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Abstract
Ultrafast lasers sources are one of the main scientific achievements of the
past decades. Finding new avenues to obtain higher average powers from
these sources is currently a topic of important research efforts. Such high
peak power and high repetition rate sources have a strong impact on a wide
range of applications both in industry - for high-speed and high-precision
micromachining - and in scientific research - for example for experiments
in strong-field physics. One prominent application field in this area is the
generation of high-harmonic radiation at increased photon flux, which is an
elegant way of extending current coherent sources to the vacuum
ultraviolet and extreme ultraviolet wavelength regions. This very rich
application field is one of many strong motivations to push the limits of
existing and emerging ultrafast laser technologies.
The main technological challenges that arise from the combination of
high average and peak powers are mainly an excessive heat deposition in
the gain medium and a too large nonlinearity accumulated by the pulses
during propagation. In the past few years, several clever geometries have
been suggested to overcome these limitations. Most of them are based on
amplification schemes that require a low-power seed oscillator and several
amplifying stages to reach the targeted high average power. In this thesis,
we focus on pushing the performance of semiconductor saturable absorber
mirror (SESAM) modelocked thin-disk lasers (TDLs). These powerscalable ultrafast lasers enable high average powers and femtosecond
operation directly from a single oscillator, without the need for additional
amplification stages. Several important steps were performed during this
thesis to push this technology to new limits.
Up-to-date, the limitations of SESAM technology in terms of damage
and lifetime were not thoroughly investigated and contradictory
information on damage thresholds was reported. During this thesis, we
carried out a detailed study of damage and lifetime of SESAMs designed for
high-power femtosecond oscillators. We established simple guidelines to
design robust SESAMs with high-damage thresholds and optimized
XXI

Abstract
parameters for operation at extreme intracavity conditions. The SESAMs
developed following these guidelines were key to the demonstration of all
the cutting-edge lasers presented in this work.
The scientific applications targeted by the sources developed during
this thesis require short pulse durations (sub-100 fs). Current state-of-theart TDLs are restricted in this aspect to > 500 fs. Extending the highpower capabilities of TDLs to the sub-100 fs regime is, therefore, a major
milestone, which is intimately linked to the development of novel
broadband materials suitable for this geometry. During this thesis, we
explored the limits in terms of pulse duration of modelocked TDLs based
on different gain materials and achieved a first important step in this
direction, with the demonstration of sub-100 fs pulses from a TDL based
on the sesquioxide gain material Yb:LuScO3 (LuScO). In these first
experiments, sub-100 fs operation was achieved at moderate average
output powers (5 W). However, preliminary power scaling experiments
indicate that much higher output powers are within reach. Furthermore,
the intracavity peak power levels achieved are already high enough for
preliminary intralaser nonlinear optics experiments.
The progress achieved in terms of pulse duration enabled us to
explore for the first time the carrier-envelope phase properties of these
sources. We measured the carrier-envelope offset (CEO) frequency of a
TDL, which will allow us to fully stabilize such a source. This experiment
shows that TDLs are excellent candidates for applications in spectroscopy
and metrology, where high-power frequency combs are of interest.
In addition to exploring the pulse duration limits of TDLs, we pushed
the average power of modelocked oscillators to a new limit with the
demonstration of a femtosecond oscillator with 275 W – the highest
average power reported from an ultrafast oscillator to date. The laser was
based on the gain material Yb:YAG, operated with a pulse duration of
583 fs and had a pulse energy of 16.9 µJ. This performance was obtained
by operating the laser oscillator in a vacuum environment to eliminate the
parasitic nonlinearity of the air inside the oscillator. This new approach is
an important step forward to reaching the kilowatt average power level
milestone.
The results presented in this thesis indicate that short enough pulses
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Abstract
and sufficient peak power to drive strong-field physics experiments directly
from a single high-power TDL should be within reach. In the meantime,
temporal pulse compression of state-of-the-art TDLs is essential. Two
promising pulse compression techniques – using rod-type fiber amplifiers
and gas-filled hollow-core Kagome-type photonic crystal fibers (PCF) –
were explored during this thesis.
The cutting-edge lasers developed during this thesis enable exciting
new applications, and open the door to further extending the current
performance milestones.
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Résumé

