

put coupling. Operating the thin-disk laser with ZPL-pumped Yb:YAG and Yb:LuAG

crystals allowed to obtain optical efficiencies in the order of 70 % during multimode

operation. A typical result for such a thin-disk laser using an Yb:YAG thin-disk cry-

stal is illustrated in figure 6.9. As can be seen, a maximum optical efficiency of 72 %

and a slope efficiency of 82% as indicated by the solid line was demonstrated. It can

be observed as well that the slope variates slightly. This effect was due to the influence

of the free-running emitters of the pump diode stack on the pump light absorption in

the Yb:YAG disk which varies with the operation current as explained previuously and

shown in figure 6.7. The laser performances obtained with an Yb:LuAG thin-disk cry-

stal during multimode-operation are shown in figure 6.10 for a similar resonator setup.

The maximum optical efficiency of 65 % of the Yb:LuAG laser is lower than for the

investigated Yb:YAG laser (figure 6.9). This was caused by the use of a thinner disk

in the case of Yb:LuAG due to the following reason. By choosing a disk with lower

thickness, a trade-off between an optimum absorption of the pump power and minimum

distortions of the laser beam was made. As a result, a reduction of the optical efficien-

cy of this laser during multi-mode operation was observed, but a benefit was obtained

for fundamental-mode operation as presented in the following section. Nonetheless, the



110 6 Zero-Phonon-Line pumping of high-power thin-disk lasers

exceptionally high efficiencies realized by ZPL-pumping with the thicker Yb:YAG disk

clearly point out the significant potential of this pumping method for thin-disk lasers.

Figure 6.9: Output power and optical efficiency of an ZPL-pumped Yb:YAG thin-disk laser
during multi-mode operation for a M2 value of 15. The VBG-locked pump diode
stack was operated at a cooling temperature of 22 °C.

Figure 6.10: Output power and optical efficiency of an ZPL-pumped Yb:LuAG thin-disk laser
during multi-mode operation for M2 values of 12 and 15. The overall length of the
resonator was 1.27 m (M2 ≈ 12) and 1.23 m ((M2 ≈ 15). The VBG-locked pump
diode stack was operated at a cooling temperature of 22 °C.
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To determine the thermal load of the ZPL-pumped Yb:LuAG disk, the maximum tempe-

rature on the surface of the thin-disk crystal was measured as a function of the incident

pump intensity. The temperature values which were determined during fluorescence and

laser operation are shown in figure 6.11. During laser operation the maximum tempe-

rature reaches 72 °C at a pump power density of 5.8 kW/cm2. The temperature during

fluorescence operation (laser resonator interrupted) was always higher than in the la-

sing case. It was about 7 K higher at the maximum investigated pump power density of

2.8 kW/cm2 for the fluorescence operation. The temperature behavior shown here was

typical for all thin-disk crystals analyzed in ZPL-pumped configuration during this rese-

arch.

Figure 6.11: Maximum surface temperature of a ZPL-pumped Yb:LuAG disk during fluore-
scence and laser operation.

In order to characterize the thermal behavior of the ZPL-pumped disks further and to

evaluate the induced spherical and aspherical aberrations, interferometric measurements

during laser operation have been carried out. The thin-disk crystal without incident

pump power was used as reference for these measurements. The deformation of the

investigated thin-disk crystals remained mainly spherical up to a pump power density of

5.2 kW/cm2 (corresponds to a pump diode current of 90 A). To exemplify this, the pro-

files of the OPD induced by an Yb:YAG disk are shown in figure 6.12.
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Figure 6.12: X- and Y- profiles of the OPD induced by the Yb:YAG thin-disk crystal during
laser operation with increasing incident radiation of the pump diode. The VBG-
locked laser diode stack was operated up to a maximum diode current of 90 A
(corresponds to a pump power density of 5.2 kW/cm2 on the disk for the pre-
sent case). The temperature of the cooling water of the pump diode during these
measurements was 22 °C.

At the maximum pump power density of 5.2 kW/cm2 the profiles are approximated by

a 4th order polynomial fit (thin-solid line). Solely a minor distortion at the pump spot

edges as indicated by the arrows could be identified. By comparing the profiles of the

OPD induced by the Yb:YAG disk during laser operation in x- and y-direction, it appears

that particularly in y-direction which corresponds to the vertical direction (shown on

the left side in figure 6.12) the aspherical contribution to the distortions is marginal.

Nevertheless, especially in x-direction the onset of the aspherical distortions can clearly

be seen, so that a reduction of the thickness of the disk was chosen as easiest solution to

guarantee negligible aspherical deformations up to the maximum available pump power

of the laser diode stack.
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6.2.2 CW near diffraction-limited performance of Yb:YAG and
Yb:LuAG thin-disk lasers

At present, only Yb:YAG and Yb:LuAG fulfill the high demands to realize thin-disk

lasers at the kilowatt or even multi-kilowatt output power level in all required aspects.

They are therefore currently the sole candidates to reach the 1 kW of output power during

fundamental-mode operation. To extend the current state of the art (when starting this

research) of a laser output power of 500 W achieved with a single thin-disk crystal, the

application of ZPL-pumping for both laser-active materials was considered as the most

promising approach as presented in the previous sections.

In order to obtain fundamental-mode operation, a V-shaped resonator with an overall

length of 2.4 m was designed using the ABCD matrix formalism. It consisted of a convex

spherical end mirror (ROC = 0.6 m), the already mentioned concave Yb:LuAG disk with

a radius of curvature of about 3.6 m, and a plane output coupler (T= 4.5 %). The diameter

of the fundamental mode on the disk was chosen to be 75% of the size of the pump spot

(≈4.2 mm) in order to suppress the oscillation of higher transverse modes. Figure 6.13

shows the measured laser output power and the calculated optical efficiency as a function

of the incident pump power for cooling temperatures of the pump diode stack of 22 °C

and 25 °C respectively. A reduction of the cooling temperature to 22°C allowed to shift

the maximum of the optical efficiency of the thin-disk laser to the desired operating

point. Running the cooling of the diode stack at this three dregree lower temperature

allowed to achieve a maximum near diffraction-limited output power of 742 W with an

unprecedented high optical efficiency of 58.5%.

Figure 6.13: Performance of an Yb:LuAG thin-disk laser with near diffraction-limited beam
quality for diode cooling temperatures of 22 °C and 25 °C.
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Figure 6.14: Measured beam quality factor M2 of the laser beam in horizontal (x)- and vertical
(y)-direction versus laser output power.

The beam quality factor M2 was determined at different operating points for both cooling

temperatures of the pump diode stack. For this purpose, a camera-based system using

the second moment method (Spiricon M2-200) as specified by the ISO standards was

used. The measured M2-factors are plotted versus the output power of the Yb:LuAG

disk laser in figure 6.14. It can be observed that the laser operates with a beam quality

factor centered around a value of 1.5, regardless of the diode cooling temperature. This

is especially the case well above laser threshold, where no significant change of the M2

value took place.

6.3 Experimental investigation on ZPL-pumped Yb:Lu2O3

The benefit of ZPL-pumping is high, especially for Yb:Lu2O3 (for material properties

see chapter 3.2.3). This is due to the quite large difference between the absorption cross

section of the two absorption peaks (σabs= 0.95·10−20 cm2 at a wavelength of 949 nm

and 3.1·10−20 cm2 at 976 nm (ZPL-transition)) used for high-power diode-laser pum-

ping. Nevertheless, the investigation on the high-power suitability of this material in

general and for the use in thin-disk lasers in particular is currently only at its beginning.