Résumé
Les sources lasers à impulsions ultra-courtes représentent l’une des
inventions les plus importantes de ces dernières décennies. De nombreux
efforts de recherche visent actuellement à augmenter la puissance moyenne
de ces sources. Cette thématique est portée par le grand nombre
d’applications nécessitant des sources laser de puissance crête élevée et à
haute cadence. Le secteur industriel montre, en effet, un intérêt croissant
pour ces sources dans le domaine du micro-usinage rapide et de haute
précision. Pour des applications de physique fondamentale, ce type de
source se révèle également la clé de nouvelles avancées, comme par
exemple dans le domaine de l’interaction laser-matière. Un exemple
majeur concerne la génération d’harmoniques d’ordre élevé à haut flux de
photons, représentant une alternative élégante pour étendre les sources
cohérentes actuelles dans le domaine de longueur d’onde de l’ultraviolet
extrême. La richesse des champs d’application ouverts par de telles sources
est l’une des motivations essentielles qui ont conduit à développer les
technologies existantes.
Les principaux défis technologiques pour combiner une puissance
moyenne élevée et une puissance crête importante résident dans une
extraction efficace de la chaleur générée dans le milieu à gain, et dans la
réduction des nonlinéarités engendrées lors de la propagation des
impulsions. Au cours des décénnies passées, plusieurs géométries ont été
suggérées afin de réduire au mieux ces limitations. Dans cette thèse, nous
nous intéressons à la technologie des lasers à disque mince, pour lesquels le
verrouillage des modes en phase est effectué passivement à l’aide
d’absorbants saturables à semiconducteur (SESAM). Cette technologie
permet de combiner des puissances moyennes élevées avec des impulsions
ultra-courtes directement en sortie d’oscillateur. Plusieurs avancées
cruciales ont été réalisées dans le cadre de cette thèse, repoussant une fois
de plus les limites de ce type de sources.
L’obtention de puissances moyennes plus élevées et de durées
d’impulsion plus courtes avec cette technologie repose sur les capacités des
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Résumé
SESAMs à opérer à des niveaux de puissance crête élevés. De nombreuses
informations contradictoires ont été reportées dans la littérature à ce sujet.
Cette thèse a permis une étude détaillée de la durée de vie et des seuils de
dommage de SESAMs conçus spécialement pour des oscillateurs à haute
puissance. Nous en avons déduit des règles simples pour la fabrication de
SESAMs optimisés pour opérer dans des conditions intra-cavité extrêmes.
Les SESAMs ainsi développés ont été l’un des facteurs clés dans la
démonstration des résultats obtenus dans le cadre de cette thèse.
Les sources développées pendant cette thèse visaient principalement à
des applications scientifiques où l’obtention d’impulsions courtes
(< 100 fs) est un point essentiel. Les lasers ultra-rapides à disque mince
atteignent de nos jours des puissances crête de l'ordre de plusieurs dizaines
de MW mais restent typiquement limités à des durées d’impulsion
supérieures à 500 fs. D’importants efforts de recherche visent à reduire la
durée d’impulsion de ces sources. Cet objectif est étroitement lié au
développement de nouveaux matériaux laser à large bande spectrale de
gain, appropriés pour cette géométrie laser. Au cours de cette thèse, nous
avons exploré les limites de ces sources en terme de durée d’impulsion, et
nous avons démontré que cette technologie peut atteindre des durées
d’impulsion inférieures à 100 fs, grâce à un laser à disque mince basé sur le
milieu à gain Yb:LuScO3. Bien que cette première réalisation atteigne des
puissances moyennes de sortie modérées (5 W), les premières expériences
visant à augmenter la puissance moyenne sont prometteuses. De plus, les
performances intracavité obtenues consitituent déjà une alternative
intéressante à exploiter dans le cadre d'expériences non-linéaires.
Le progrès ainsi réalisé en terme de durée d’impulsion nous a permis
d’explorer pour la première fois les propriétés du décalage enveloppeporteuse de ce type de source. Par cette première mesure de la fréquence
de décalage enveloppe-porteuse d’un laser à disque mince, nous
démontrons l’un des points essentiels à la stabilisation de ce type de source
et à son utilisation en tant que peigne de fréquence. Ceci prouve que cette
technologie représente un excellent candidat pour des applications de
spectroscopie et de métrologie optique.
Nous avons également réalisé un laser femtoseconde à disque mince
atteignant une puissance moyenne de 275 W. Ce laser correspond à
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Résumé
l’oscillateur femtoseconde délivrant la plus haute puissance moyenne jamais
démontrée à ce jour. Ce laser, basé sur le milieu classique à gain Yb:YAG,
permet d’atteindre une durée d’impulsion de 583 fs et une énergie de
16.9 µJ. Une telle performance a été rendue possible grâce à la mise sous
vide de l’oscillateur, permettant de réduire les effets non-linéaires parasites
dans l’air au sein de la cavité laser. Cette approche représente une étape
importante dans le développement d'oscillateurs femtoseconde d'une
puissance moyenne de l'ordre du kilowatt.
La compression temporelle des impulsions en sortie du laser est
essentielle pour atteindre les durées d’impulsion visées. Deux approches
seront presentées dans cette thèse, basées sur differentes géométries
fibrées.
Les systèmes laser développés pendant cette thèse ouvrent la voie vers
de nouvelles applications et de nouveaux développements permettant
d’améliorer les performances actuelles.
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Introduction

Chapter 1 - Introduction
“If you were offered $1000 to go an entire day without interacting with
lasers, do you think you could do it? What if you also couldn't use anything
that had been built with the help of lasers?” [1]. This question was posed
recently in an article on the Internet entitled Life without lasers in a special
issue celebrating the recent 50-year anniversary of the laser invention [2].
As a laser physicist, one would most likely not take this bet, knowing in
advance that this “day without lasers” would certainly be a very
uncomfortable day, without cell-phones, internet, computers,
smartphones, flatscreens and DVDs. Furthermore, these example do not
include a massive number of laser-fabricated devices that surrounds us, for
example parts used in cars, trains, airplanes.
In addition to an important number of industrial applications, lasers
have tremendous impact on many disciplines of scientific research (for
example in biology, chemistry, physics, materials science and medicine)
where they have become essential tools for better understanding some of
nature’s secrets, and will most likely keep unveiling mysteries and solving
technological challenges. This makes laser physics an exciting research
topic, where pushing the limits of existing laser sources opens up new
applications that were previously impossible or restricted to very complex
driving systems.
A striking example is the fast development of ultrafast lasers, which
have progressed in the past years from complex and specialized systems to
widely used scientific and industrial instruments [3-5]. These sources
generate intense and very short laser light bursts (with durations of
femtoseconds = 10-15 s to picoseconds = 10-12 s) and can be tightly focused
in space, reaching electric field strengths comparable to those binding
electrons to atoms and molecules. This enables the study of the interaction
of matter with these strong fields and allows us to temporally resolve
complex dynamic processes that occur on this timescale. This research
topic is most widely referred to as strong-field physics.
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In the work presented in this thesis, we focus on the development of
state-of-the-art ultrafast oscillators for such strong-field applications.
Ideally, sources for these applications would combine
• short pulse durations τp < 100 fs
•

•

sufficiently high pulse energy Ep to achieve the required electric
field peak intensity (a reference value corresponding to typical
values of the atomic binding force is Ipk > 1014 W/cm2 )

and high repetition rates frep > 1 MHz (therefore high average
power since Pav = Ep·frep).
Nowadays, most laboratory-based ultrafast laser systems for such
applications rely on complex amplifier systems based on Ti:sapphire
technology that can deliver few-cycle pulses with GWs of peak power,
sufficient to reach the necessary electric field strength to carry out the
targeted experiments. However, in addition to being complex and
expensive, these sources are limited to repetition rates in the kilohertz
range, corresponding to only a few watts of average power.
Therefore, the development of novel ultrafast sources that operate at
higher average power is currently a topic of active investigation. The
combination of high peak power and high average power is very attractive
for the targeted strong-field applications. Photoionization studies in noble
gases show that driving high-field science experiments at multimegahertz
repetition rate, results in a reduced measurement time, a higher signal-tonoise ratio, and partial elimination of space charge issues [6]. An important
example where such sources would have major impact is high harmonic
generation (HHG) [7, 8] where driving the experiments with high-average
power sources opens new avenues for increasing the vacuum ultraviolet
and extreme ultraviolet (VUV/XUV) photon flux [9], possibly in
combination with enhanced phase-matching techniques (such as hollowcore photonic crystal fibers (HC-PCF) [10], or resonant field enhancement
in nanostructured targets [11]). Such compact megahertz sources of
coherent radiation in the VUV/XUV spectral region would enable
coherent sources to be available at a wavelength range where laser
transitions are not known to date.
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Several groundbreaking technologies are currently pushing the limits in
terms of average power of ultrafast sources: slab amplifiers [12], fiber based
chirped pulse amplifiers (CPA) [13], and thin-disk laser (TDLs)
oscillators [14] and amplifiers [15]. The common key points of these
technologies are:
• a geometry that enables outstanding heat removal capabilities
•