The interest was growing after the realization of a few rods with diameters larger than

9 mm, but diminished a bit when discovering that the quality of the material still differs

significantly from boule to boule. A comprehensive characterization of the Yb:Lu2O3
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thin-disk crystals available for this thesis was therefore performed as presented in the

following. The analysis of the thermal behavior of the Yb:Lu2O3 thin-disk crystals du-

ring fluorescence and laser operation is described in section 6.3.1. The results obtained

from the experiments with high-power multi-mode and fundamental-mode resonators

are reported afterwards in sections 6.3.2 and 6.3.3.

6.3.1 Analysis of the thermal behavior of ZPL-pumped Yb:Lu2O3 disks
during fluorescence and laser operation

The same pump configuration allowing 24 passes of the pump radiation through the disk

was used as presented in section 3.1. The description of the pump setup, including the

performance and the spectral characteristics of the VBG-stabilized pump diode stack at a

wavelength of 976 nm can be found in chapter 6.1. To perform the analysis of the thermal

load of the Yb:Lu2O3 disks during laser operation, a V-shaped (folded) cavity was set up

providing two passes of the laser beam through the crystal. It was comprised of a plane

HR-mirror, the backside HR coated concave disk, and a plane output coupling mirror

(Tout =3 %). The pump spot diameter was set to 5.6 mm. By using total resonator lengths

of 950 to 1000 mm, the laser oscillated in multi-mode with M2 values around 20. A

more detailed description of the setup can be found in [93]. The laser experiments were

performed with 200 and 250 μm thick Yb:Lu2O3 disks with an Yb-doping concentration

of 3at.%. The thin-disk crystals had a diameter of 11.3 mm and radii of curvature of

about 1.8 m in vertical- and horizontal direction.

In order to evaluate the thermal load of different Yb (3at.%):Lu2O3 thin-disk crystals

during fluorescence (resonator interrupted) and laser operation, a thermal image of the

surface of the disk was recorded using a thermographic camera (InfraTec VarioCam).

The maximum temperature and the radial temperature distribution for different pump

powers was measured. The recorded data are summarized in figure 6.15. For the sake of

clarity, only values of two Yb:Lu2O3 thin-disk crystals are shown and discussed.

For a 200 μm thin crystal, the surface temperature increased strongly during fluore-

scence and also during laser operation when pumped at the ZPL-wavelength of 976

nm. This is a contradiction to the theoretically expected temperatures of this disk. The

temperature curves of this 200 μm thin disk (as can be seen in figure 6.15) are addi-

tionally strongly bent, reaching a maximum of 113 ◦C at an incident pump power of

367 W (pump power density of 1.5 kW/cm2) during laser operation. Contrary to this,

a maximum temperature of only 52.3°C at a pump power density of 1.2 kW/cm2 was

measured for a 250 μm thin crystal during fluorescence operation. The same disk had a
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maximum surface temperature of 42.3 °C at a pump power density of about 1.5 kW/cm2

during laser operation. A linear extrapolation of the temperature curve leads to an esti-

mated maximum surface temperature of 80 °C for a pump power density of 4.2 kW/cm2

which corresponds to a pump power of 1 kW.

Figure 6.15: Comparison of the maximum surface temperatures of two 200 and 250 μm thick
ZPL-pumped Yb:Lu2O3 thin-disk crystals during fluorescence and laser operati-
on. An incident pump power of 367 W corresponds to a pump power density on
the disk of 1.5 kW/cm2.

The temperature behavior of the two Yb:Lu2O3 thin-disk crystals was confirmed by the

obtained laser performance. For the thin-disk laser with the 250 μm thick disk, an out-

put power exceeding 500 W was achieved. Even at the maximum output power, the laser

mode was stable and the optical efficiency of the thin-disk laser still increasing. By ex-

trapolation of the measured temperatures, a maximum surface temperature of 140°C at a

pump power of 2 kW can be expected. Consequently, it should in principle be possible to

reach laser output powers in the order of 1kW. Although it would have been interesting

to push this laser to its power limit, the power was not further increased to avoid any

damage of the disk since the availability of additional Yb:Lu2O3-disks was restricted.

Contrary to the 250 μm thick disk, the 200 μm thin crystal from the same Yb:Lu2O3

boule with 3 at.% doping concentration showed significantly lower output powers and no

stable laser operation at higher pump powers. Exceeding a pump power density of about

1.2 kW/cm2 caused a lateral contraction of the laser mode resulting in unstable laser

operation. The recorded temperature distributions indicated that the strong increase of
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the surface temperature of the disk was limited to a small hot spot. This absorbing spot

might result from localized color centers, impurities or a clustering of Yb3+ ions [35],

[36]. However, the defect was not detectable by microscopic examination. For this rea-

son, it is suggested to comprehensively analyze each boule of Yb:Lu2O3 crystal material

prior to the manufacturing of thin disks in order to be able to clearly identify the origin

of such defects. In conclusion, the quality of the Yb:Lu2O3 material still varies strongly

even at different areas of the same boule. However, certain Yb:Lu2O3 disks possess an

adequate quality for high-power laser operation so that excellent laser performances can

be obtained as reported in section 6.3.2.

6.3.2 CW multi-mode performance of ZPL-pumped Yb:Lu2O3 thin-
disk lasers

To study the high-power laser performance of Yb:Lu2O3 thin-disk crystals, laser-active

material of boules with an Yb3+ concentration of 8.55·10−20cm2 (corresponding to

3at.%) and 14.3·10−20cm2 (corresponding to 5at.%) was investigated. The laser disks

had diameters of 11.3 mm (3at.%) and 7 mm (5at.%), respectively, and were mounted

with their HR-coated backside on CVD-diamond heat sinks. The radii of curvature of

the different Yb:Lu2O3 disks ranged between 1.8 and 4 m. All disks had a thickness of

250 μm. In a first set of experiments the optimum operation point of the Yb:Lu2O3

thin-disk lasers using 3at.% doped material was evaluated. For this purpose, different

3at.% doped Yb:Lu2O3 disks were mounted in a test-resonator with a simple V-shape

design given in section 6.3.1. The performance of the resonator for three different output

couplers having transmissions of 2%, 3% and 4.5% was determined. The results obtai-

ned with two selected disks are shown in figure 6.16. It can clearly be seen that up to a

pump power of 863 W the output coupling of 3% led to the highest output power and

efficiency of the laser. In this configuration an output power of 541 W could be extracted

from disk 1 together with an optical efficiency of 63%. The corresponding slope effi-

ciency was 77%. The same chart shows that the slope of the optical efficiency is slightly

higher with 4.5% of output coupling when only the last three data points are considered.

This indicates that an output coupler transmission of 4.5% will lead to the best perfor-

mance at higher powers. An additional benefit of the higher transmission is the reduction

of the heat load of the resonator elements due to the lower intra-cavity circulating power.
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Figure 6.16: Laser output power and optical efficiency for two different Yb(3at.%):Lu2O3 thin-
disk crystals with a thickness of 250 μm. For disk 2 the change of the performance
for different output couplers is shown.

The knowledge gained during the study with the 3at.% doped Yb:Lu2O3 set the basis of

the analysis regarding the high-power capability of this laser-active material in thin-disk

configuration. From the previously reported temperature measurements (see figure 6.15),

a maximum surface temperature of the Yb:Lu2O3 disks of about 140°C was extrapolated

for an incident pump power of 2 kW. Although this temperature might be close to the

practical limit it is sufficiently low to reach an output power of more than 1.3 kW without

damaging the disk using the laser configuration described in section 6.3.1. The potential

for an additional increase of the output power in future work is also indicated by the fact

that 71% of the pump power were absorbed after 12 passes (measured by removing the

rear mirror of the pump optics) through the 250 μm thick Yb:Lu2O3 crystal. Taking into

account the losses in the pump optics, one can conclude that a crystal with a thickness of

170 μm would already be sufficient for an efficient operation when using 3at.% doped

Yb:Lu2O3. Consequently, by combining thinner crystals (leading to better heat removal)

and higher doping concentrations an increase of the pump power density is feasible

which allows to scale the output power further. Further power scaling is also possible by

an increase of the diameter of the pump spot.

In order to demonstrate that Yb:Lu2O3 shows good performances at higher doping con-

centrations, further experiments with 5at.% doped Yb:Lu2O3 were carried out. Figure

6.17 shows the results obtained in cw multi-mode operation with two different transmis-

sions of the output coupler of 3 and 4.5%, respectively.
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Figure 6.17: Output power and optical efficiency of an Yb(5at.%):Lu2O3 thin-disk laser in a
V-shaped resonator configuration. The disk had a thickness of 250 μm and a dia-
meter of 7 mm. Comparison of the laser performance with output couplers of 3%
and 4.5%.

It is noticeable that at a certain point, the curves of the output power and the efficiency

obtained with the two output coupler transmissions are crossing each other. This might

be caused by a change of the sharpness of the pump spot image which was readjusted

during the experiments. However, with 4.5% of output coupling, up to 670 W of laser

output power was obtained with an optical efficiency of about 66% and a slope efficien-

cy of 80% using a 250 μm thin disk with a diameter of 7 mm. This is the highest optical

output power reached with the laser-active material Yb:Lu2O3 reported to date. Unfor-

tunately, a further increase of the pump power density to approximately 4.6 kW/cm2

caused a fracture of the Yb(5at.%):Lu2O3 disk so that the performance analysis of this

disk could not be continued. The damage of the disk at this comparatively [94] low pump

power density was most likely due to the unfavorable diameter ratio between pump spot

(5.6 mm) and disk (7 mm) so that effects in the edge region of the disk implemented

by the manufacturing and contacting process became critical. The lower efficiency in

comparison to what was reported in [94] can be explained by the non-optimized pump

spectrum due to the incomplete locking of the emitters of the diode laser stack (see sec-

tion 6.1.2). This was verified by measuring the spectrum of the residual pump light after

12 passes through the crystal. It could clearly be seen that the unlocked part of the pump

radiation was almost completely transmitted after the 12 passes.
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6.3.3 CW high-brightness performance of ZPL-pumped Yb:Lu2O3 thin-
disk lasers

Unlike the good performances of the Yb:Lu2O3 thin-disk lasers in multimode operation,

the realization of high output power in fundamental-mode operation was rather challen-

ging. A limiting factor thereby was the comparatively large diameter of the pump spot of

5.6 mm. This was already the minimum possible size that was defined by the brightness

of the used pump diode in combination with the optical specifications of the thin-disk

pump module. As a result of this large pump spot, the material quality, the polishing and

the contacting of the Yb:Lu2O3 thin-disk crystals had to be excellent at least up to this

diameter. Unfortunately this was not the case for the available thin-disk laser crystals.

Even though the laser resonator was designed to obtain fundamental-mode operation

and showed a near diffraction limited beam quality until approximately 120 W of output

power, a degradation of the laser mode together with an efficiency drop at a pump power

of about 580 W was observed, see figure 6.18 and 6.19. It is suspected that this effect

was caused by a high internal stress of the Yb:Lu2O3 disk. The mounting of the disks on

CVD diamond was not helpful in this context, but could not be changed anymore at this

stage since the risk to damage the disk was high.

Figure 6.18: CCD-camera picture
of the Yb:Lu2O3 disk showing the
pump spot and the degraded laser
mode at approximately 580 W of
pump power.

Figure 6.19: Laser output power and optical efficiency of
the Yb:Lu2O3 laser. A drop of the optical efficiency at an
incident pump power of ≈ 580 W can be observed.

However, the research to improve the crystal quality of Yb:Lu2O3 is still ongoing. Espe-

cially the reduction of stress implemented in the crystal during the growth is an important

issue, but demanding due to the high melting temperature of this material. Alternative
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methods to grow the crystals at lower temperatures are also existent but still at its be-

ginning. Therefore, other possibilities like the usage of a heat sink with lower stiffness

than CVD-diamond seems to currently be the best option to reduce the most likely stress-

induced non-spherical deformation of the thin-disk crystal in laser operation. This seems

to be the crucial factor for fundamental-mode operation. Finally, pump diodes that allow

to obtain smaller pump spot sizes would also lower the constraints on the desired crystal

quality and is suggested as investment in future work regarding this topic.

In conclusion, the power scaling capability of single-crystal Yb:Lu2O3 towards the kW

output power range by ZPL-pumping was demonstrated. The temperature measurement

of the crystal during laser operation allowed extrapolating the potential of this material

for the multi-kW regime in thin-disk configuration. If Yb:Lu2O3 with good quality was

available, the performance in multimode operation was only limited by the incomple-

te spectral narrowing of the pumping radiation and the unfavorable geometries of the

thin-disk samples. A further improvement of the laser performance is expected by using

thinner disks, but the polishing and contacting of Yb:Lu2O3 disks with thicknesses of

less than 200 μm seems to be challenging. Taking into account this room for obvious im-

provements, the experiments nevertheless showed the promising potential of Yb:Lu2O3

for further power scaling.



7 Correction of the aspherical optical phase
distortions in thin-disk lasers

Previous studies show that there is a limit in terms of beam quality of Yb:YAG and

Yb:LuAG disk lasers at the multi-kilowatt output power level due to the thermally in-

duced aspherical phase front distortion caused by the disk when using the conventional

pumping wavelength of about 940 nm. To be able to use conventional pump diodes

(spectral width about 3-6 nm) with a wavelength of 940 nm for technology and cost re-

asons and still reach good beam quality at this power level thus requires a compensating

element inside the laser cavity like for example a static, actively-controlled, or adaptive

aspherical mirror. In this context the rule of thumb applies that the higher the output

power of the laser, the more evident becomes a compensation of the aspherical deforma-

tion of the disk to obtain a high optical efficiency together with a high brightness of the

beam. This is particularly true for thin-disk lasers with beam parameter products of less

than approximately 3 mm·mrad.

Indeed, the compensation of the aspherical part of the thermally induced deformations

caused by the thin-disk crystal can be accomplished in different ways, but simplicity

is always beneficial especially with regard to high-power laser operation. Therefore, a

simple aspherical mirror concept was used as a starting point of the investigations. It

was easily applicable and allowed to determine possible challenges for further research.