a clever layout to avoid excessive nonlinearities during
propagation.
During this thesis, we focused on modelocked thin-disk laser oscillators,
which have the potential to reach the targeted performance directly from a
table-top high-power oscillator with a similar footprint to a low-power
oscillator.
In contrast to bulk oscillators, where thermal aberrations that occur in
the gain medium limit the achievable output power, the TDL concept [16,
17] is based on a very thin disk-shaped gain medium that can be efficiently
cooled through the backside. The resulting outstanding heat removal
capabilities allows for high average powers and excellent beam quality. In
addition, the very thin gain medium is ideally suited for small amounts of
accumulated nonlinearity even at very high peak powers.
Furthermore, modelocking using semiconductor saturable absorber
mirrors (SESAMs) is currently the best-suited approach for high-power
ultrafast laser oscillators. The invention of the SESAM nearly 20 years ago
[4, 18, 19] represented an important breakthrough in the development of
more convenient and robust ultrafast laser sources. It enabled the first
stable and self-starting passive modelocking of diode-pumped solid-state
lasers (DPSSLs), resolving the long-standing Q-switching problem [6].
Today, SESAMs have become key devices for modelocking numerous laser
types, including DPSSLs, fiber lasers, and semiconductor lasers.
Semiconductors are ideally suited for saturable absorbers because they can
cover a broad wavelength range and yield short recovery times, supporting
the generation of ultrashort pulse durations. The macroscopic nonlinear
optical parameters for modelocking can be optimized over a wide range by
the design of the mirror structure and the choice of the semiconductor
absorber.
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The combination of these two concepts results in a power scalable
ultrafast technology. The output power of TDLs can be increased simply by
increasing the pump power with both an increased pump spot size on the
disk and laser spot size on the SESAM by the same factor. This resulted in a
steady increase of the average power and pulse energy available from such
sources since their first demonstration in the year 2000 [20] (Figure 1).
Currently, SESAM modelocked TDLs achieve higher average powers
(> 275 W [14]) and pulse energies (> 40 µJ [21]) than any other oscillator
technology.

Figure 1.1: Evolution of average power (left) and pulse energy (right) of ultrafast
modelocked TDLs. Most power and energy scaling was achieved using the wellestablished gain material Yb:YAG, but promising new materials for this application are
currently the topic of important research efforts.

This thesis is organized as follows. In Chapter 1, we will present general
aspects of SESAM modelocked TDLs, with a particular focus on the specific
challenges of modelocking at high power levels.
In Chapter 2, we present a detailed study of damage threshold and
lifetime of SESAMs designed for high-power femtosecond oscillators. We
present guidelines to design and fabricate SESAMs with specific parameters
and high-damage threshold, a crucial point towards kW-level TDLs.
In Chapter 3, we investigate the pulse duration limits of modelocked
TDLs based on promising sesquioxide gain materials. Prior to the work
presented in this thesis, modelocked TDLs were limited to pulse durations
>200 fs. Here we demonstrate that they can access the sub-100 fs regime,
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opening promising doors for driving highly nonlinear experiments directly
from a high-power oscillator (Figure 1.2).
In Chapter 4, we present the first measurement of the carrier envelopeoffset (CEO) frequency of a TDL, opening the door to unamplified highpower frequency combs. The record-short pulses of the thin-disk source
used for this experiment (presented in Chapter 3) was one of the key
requirements to achieve this result.

Figure 1.2: Pulse duration of modelocked TDLs demonstrated to date using different gain
materials versus their average power, illustrating the difficulty of combining high average
power and short pulse durations. The filled-in characters are results that will be presented
in this thesis.

In Chapter 5, we present the latest power scaling result obtained with a
TDL based on the gain material Yb:YAG, which was operated in a vacuum
environment. We demonstrated an oscillator with 275 W and 583 fs pulse
duration, which is, to the best of our knowledge, the highest average
power obtained to-date from a passively modelocked oscillator.
Finally we discuss pulse compression of modelocked TDLs in
Chapter 6. State-of-the-art TDL systems with sufficiently high peak power
for the targeted applications typically operate with pulse durations of
>500 fs (Figure 1.2). Therefore, different techniques to efficiently reduce
the pulse duration of such sources are currently being investigated. We will
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present results obtained with two pulse compression techniques, based on
rod-type fiber amplifiers and on HC-PCF, and will discuss their
capabilities.
Finally, this thesis concludes with an outlook towards higher average
powers, higher pulse energies and higher peak powers from SESAM
modelocked TDLs.
The sources developed during this thesis open the door to further
extending the performance of this ultrafast technology, and to exciting
experiments to come. One exciting possibility is making use of the very
high intracavity peak powers inside a TDL to drive highly nonlinear
experiments such as HHG, following the model of the well-established
passive enhancement cavities [22]. The results presented in Chapters 3 and
4 are important steps towards the realization of such experiments.
Furthermore, the system presented in Chapter 5 already reaches 26 MW of
output peak power, at an average power of 275 W and a pulse duration of
583 fs. We expect to enhance the peak power of this system to >100 MW
and obtain sub-50 fs pulse duration with a simple passive external
compression stage based, for example, on a short gas-filled HC-PCFs such
as the one presented in Chapter 6. This temporally compressed source will
be ideally suited for strong-field experiments.
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Chapter 2 - Modelocked high-power thindisk lasers: challenges and milestones
As we highlighted in the introduction, novel femtosecond sources that
combine high peak power and high repetition rate are currently the subject
of important research efforts. In the past years, several technological
breakthroughs resulted in the demonstration of energetic multi-100 W
average power (up to 1 kW) femtosecond sources such as slab amplifiers
[12] and fiber based CPA [13]. These amplifier-based systems are most
commonly seeded by low power oscillators. Modelocked thin-disk lasers
(TDLs) have the potential to reach the targeted performance directly from
a table-top oscillator, which would significantly simplify the targeted
complex experimental setups.
The outstanding heat removal capability of the thin-disk geometry [16,
17] enables us to achieve excellent beam quality at high average powers, a
key requirement for passive modelocking. In addition, SESAMs can be
designed for operation at extreme intracavity conditions, and over a wide
range of absorber parameters. The combination of these two technologies
results in a power scalable ultrafast technology that has enabled a steady
rise of both energy and average power of these sources since their first
demonstration in the year 2000 [20].
In this Chapter, we will summarize the basic concepts of modelocked
TDLs with a focus on the specific challenges of modelocking at high-power
levels. We will first review the advantages in terms of heat management of
TDLs. In a second part, we will summarize the basic concepts of soliton
modelocking, and will discuss corresponding challenges for high-power
TDLs. We will conclude with an outlook towards future kilowatt level
TDLs.
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2.1

Thin-disk laser technology
2.1.1 Thermal management: the key for high-power operation

The TDL approach is based on a gain material that has the shape of a thin
disk with a highly reflective (HR) coating on one side and an anti-reflective
(AR) coating on the other side for both pump and laser wavelengths
(Figure 2.1, right). Typically, the thin gain medium has a thickness of some
hundred micrometers, whereas pump spot size diameters are in the order
of several millimeters. Unlike other bulk geometries, efficient heat
removal can be achieved by mounting the HR side of the disk onto a
heatsink (typically based on copper, copper-tungsten or diamond) that can
be cooled, for example, with water (Figure 2.1, left). The resulting nearly
one-dimensional heat flow along the beam axis leads to small thermal
distortions and aberrations at very high pump power intensities. In addition
to supporting high average powers, the thin-disk geometry is ideally suited
for applications involving ultrashort pulses, because the very short
interaction length of the pulses with the gain medium results in very low
accumulated nonlinearities.
ddisk

typical disk thickness
≈ 100 µm

Dlaser
disk
D >> ddisk
heatsink laser

...

HR
AR
coating for pump
and laser wavelength

Figure 2.1: Schematic of the cooling scheme of a thin disk gain medium. In this schematic
illustration, the disk is contacted to a heatsink that is water-cooled through the back.
Typically, the disk thickness ddisk is much smaller than the laser spot size Dlaser, leading to a
nearly one-dimensional heatflow, which is crucial for power scaling.
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In a typical laser cavity, the disk is used in a comparable way to a highly
reflective mirror, as a folding or end-mirror. For this reason, the thin disk
concept is also sometimes referred to as the “active mirror concept”.

Figure 2.2: Simulation of the surface temperature of an Yb:YAG thin disk (color profile)
on a diamond heatsink as a function of incident heat power on a pump spot diameter of
4.6 mm and disk thickness. The thermo-mechanical parameters for Yb:YAG are taken
from reference [23].

We simulated the surface temperature of an Yb:YAG disk on a
diamond heatsink as a function of its thickness and the pump power density
using finite element analysis, in order to illustrate the outstanding heat
removal capabilities of the TDL concept (Figure 2.2). These simulations
were performed using the steady-state heat conduction equation and using
the above-mentioned finite-element analysis to calculate the heat
distribution in the disk. In this simplified model we neglected laser
operation, and assumed that the power deposited into heat is ≈ 11% of the
applied pump power [24]. For a typical thickness of ≈ 200 µm, the
temperature rise of the surface of the disk is insignificant even at pump
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power densities of > 5 kW/cm2. The advantage of using disks as thin as
possible is clearly illustrated. However, an obvious compromise between
heat removal, efficient absorption and manufacturing possibilities needs to
be found for a given material.
Due to the very small thickness of the disk and at typical doping levels,
the single-pass pump absorption is limited to a few percent (in the order of
10%). In order to overcome this limitation, a multiple pump pass
arrangement was suggested by Giesen et al. in 1994 [16]. This concept is
illustrated in Figure 2.3. The pump beam from a highly multimode fiber
(typically fiber diameters used in our experiments have a diameter of
≈ 600 µm to ≈ 1 mm) is usually homogeneized and then imaged on the disk
with a set of collimating optics and a parabolic mirror. The disk is placed at
the focus of this parabolic mirror and is pumped at an angle. The remaining
pump light after each pass is recycled and reimaged on the disk by the
parabolic mirror and a set of rooftop mirrors. In this figure, a 24-pass
scheme is illustrated. Commercial thin-disk pumping modules are available
with up to 32 passes and for pump powers up to 30 kW
(Dausinger+Giesen GmbH).