The experimental results obtained with this promising mirror solution are presented in

this chapter.

7.1 Aspherical mirrors for the use in thin-disk lasers at
multi-kW output power level

In general, only fully dielectric mirrors on transparent dielectric substrates (e.g. fused

silica) have shown to be suitable to reach the required high reflectivities (> 99.98%)

and high surface quality for the implementation in high-power thin-disk laser cavities.

This, and the high power densities exceeding 200 kW/ cm2 inside the laser cavity restrict

the choice of suitable optical elements. For this reason, high-power laser mirrors were
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selected and geometrical and/or structural changes implemented to have a convenient

basis for the investigations.

A static compensating mirror was developed in the first step. By using this concept

complex control techniques are avoided. Furthermore, it is applicable to industrial thin-

disk laser systems working at a fixed output power or with external power modulations.

As previously explained in the sections 4.1 and 5.1.2, the required shape of the static

aspherical mirror can be derived from the profile of the pump intensity in the thin-disk

crystal and approximated by a Super-Gaussian function [16]. To obtain the appropriate

height of the aspherical profile, the optical path difference ΔLopt induced by an Yb:YAG

disk with a thickness of 120 μm was estimated by [16]

ΔLopt = Kth−opt · 2

3
ΔTmax ·dcrystal (7.1)

For a large ratio between pump beam diameter and crystal thickness (dcrystal), the effec-

tive temperature in the laser disk converges to the value of 2/3 ΔT max. This is a quite

accurate assumption for the temperature averaged over the pumped volume and can be

applied for disks with a thickness of up to a few hundreds of micrometers when the size

of the pump spot is in the order of millimeters [16]. The temperature difference ΔT max

considers the heat power density which is defined by the part of the absorbed pump

power which is transformed into heat. To correlate the change of the temperature with

the change of the refractive index and the thermal expansion of the Yb:YAG disk the

parameter Kth−opt (≈13.4 ·10−6) is used. An optical path difference of about 130 nm

was estimated when pumping the disk with a pump power of 7 kW on a spot diameter

of 9.4 mm at the wavelength of 940 nm.

The value of ≈130 nm is valid for a single pass through the thin-disk crystal. Howe-

ver, the compensating mirror and the disk can be used either as end or folding mirror,

whereby the step height can be the same, the double or the half of the calculated value.

Performing the compensation of the aspherical distortions in the image plane of the disk

avoids the appearance of any additional distortions, but a telescope has to be added in

the resonator configuration which increases the number of mirrors and the complexity

of the resonator. Another possibility is to use a sufficiently short distance between the

mirror and the thin-disk crystal so that additionally induced wavefront distortions are

negligible. This solution allows to use a simple resonator setup consisting of only two

mirrors (see figure 7.1) and was therefore chosen for the experiments presented in the

following.
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Figure 7.1: Drawing of the V-shaped resonator. A convex output coupler with a reflectivity of
97% and a radius of curvature of 2.3 m was placed in a distance L1 of 1.8 m to
the disk; a plane HR-mirror or aspherical HR-mirror was placed in a distance L2 of
0.5m to the disk.

The proof of principle was performed with a compensating mirror having an aspherical

step profile with a height of 100 nm and an edge contour with a 10th order Super-

Gaussian profile. The development of a compensation mirror suitable for high-power

laser operation appeared to be demanding since losses due to stray light and heating are

significant factors. Particular attention had to be given to the achievable surface rough-

ness and the substrate material itself. Furthermore, the achievable accuracy of the fa-

brication method in order to realize a step with a height of 100 nm. Several fabrication

methods like etching or fluid jet polishing have been taken into consideration but exhibi-

ted an achievable surface roughness which was not sufficient for a good coating adhesion

afterwards. Hence, an efficient operation of these mirrors in high-power thin-disk lasers

could not be guaranteed. However, a simple method was found to fulfill the demands.

It consisted of a coating of SiO2 which was applied through an aperture as shown in

figure 7.2. The aperture was positioned at a defined distance from a laser mirror substra-

te made of fused silica. Two samples, possessing the aforementioned aspherical profile

and a high reflection coating on top were fabricated in a deposition process by a coating

supplier. In the following section the characterization of these aspherical mirrors and the

experimental results obtained in a high-power thin-disk laser system are presented.
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Figure 7.2: Drawing of the fabrication process of the aspherical surface by deposition of par-
ticles on a mirror substrate through a pinhole shaped mask.

First of all, interferometric measurements of the profile of the aspherical mirrors were

conducted. The measured step heights of the two mirrors were approximately 85 nm and

90 nm, respectively. Both mirrors showed a good agreement of the edge profile to a 10th

order Super-Gaussian function. The sharp step-profile was already clearly visible in the

interferometric picture as shown in figure 7.3 and it was approved by the measured data

as can be seen in figure 7.4.

Figure 7.3: Interferometric picture (static fringe pattern) of an aspherical mirror after fabricati-
on. The measurement wavelength of the interferometer was 980 nm.



126 7 Correction of the aspherical optical phase distortions in thin-disk lasers

Figure 7.4: Measured step-profile of the aspherical mirrors. The solid lines indicate the equiva-
lent Super-Gaussian fit-function with an exponent g=10 and heights of about 85nm
and 90 nm, respectively.

The good quality of the aspheric profile realized with the coating method described

above makes this fabrication technique also suitable for the generation of other axially

symmetrical aspherical profiles. In total, it provides low surface roughness and high

accuracy together with simplicity in comparison to other manufacturing processes.

A 120 μm thick Yb:YAG disk with a doping concentration of 11% mounted on a CVD

diamond heat sink was used for the experimental investigations presented in the follo-

wing. The deformation of this thin-disk crystal was previously analyzed for different

pump power levels. The results of the conducted measurements (see figure 5.7) can be

found in chapter 5 of this thesis, since they were used to exemplify the performance of

the developed high-precision interferometer.

In this thin-disk laser setup, the pump radiation at a wavelength of 940 nm (configuration

of diode stack with homogenizer) passed 20 times through the thin-disk crystal and

was therefore efficiently absorbed. A pump cavity from TRUMPF Laser GmbH & Co

KG was used for this purpose. The system was adapted in order to allow the laser to

operate in helium atmosphere. To achieve a sufficient overlap of the emission spectrum

of the pump diodes to the absorption peak of Yb:YAG, the complete system had to be

operated at a cooling temperature of 30 °C. Thus, a further enhancement of the laser

performance would be achieved when using a separate cooling unit with lower cooling
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temperature for the disk. The resonator design was a simple V-shaped configuration (see

figure 7.1) in order to easily implement it later in an industrial laser system. It consisted

of the aspherical or plane rear mirror, the thin-disk crystal as folding mirror and a convex

output coupler (ROC = 2.3 m, T = 3 %). The arm lengths of the resonator between the

aspherical mirror and the disk was kept as short as possible to minimize distortions of

the phase front of the laser mode due to an non-ideal compensation. For this reason, the

adaption of the size of the resonator mode to the diameter of the pump spot was done

with the radius of curvature of the convex output coupler. To experimentally verify the

compensating effect of the aspherical mirror, a direct comparison to the results obtained

with a flat rear mirror was performed. The performance of the laser with both mirror

versions are given in figure 7.5 and figure 7.6. Without compensating aspherical mirror,

the laser operation became so unstable that the laser was switched off automatically by a

fluorescence light detection to avoid a damage of the thin-disk crystal. This safety shut-

down was undertaken in case the detected fluorescence level from the disk exceeds a

certain threshold.