Figure 2.3: Illustration of the multiple pump pass geometry of thin-disk lasers. The pump
beam is collimated and imaged on the disk at an angle. The disk is placed at the focus of a
parabolic mirror. The remaining pump light after one pass is “recycled” and reimaged on
the disk, allowing for efficient absorption. In this illustration, 24 pump passes through the
disk are shown.
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Using thinner disks and increasing the number of pump passes allows
for better heat removal while maintaining a sufficient level of absorption of
the pump light. However, manufacturing, coating and contacting large
disks (>10 mm) suitable for power scaling with thicknesses significantly
smaller than 100 µm is challenging. In addition to the mechanical
properties required to manufacture such disks, the gain material should
support high doping concentrations and large absorption cross-sections for
efficient pump absorption in a multi-pass pumping scheme. Furthermore, a
broad gain bandwidth supporting short pulses is crucial for the targeted
modelocking experiments.
In addition to the necessary spectroscopic and thermo-mechanical
properties of the gain medium, transverse fundamental mode operation is
required for passive modelocking, which poses extra challenges in terms of
disk quality, contacting to the heatsink and resonator design.
2.1.2 Power scaling of transverse fundamental mode thin-disk lasers
Single transverse-mode operation is crucial for stable passive modelocking.
One reason for this is that different transverse modes that could be
supported in a laser cavity have different peak intensities and saturate the
absorber at different levels. Therefore, if several transverse modes circulate
in the laser cavity, this can lead to competing effects that can destabilize the
modelocking process. The fundamental Gaussian mode (TEM00) offers an
advantage compared to other transverse modes because it exhibits the
highest peak intensity and therefore benefits from lower losses of the
absorber. Another important point that will be discussed in more detail in
Chapter 6 is resonant coupling of transverse fundamental modes. In
certain cavity configurations, coupling can occur between different
transverse modes and result in beam degradation and modelocking
instabilities. A strongly selective single-fundamental mode cavity should
minimize these resonant coupling effects.
In this Paragraph, we will focus on the challenges of obtaining highpower fundamental transverse mode operation from TDLs. Nevertheless,
it is worth noting that for certain applications, modelocking in a single
higher order transverse mode, such as the TEM01 mode, could be of
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interest. For example, modelocking in a hybrid donut mode represents an
interesting option for coupling out UV light generated by intracavity HHG.
It is therefore not surprising that average power and energy scaling of
passively modelocked TDLs goes hand-in-hand with progress in power
scaling of TDLs operating in single fundamental transverse mode. Up-todate, 500 W of CW power with diffraction limited beam quality (M2<1.1)
have been demonstrated using one disk [25]. During this thesis, a
comparable result (430 W) was obtained, enabling the demonstration of
the highest average power from a passively modelocked oscillator
(Chapter 6). In the following Paragraphs, we will address in more detail
different crucial points to achieve fundamental transverse mode operation
from high-power TDLs.
• Resonator stability and thermal lensing
Power scaling of TDLs can be achieved by increasing both the pump power
and the pump spot size at constant pump intensity. Constant pump
intensity in the one-dimensional heat flow approximation does not increase
the thermal load per unit area, as the cooling surface is also increased by
the same amount. This scaling method has already been demonstrated
successfully in the past and theoretical limits have been discussed in [17].
For very simple resonators where the output beam quality is not of primary
importance, this scaling law works almost without restrictions. However,
when it comes to fundamental mode operation, some resonator stability
considerations have to be taken into account. In 1987, V. Magni
investigated stability zones for resonators containing a variable lens [26].
He found that the tolerable variation of this lens – which in the case of a
TDL mostly originates in the thermal lens of the disk – is inversely
proportional to the square of the minimum spot size on this lens given by
the cavity design.
For fundamental mode operation this minimum spot size corresponds
experimentally to approximately 60% to 80% of the flat-top pump spot
size. This stability behavior is illustrated in Figure 2.4 where one can
clearly see the reduced resonator stability zones with increasing beam spot
size diameters, ranging from 1 mm to 4 mm. Although in TDLs thermal
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lensing arises most commonly from the gain medium, ultimately, the same
effect can occur on cavity optics and the SESAM.

Figure 2.4: Simulations of resonator stability zone for different laser spot size diameters
ranging from 1 mm to 4 mm. The width of the stability zone decreases inversely
proportionally to the square of the minimum cavity mode size in this zone, which typically
corresponds to 60-80% of the pump spot diameter.

• Mounting of thin disks
The thermal lensing of a thin-disk crystal is an accumulation of different
thermally induced effects like a temperature dependence of the refractive
index (dn/dT), bulging, and stress due to the different thermal expansion
of crystal and heatsink. Some parameters are determined by the gain
material employed in the TDL, whereas others can be influenced by the
choice of the mounting technique and the heatsink material. The most
standard mounting technique on copper heatsinks is achieved by metallizing
the HR coated side of the thin disk and using indium-tin solder. For
Yb:YAG, heatsinks from copper-tungstate alloys with matched thermal
expansion coefficients have been developed. Contacting Yb:YAG onto
these heatsinks with indium-gold solder shows excellent performance [17].
Regarding efficient heat removal, a heatsink with a higher thermal
conductivity is favorable. However, the bottleneck for efficient heat
removal is the thermal conductivity of the gain material.
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a) Comparison of the temperature profile of two 250 µm thick disks based on
Yb:YAG on a diamond heatsink (right) and on a copper heatsink (left).

b) Comparison of the temperature profile of two 250 µm thick disks based on
different materials (Yb:Lu2O3 (Yb:LuO) on the right and Yb:YAG on the left)
but on the same copper heatsink.
Figure 2.5: Temperature profile comparison for a) two disks based on the same material
but on different heatsinks, and b) disks based on materials with different thermal
conductivities but on the same copper heatsink. In both simulations, a typical pump spot
diameter of 2.6 mm was used. The thermo-mechanical parameters for both materials
were taken at equivalent doping concentration (5at.% for LuO and 10at.% for Yb:YAG)
from reference [23].

In order to illustrate this point, we simulated the temperature
distribution of an Yb:YAG disk under the same pumping conditions but
using different heatsink materials (copper and diamond) (Figure 2.5a). The
obtained temperature profiles indicate that the heatsink has only a small
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influence on the maximum temperature reached by the disk. On the other
hand, we compare two materials with different thermal conductivities
(Yb:YAG and Yb:Lu2O3 (Yb:LuO)) on the same copper heatsink (Figure
2.5b). At the equivalent doping concentration taken for these simulations,
Yb:LuO has nearly double the thermal conductivity than Yb:YAG.
The choice of the heatsink and contacting method mostly influences the
stiffness of the bond and the resulting thermal lensing of the thin gain
medium under high pump power densities. Recently, a procedure was
developed to glue disks directly on a diamond heatsink [27]. The
combination of thin disks and a very thin layer of glue can result in a very
stiff compound that shows only very little lensing in dependence of the
incident pump power. However, the glue does not yield to any thermal
stress and fatal breaking can occur if the temperature gradients within the
disk or the temperature difference between disk and heatsink become too
large.

Figure 2.6: Thermal lensing measured with a polarized Michelson interferometer of
different disks contacted with different methods.

Figure 2.6 shows the dioptric power of different disks contacted with
different methods in dependence of increasing pump power (without laser
operation) measured with a polarized Michelson interferometer. It
compares gold-tin soldered Yb:YAG crystals with a thickness in the range
of 180 µm to 280 µm on copper-tungstate heatsinks with a Yb:YAG disk
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with a thickness of 100 µm and Yb:LuO disk with a thickness of 150 µm
glued on a diamond heatsink. All Yb:YAG disks presented here were
pumped at 940 nm. The Yb:LuO disk was pumped with a volume Bragg
grating (VBG) [28] stabilized pump diode at 976 nm. Unfortunately, we
did not have exactly the same disk parameters for these measurements but
it is clearly visible that the glued disks on diamond exhibit nearly no
thermal lens over a large pump intensity range. For all these
measurements, we used 24 pump passes through the disk. The 100-µm
thick Yb:YAG disk glued on diamond shows no variation within the
measurement accuracy of 0.01 m-1 for a pump power intensity between
0-2.5 kW/cm2 whereas the thicker Yb:YAG disks (180 µm to 280 µm) on
copper-tungstate heatsinks show a variation of about 0.16 m-1 in the same
range of pump power intensity. This variation is already sufficient to
prevent fundamental mode operation over the whole pump power range
for a pump spot diameter of 4 mm (Figure 2.4). Therefore, additional
adjustments in the cavity would be required when the pump power is
increased, using for example adaptable mirrors [29] or adapting of the
cavity lengths to shift the center of the stability zone [30].
2.1.3 Gain materials:
properties