Figure 7.5: Laser output power versus incident pump power for sharp and unsharp pump spot
images on the disk by using a plane or aspherical HR-mirror in the V-shaped reso-
nator. The laser operation became unstable at about 4 kW of incident pump power
when using the plane mirror so that the laser was switched off automatically by a
fluorescence light detection to avoid a damage of the thin-disk crystal.

To realize a perfect match between the pump power distribution and the surface profile

of the aspherical mirror, further experiments with a slight defocusing of the pump spot

on the disk have been carried out. The obtained laser performance are also depicted
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in figure 7.5 and figure 7.6. The defocusing of the pump image allowed an additional

increase of the output power of the laser system. This was due to a resulting lower

diffraction of the laser mode since the softer edges of the defocused pump spot are

smoothing the aperture of the gain as well. A detailed description of this behavior based

on interferometric measurements is given in section 5.2.2 of this thesis. As a result of

the defocusing, a laser output power of 3.4 kW with an optical efficiency of 49 % and

a beam parameter product of 2.4 mm ·mrad (M2 ≈ 8) was demonstrated by using the

same resonator configuration described above.

Figure 7.6: Optical efficiency versus incident pump power for sharp and unsharp pump spot
images onto the disk by using a plane or aspherical HR-mirror in the V-shaped
resonator.

By analyzing the two figures it can clearly be seen that the implementation of the asphe-

rical mirror makes it possible to achieve higher output powers due to the compensation

it provides for the thermally induced phase front distortions caused by the laser disk. It

can also be recognized that the aspherical profile creates more losses at lower incident

pump powers which is why the output power and the optical efficiency are smaller than

the ones obtained with the standard plane HR mirror. Despite this, the compensating

effect takes place above a certain pump power causing a stabilization of the laser modes

along with a rise of the efficiency.

A second method to produce a top-hat shaped profile in a fused silica substrate suitable to

be used in high-power thin-disk lasers was presented in [95] and is based on a modified
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laser lithography and ICP etching process. By using this method, the aspherical profile

was directly written into a substrate with convex surface (ROC = 1 m) which served as

the output coupling mirror of the resonator. These aspherical mirrors had a larger step

height of about 190 nm, again with an approximately 10th order Super-Gaussian edge

profile. The larger step height was a consequence of the consideration that the nominal

working point should be shifted to output powers around 5 kW and the observations that

the 1st generation of aspherical mirrors had their optimum working point at approxima-

tely 3 kW of output power. Using this kind of aspherical mirror a V-shaped resonator

with an overall length of only 1.84 m allowed to generate 4.78 kW of output power with

an optical efficiency of 48% featuring a beam quality factor M2 of 7.8. A more detailed

description of the setup and the conducted experiments can be found in [96].

The knowledge gained during the first successful demonstration and usage of an asphe-

rical mirror in a thin-disk laser with output powers at the kilowatt level supported the

further development of actively-controlled mirrors for the same purpose.

7.2 Actively-controlled mirrors for the use in thin-disk la-
sers at multi-kW output power level

As mentioned, the limitation of the static aspherical compensating mirrors is that they

work only perfectly for a pre-defined point of operation. This may be enough for some

industrial thin-disk laser systems but not sufficient for all. The next step of this research

subject was therefore to increase the flexibility of these mirrors and thus the development

of an actively-controlled aspherical mirror. The demands on the coating and substrates

are equivalent to those of the static aspherical mirrors reported on previously, but with

the additional requirement that the surface of the element has to be deformable up to a

few hundred nanometers using defined steps.

In the presented approach, a specific deformation of the upper side of a laser mirror was

produced by applying pneumatic pressure to the rear side of the thin or backside structu-

red mirror substrate, see figures 7.7 and 7.8. Based on this method, a simple pneumatic

mirror device was fabricated as follows. A circular recess was manufactured by ultraso-

nic drilling which was applied from the rear side of a conventional mirror. The ultrasonic

drilling of the defined ring-shaped area was performed until only a few hundred micro-

meter of substrate material remained. The layout and the principle of operation of this

mirror are shown schematically in figure 7.7. The diameter of the ring is directly rela-

ted to the pump spot diameter on the thin-disk crystal, whereas the remaining substrate
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thickness in combination with the applied air pressure defines the shape of the aspherical

deformation. After the ultrasonic-drilling, the mirror was glued with its outer area onto

a water-coolable mount by using a two-component, high-temperature epoxy. As a result,

the central area at the backside of the mirror can be sealed and thus be subjected to a

controllable air pressure. The diameter of this central area corresponds approximately to

the pump spot diameter on the disk. By changing the pressure (typically up to 6 bar) ap-

plied to the small air volume, different aspherical step-shaped deformations in the order

of one and up to a few hundred nanometers are obtained.

Figure 7.7: Principle of the actively-controlled mirror with structured mirror substrate which is
deformed by an backside applied air pressure p.

Figure 7.8: Picture of the 1st prototype of the actively-controlled mirror.

The proof of principle of this concept was demonstrated in the project ThermAO [97]

which was funded by the Baden-Württemberg Stiftung. However, the pressure-based

actively-controlled mirrors of these early developments were not suitable to operate at

high output-powers of the thin-disk laser. Limitations with regard to the quality of these

mirrors were due to the use of water in order to apply the backside pressure and a non-
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optimized gluing process. We overcame these limitations with the design of the actively-

controlled mirror prototype using compressed air as described above. By implementing

such a mirror in the resonator, an Yb doped thin-disk laser with up to 815 W of output

power and a beam quality factor M2 better than 1.4 was demonstrated [98]. This topic

was subject of further studies and afterwards addressed in the DFG-project “Methoden

zur Regelung von adaptiven optischen Systemen in Hochleistungslaserresonatoren”. A

comprehensive overview of the results obtained during this project can be found in the

thesis of Piehler [99].



8 Study of the novel laser-active material
Yb:YAB for the use in high-power thin-disk
lasers

Thin-disk lasers have a high potential to be used as laser source to generate femtosecond-

pulses with an average output power at the kilowatt-level. For this aim the combination

of a thin-disk laser crystal with a saturable absorber mirror (SAM) [100], [101], [102] is

a promising approach. In view of a laser operation at high output powers, a thin-disk cry-

stal and a SAM have one interesting feature in common. In theory and to a large extent

also in practice, they can easily be scaled in power by increasing the pump spot diame-

ter on the thin-disk crystal and likewise by increasing the mode size on the SAM. The

presupposition in both cases is that laser-active material and absorber material exhibit a

high optical quality with constant material parameters over large areas. Furthermore, the

material has to be contacted over this area without distortion of the shape. If these con-

ditions are fulfilled, a highly efficient heat extraction has additionally to be guaranteed

for both components (disk and SAM). For these reasons, the realization of laser disks or

SAMs, which are able to withstand power densities in the order of MW/cm2 is still not

state of the art technology.

Although the realization of a high-power laser oscillator generating femtosecond pulses

is the final goal, a laser with high average output power and near-diffraction limited beam

quality has to be demonstrated first. Of course, the choice of the laser-active material

to obtain the desired high output power has to be made among those materials which

facilitate the generation of ultrashort pulses. The list of laser-active materials discussed

in the following is by no means exhaustive but refers to a few promising candidates in

order to achieve the above mentioned goal.

As explained in chapter 3, laser-active materials have to fulfill certain requirements in

order to be suitable for thin-disk lasers. At present, one can divide the laser-active mate-

rials which are appropriate to be integrated in thin-disk lasers into materials suitable to

obtain output powers at the multi-kW level such as Yb:YAG and Yb:LuAG and into gain

media featuring large spectral emission bandwidths sufficient to generate ultra-short pul-

ses such as e.g. Yb:Lu2O3 [103], Yb:CALGO [104], Yb:SSO [105] or Yb:YAB [41]. To

be able to scale mode-locked thin-disk lasers to the kW-level by using one of the latter
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materials, a key technology has to be considered: the crystal growth process. Regarding

this aspect, Yb:CALGO, Yb:SSO and Yb:YAB offer the advantage of a growth process

at a comparatively low temperature which is close to or lower than the one of Yb:YAG

(around 1940 °C). Moreover, the crystal structure of Yb:CALGO and Yb:SSO allows the

growth by using the well-known Czochralski method. On the contrary, all sesquioxides

including Yb:Lu2O3 have a comparatively high melting temperature (around 2430 °C).

For this reason their growth process is quite demanding and still under intensive deve-

lopment until now. Nevertheless, not only Yb:Lu2O3, but also Yb:CALGO, Yb:SSO and

Yb:YAB show a remarkable variation of the crystal quality from boule to boule. Issues

are e.g. absorption and scattering defects and high internal stress inside the thin disks.

Some of these aspects are discussed in chapter 3.3 and 6.3. Undeniably, the decision to

use one of these material for an industrial thin-disk laser will depend to a large extent

on the availability of crystals with high optical quality and only partly on the theoretical

parameters the laser-active material is offering. In addition it should also be considered

that for numerous industrial applications a difference of a few hundred femtoseconds

of the pulse duration is only a minor aspect. Having said that, the laser-active material

Yb:YAB has the prospect to enter into the field of high-power mode-locked thin-disk os-

cillators and was analyzed for the first time in thin-disk configuration (see chapter 3.2.4

for the thermal and spectral properties) as presented in the following.

8.1 Characterization of Yb:YAB for the use in thin-disk
lasers

Yb:YAB-material was extensively studied for its use in microchip lasers. However, there

was no demonstration in any other laser configuration so far. This was most likely due

to the fact that by using other laser approaches than the microchip design certain requi-

rements regarding the crystal quality and size have to be fulfilled. For the growth of the

Yb:YAB material employed in the experiments presented here, the top seeded solution

growth (TSSG) [106] was applied. The TSSG-process offers the advantage of low cry-

stallization temperatures (of about 970 °C; solvent Li2WO4) which results in inherent-

ly small temperature gradients and therefore comparatively small dislocation densities

[107]. For this reason, the internal stress of the crystals is likely to be also small. A suffi-

cient crystal size was obtained by this growth method, allowing to manufacture thin-disk

crystals with a diameter of 6.3 mm. The Yb-ion concentration of the grown crystal was

12 at.%, corresponding to an Yb3+ volume concentration of 6.6 · 10−20 cm3. To be able

to analyse both, IR and self-frequency-doubled laser operation, the crystals were cut for
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type I phase matching of 1030 nm under normal incidence with an angle of 31.3◦ to the

c-axis. The growth and polishing of all Yb:YAB thin-disk crystals was carried out by the

company FEE The polishing quality of the Yb:YAB thin-disk surfaces were similar to

the one commonly obtained for Yb:YAG thin-disk crystals as can be seen in figure 8.1.

Figure 8.1: Interferogram of an Yb:(12at.%)YAB disk with a diameter of 6.3 mm and a thick-
ness of 250 μm after polishing. The planarity of the disk is similar to the one
commonly obtained for Yb:YAG thin-disk crystals.

Furthermore, no scattering defects or crack formation inside the thin disk could be ob-

served by microscopic examination. However, using a Nomarski interference contrast

microscope revealed changes of the optical path length in the disk as shown in figure

8.2. These areas can be recognized as the previously reported stacking faults from Dek-

ker and Dawes [108] inside the Yb:YAB crystal structure. These defects are supposed

to mainly influence the efficiency of the frequency conversion but not the achievable

infrared output power. Nonetheless, a detailed analysis of these stacking faults, espe-

cially with regard to the influence on the polarization state of the laser emission has

to be subject of future work. Despite this, an investigation of depolarization losses in

the resonator, especially in the (polarized) fundamental-mode and mode-locked opera-

tion should be carried out as well. In addition, there is an on-going development in the

crystal growth process at FEE with the aim to impede these defects.
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Figure 8.2: Microscope image of stacking defaults in an Yb:(12at.%)YAB disk.

Figure 8.3: Interferogram of an Yb:(12at.%)YAB disk with a dimeter of 6.3 mm and a thickness
of 250 μm after coating. As can be seen, the curvature of the disk was strongly
asymmetric.
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After the coating process, an asymmetric deformation of the Yb:YAB disk was obser-

ved, see figure 8.3, which was most probably due to the different heat expansion values

along the a- and c-axis of Yb:YAB. During the bonding process the thin-disk crystal was

damaged which reduced the usable optical aperture of the disk to less than 3 mm. The

fracture might have been a result of the high internal stress inside the disk which was

introduced by the coating process and can be seen in figure 8.3 by the strong difference

of the radius of curvatures (ROCs) in vertical and horizontal axis of the disk.

8.2 Yb:YAB thin-disk lasers in high power CW-operation

The experimental investigations have been conducted by using a thin-disk laser pump

cavity that allowed 24 passes of the pump radiation through the disk. To determine the

suitable operation parameters for the Yb:YAB thin-disk laser, a thermal characterization

as well as measurements providing the optimum output coupling were performed. It has

to be mentioned in this context that the reflectivity of the AR-coating of the Yb:YAB

disks was slightly higher than in the desired specifications given in section 3.3.3. This

was due to the difference in the refractive index between Yb:YAG (n= 1.82) and Yb:YAB

(n= 1.76) since the Yb:YAB disks were added to a coating batch optimized for Yb:YAG.

Our aim was to investigate the output performance of both, IR and self-frequency-

doubled emission. Therefore, a trade-off with regard to the crystal thickness was made

and a thickness of 250 μm was chosen. This is approximately 100 μm thicker than nee-

ded for efficient pump light absorption at this doping level when using 24 pump beam

passes, but offers a longer conversion length for the frequency doubling with still reaso-

nable heat removal. However, the results obtained in frequency-doubled operation shall

not be presented here. The Yb:YAB thin-disk crystal was glued onto a copper heat sink

and efficiently cooled by the typical impingement cooling.

To evaluate the power handling capability of the Yb:YAB laser disk, the temperature of

the surface of the disk was measured as a function of the incident pump power density

during fluorescence and laser operation. The temperature was recorded using a ther-

mal imaging camera (InfraTec VarioCam). For a pump power density of 2.7 kW/cm2,

a maximum temperature of 71 °C without resonator feedback (fluorescence) and 56 °C

during laser operation was measured. These values could be reduced even further by

a lower thickness of the disk or by improving the heat extraction out of it e.g. with

CVD-diamond heat sinks. Numerical calculations show (see section 4.1.3) that by using

CVD-diamond a reduction of the temperature difference in the disk of ≈ 20 % can be

achieved. Consequently, Yb:YAB has the potential to be scaled to the high-power level.
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A performance analysis (by using a unpolarized, fiber coupled pump diode: Pmax=

60 W, λp≈ 974 nm) allowed to determine the optimum operation point of the Yb:YAB

thin-disk lasers with I-shaped and V-shaped resonators. Thereto, different output couplers

having transmissions between 0.5% and 3% were tested. For the I-shaped resonator the

optimum output coupling was 1.5% and for the V-shape resonator 2%, respectively. Fi-

gure 8.4 and figure 8.5 show the experimental results. The slightly better performances

with the V-shaped resonator were most likely due to the higher optical quality of the

available output couplers. To give an example regarding the impact of the mirror quality

on the output performance, the obtained results for two output couplers with nominally

the same reflectivity of 97 % are depicted in figure 8.5 (squared- and sphere-symbols). A

pump spot diameter of 1 mm was used for all experiments. The ROCdisk of the thin-disk

crystal was about 4 m (concave, without incident pump radiation). For the sake of clarity,

the resonator parameters of all configurations reported in this chapter are summarized in

table 8.1.

Table 8.1: Resonator parameters

Fig. dp[mm] ROC1[mm] ROC2[mm] L1[m] L2[m] M2

8.4 1.0 0.5 cav - 0.15 - ≈ 4

8.5 1.0 0.5 cav 0.5 cav 0.35 0.35 ≈ 4

8.6 1.0 0.5 cav 0.5 cav 0.35 0.33 ≈ 3

8.6 1.0 0.35 cav 0.5 cav 0.35 0.425 ≈ 6

8.6 1.0 0.35 cav 0.5 cav 0.35 0.475 ≈ 10

8.7 2.3 0.35 cav 0.5 cav 0.355 0.47 ≈ 51

8.7 2.6 0.35 cav 0.5 cav 0.355 0.47 ≈ 60

8.8 0.87 0.35 cav 0.5 cav 0.355 0.23 ≈ 1
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Figure 8.4: Output performance of the Yb:YAB thin-disk laser with I-shaped resonator confi-
guration for different output coupling (OC).

Figure 8.5: Output performance of the Yb:YAB thin-disk laser with V-shaped resonator confi-
guration for different output coupling (OC).
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By varying the ROC of the end mirror between 0.35 m and 0.5 m and adapting the reso-

nator length from 0.33 up to 0.475 m, multimode operation with different beam quality

factors was obtained. The best efficiency performance, with a maximum optical efficien-

cy of 60.4% corresponding to a slope efficiency of 76.4%, was achieved for a M2 of 10

as shown in figure 8.6. The maximum output power was 19.3 W in this configuration.

Figure 8.6: Output power and optical efficiency of Yb:YAB thin-disk lasers with different beam
quality factors. The highest optical efficiency was 60.4%.

To continue the analysis of the power handling capability, high-power tests (with an

unpolarized, fiber coupled pump diode: Pmax= 1 kW, λp≈ 975 nm) of the Yb:YAB

thin-disk crystal with larger pump spot diameters of 2.3 and 2.6 mm were performed.

For these experiments an HR end-mirror with a ROC of 0.35 m was used in the V-

shaped resonator described previously. The length of the arm with the output coupler was

0.47 m. With this resonator, a maximum output power of 93.1 W and an optical efficien-

cy of 50.7% was reached with a pump spot diameter of 2.3 mm. By increasing the pump

spot size to 2.6 mm, the output power was scaled further to 109 W with an optical effi-

ciency of 50.2%, see figure 8.7. The beam quality factor M2 was ≈ 50...60.
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Figure 8.7: Output power and optical efficiency of the Yb:YAB thin-disk laser in high-power
multimode operation for pump spot diameters of 2.3 and 2.6 mm.

As already mentioned, the Yb:YAB crystal was damaged during the mounting process

so that the usable optical aperture of the disk was strongly reduced. The decrease of the

optical efficiencies in these experiments can therefore be mainly attributed to the fact

that the damage already interacted with the pump spot.

8.3 Fundamental-mode Yb:YAB thin-disk lasers and wa-
velength tuning capability

In order to continue the experimental investigations of Yb:YAB with regard to mode-

locked operation, an analysis on the fundamental-mode operation was performed. For

this purpose the pump spot diameter was reduced to 0.87 mm (pump diode: Pmax =

60 W, λp≈ 974 nm). To efficiently suppress the oscillation of higher-order transverse

modes, the diameter of the fundamental mode on the thin-disk was chosen to be 77% of

the pump spot size. The V-shaped resonator with an overall length of 0.59 m (see table

8.1) consisted of a concave end mirror (ROC= 0.35 m) and a concave output coupler

(ROC= 0.5 m) with a transmission of 2%. The beam quality was determined by a dual-

knife-edge beam measurement using a Coherent ModeMaster. The output performance

of the Yb:YAB laser together with the beam quality factor is shown in figure 8.8. At the
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maximum output power of 10.4 W and an optical efficiency of 44.5%, the laser oscillated

with a beam quality factor M2
R = 1.39.

Figure 8.8: Left: Output performance of the Yb:YAB laser with near-diffraction limited beam
quality. Right: Corresponding beam quality factors.

By demonstrating the fundamental-mode operation of the Yb:YAB thin-disk laser, the

prerequisite for ultra-short pulse operation was fulfilled. Based on the broad fluorescence

bandwidth one can expect that Yb:YAB should provide pulse durations down to about

200 fs or less in a passively mode-locked thin-disk oscillator. Thereby, the suppression

of the self-frequency doubling of the laser crystal plays an important role for an efficient

operation in mode-locked configuration since the radiation generated at the frequency-

doubled wavelength acts as loss mechanism in the resonator. However, the frequency-

conversion might be sufficiently suppressed by a proper selection of the cut-angle of

future Yb:YAB laser disks.

To experimentally analyze the predicted large bandwidth of the laser emission of Yb:YAB,

a wavelength tuning of the emission was performed. The tuning range of the IR laser

emission was measured by inserting a mirror based on a grating waveguide structure

(GWS) under Littrow configuration (for the principle see [109]) in a multimode (M2≈5)

V-shaped resonator. A GWS-mirror with a diffraction efficiency of about 99.8% in the

-1st order served as the output coupler (0.2% of output coupling). The 0.6 m long reso-
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nator was completed with a concave HR mirror with a ROC of 1.5 m, see figure 8.9. A

HR4000 spectrometer from Ocean Optics was used to record the emission spectra. The

incident pump power during this experiment was 98 W.

Figure 8.9: Yb:YAB thin-disk resonator setup with GWS-mirror as output coupler.

As can be seen in figure 8.10, a wavelength tuning range of 52 nm from 1001 nm to

1053 nm was obtained. For wavelengths above 1053 nm, the gain of Yb:YAB decreases

strongly so that the resonator round-trip losses were too high to maintain laser operation

at longer wavelengths. In a free-running Yb:YAB thin-disk laser resonator, the emitted

laser wavelength is centered at a wavelength of ≈ 1040 nm with a FWHM spectral

bandwidth of 4 nm (see dashed line in figure 8.10). This spectral bandwidth is reduced

to a FWHM of ≈ 1 nm when a GWS-mirror in the resonator is used. Nevertheless,

output powers higher than 10 W were achieved for the spectral range between 1009 nm

and 1048 nm with a maximum of 36 W at a wavelength of 1040 nm.
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Figure 8.10: Top: Spectral tuning range of the Yb:YAB thin-disk crystal. Bottom: Correspon-
ding output power for the wavelength range between 1001 and 1053 nm. To com-
pare the spectral emission with and without GWS-mirror the spectrum of a free
running Yb:YAB thin-disk resonator is shown by the dashed curve.

In conclusion, the good suitability of the laser-active material Yb:YAB for the thin-disk

configuration was proven. Future work will push the laser performance further by taking

into account the obvious room for improvements e.g. by applying an optimized AR-

coating or using CVD-diamond heat sinks. Further investigations will concentrate in

addition on the test of Yb:YAB thin-disk crystals configured (with regard to the cutting

angle) for their use in mode-locked operation. Key point of this analysis will thereby be

the successful suppression of unwanted frequency-conversion which is a source of loss

of output power for this type of operation.
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In the present thesis different methods to scale the output power of thin-disk lasers con-

taining only one disk to the kilowatt level and beyond, whilst keeping the beam quality

as close as possible to the diffraction limit, were presented and discussed. Two main

approaches have been used to obtain this goal: 1st a reduction of the thermal load of

the disk and 2nd a compensation of the thermally induced phasefront distortion cau-

sed by the thin-disk crystal. Part of this work provides the basis for the development

of high-power mode-locked thin-disk oscillators. Therefore, the laser-active materials

Yb:LuAG,Yb:Lu2O3 and Yb:YAB have been theoretically and experimentally analyzed

in addition to the well known laser-active material Yb:YAG since they have favorable

properties with regard to the generation of ultrashort pulses.

The innovative concept of Zero-Phonon-Line (ZPL) pumping was experimentally im-

plemented to allow for pump powers of up to ≈ 2 kW at a narrow wavelength peak with

a width of less than one Nanometer. The pumping of the laser-active materials Yb:YAG,

Yb:LuAG and Yb:Lu2O3 at the ZPL-line allows to reduce the heat generation in the disk

by approximately 30% which is due to the longer pump wavelength of 969 nm (Yb:YAG,

Yb:LuAG) and 976 nm (Yb:Lu2O3) compared to the conventional pumping in the wa-

velength range of 940-950 nm. For this reason, the thermally induced deformations of

the thin-disk crystal are strongly reduced and the Stokes efficiency is increased. Especi-

ally the reduction of the aspherical phase distortions which result in significantly lower

diffraction losses of the fundamental mode is essential for the scaling of fundamental-

mode thin-disk lasers to the kilowatt output power level. Using the ZPL-pump concept,

an Yb:LuAG thin-disk laser with an optical output power of 742 W and nearly diffraction

limited beam quality (M2 ≈ 1.5) together with an unprecedented high optical efficiency

of 58.5% was demonstrated. For an Yb:YAG laser in multimode operation (M2 ≈ 15),

this pumping principle allowed to achieve a maximum optical efficiency of 72%. Ki-

lowatt level ZPL-pumping of an Yb:Lu2O3 thin-disk laser resulted in 670 W of output

power which is the highest optical output power reported to date for this laser-active ma-

terial. Despite the discussion of the high potential of the implementation of Yb:Lu2O3

for the use in thin-disk lasers, also (current) limitations especially regarding the crystal

quality are addressed. It was determined that localized defects and high internal stress

of the Yb:Lu2O3 thin-disk crystals limit currently the generation of fundamental-mode
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radiation at high output powers. The method of ZPL-pumping reported in this thesis was

used by the company TRUMPF later on to scale the output power of thin-disk lasers

with high-brightness beams to output powers of several kilowatts. Gottwald et al. [110]

used a ZPL pumping configuration with 44 passes of the pump beam through the thin-

disk crystal and supposingly a quite thin Yb:YAG or Yb:LuAG disk of about 80 μm to

demonstrate 4 kW of fundamental-mode output power. The optical efficiency of this la-

ser was about 56%. This shows the high potential of ZPL-pumping and the applicability

of this pump method to industrial systems. The combination of ZPL-pumping with as-

pherical mirror concepts will allow obtaining thin-disk oscillators with high brightness

and output powers of 10 kW and beyond. A successful implementation of an aspherical

mirror to compensate the aspherical contribution of the thermally induced deformations

of the disk was described in chapter 7. This allowed demonstrating a thin-disk laser with

an output power of about 4 kW with beam quality factors in the range of 8. Based on the

knowledge gained during the first successful demonstration and usage of an aspherical

mirror in a thin-disk laser with output powers at the kilowatt level an actively-controlled

mirror for the same purpose was developed. As a result, an Yb:YAG thin-disk laser with

an actively-controlled mirror at an output power close to the kilowatt level was realized

later on by Piehler et al [98]. The described benefit of a vacuum environment for funda-

mental mode lasers was proven in [111], where 1.1 kW of output power was realized by

using a simple I-resonator together with a comparatively long resonator length of several

meters.

Aiming at a future use of this laser-active material to generate ultrashort pulses, the sui-

tability of Yb:YAB in the thin-disk laser configuration was demonstrated for the first

time. At an emission wavelength of 1040.7 nm, a maximum optical efficiency of 60.3%

at an output power of 19.3 W was obtained by using a pump spot diameter of 1 mm.

In high-power experiments, output powers exceeding 100 W together with 50.2% of

optical efficiency were shown. To the best of our knowledge, this is the highest output

power reported to date for a cw Yb:YAB laser. In a near-diffraction-limited operation

the output power was 10.4 W with an optical efficiency of 44.5%. Moreover, the lar-

ge emission bandwidth of Yb:YAB was verified by continuously tuning the emission

wavelength from 1001 to 1053 nm using a GWS-mirror. Taking into account the ob-

vious room for further improvements e.g. by applying an optimum AR-coating or using

a CVD-diamond heat sink, power scaling of the Yb:YAB thin-disk laser to the multi-

hundred watt level with high optical efficiencies seems to be within reach in the very

near future. As FEM-simulations show, the temperature difference of the Yb:YAB disk

can be reduced by≈ 23% when using a CVD-diamond heat sink instead of a copper one.

Further investigations at the IFSW will also concentrate on the test of Yb:YAB thin-disk
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crystals for their use in mode-locked resonators.

In order to realize a mode-locked thin-disk laser oscillator with an output power level

of about 1 kW, the limiting factor is not only the aspherical optical phase distortion

induced by the disk itself. Additional limits exist due to the high-energy densities in the

cavity. Hence, future investigation should address the high-power/energy-suitability of

the SESAM and the arising nonlinearities in the optical components, the air etcetera.

The simplest approach to avoid nonlinearities in air is a set-up inside a vacuum chamber

or at least in helium atmosphere. Both possibilities have already been demonstrated in

scientific systems but are quite complex for industrial ones so that other solutions should

be investigated for this purpose.
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