thermo-mechanical

and

spectroscopic

Gain materials for high-power TDLs have to meet a number of important
requirements in terms of thermo-mechanical and spectroscopic properties
to be suitable for high-power operation in the thin-disk geometry:
Symmetry: Isotropic materials are better suited for power scaling. In
particular, a strong anisotropy in the thermal expansion coefficients
leads to asymmetric beam degradation at high power levels that
cannot be compensated with standard resonator design.
Thermal conductivity (κ): The importance of a material with a high
thermal conductibity is clearly illustrated in Figure 2.5, where we
simulated the temperature profiles of two disks with nearly double
the thermal conductivity under the same pumping conditions.
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Thermo-optic coefficient (dn/dT): This parameter represents an
important contribution to thermal lensing of the thin disk under high
pump power levels. Materials with low dn/dT are preferred.
Growth temperature: Low growth temperatures allows us to grow
materials using well-established growth techniques such as the
Czochralski method [31]. Most well-established gain materials used
for TDLs, such as Yb:YAG, are grown using this method.
Maximum achievable doping: high doping concentrations enable us
to use thinner disks with better heat management, and therefore
reach higher efficiency and better beam quality. However, it should
be noted that in many gain materials, the thermal conductivity
degrades with increasing doping concentration.
Quantum defect: a small quantum defect results in a reduced
thermal load on the disk.
Absorption cross-section and bandwidth: High absorption crosssections allow for thinner disks and therefore more efficient heat
removal. A large absorption bandwidth relaxes the requirements on
the pump linewidth. However, nowadays, the development of VBG
stabilized diodes with output powers up to 800 W allows to
efficiently pump materials with narrow absorption linewidth, such as
Yb:LuO and Yb:LuScO. Several results based on such materials will
be presented in this manuscript.
Emission cross-section and bandwidth: For modelocking
experiments, a wide emission bandwidth supporting ultrashort
pulses is crucial. However, materials with broad emission
bandwidths usually exhibit a disordered lattice structure that in turn
limits their thermal conductivity - a crucial property for high-power
operation. More details on the specific challenges of broadband
materials for TDLs will be presented in Chapter 4, where the
different trade-offs to obtain short pulses at high power levels will be
discussed. High emission cross-sections are preferred since they
decrease the pulse energy threshold for overcoming Q-switching
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instabilities [32]. This point will be discussed in more detail in
Paragraph 2.2.2 of this Chapter.
Other mechanical properties such as hardness, thermal expansion
coefficients and fracture limits that are not mentioned here are also
important parameters in particular for the fabrication and coating of thin
and large disks. It is interesting to note that not only the host for the Yb ion
needs to fulfill these requirements but also that doping should not strongly
degrade these properties, which is one important challenge.
Most of the average power and energy scaling of modelocked TDLs
has been achieved with Yb:YAG. This material has excellent properties for
high-power TDLs and benefits from many years of industrial development.
Nowadays, very thin disks (<100 µm) with large diameters (up to several
centimeters) and excellent quality are commercially available. However,
other materials with the potential to outperform Yb:YAG in the thin-disk
geometry have recently attracted significant attention. One promising
candidate is the family of cubic sesquioxide materials. Using Yb:LuO,
140 W of average power with 738 fs pulses were obtained. This
represented for several years the highest average power from a passively
modelocked oscillator, showing the large potential of this material. Using
the broadband mixed sesquioxide material Yb:LuScO, we demonstrated
96 fs pulses, which are the shortest pulses ever obtained from a
modelocked TDL, reaching for the first time the sub-100 fs milestone.
More details on these experimental results and on these materials will be
given in Chapter 4.
2.2

Soliton modelocking of solid-state lasers using SESAMs

One crucial challenge for high-power modelocked TDLs is to achieve
stable pulse formation at high intracavity peak powers. Typically, these
lasers operate in the soliton modelocking regime, where the interplay
between negative group delay dispersion (GDD) and self-phase modulation
(SPM) within one round-trip of the laser resonator results in soliton pulses.
In this special case, the saturable absorber is responsible for starting and
stabilizing the modelocking mechanism. A detailed description of soliton
modelocking can be found in [33-35]. Here, we will only give a short
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overview of the important points with a special focus on the specific
challenges in the case of high-power TDLs.
Semiconductor saturable absorbers mirrors (SESAMs) [4, 18, 19] are
ideally suited for modelocking at high power levels, since they benefit from
comparable heat removal capabilities as the thin-disk gain medium. In fact,
the SESAM is also a thin structure in comparison to typical beam spot sizes,
and the one-dimensional heat-flow approximation is mostly valid in this
case too (Figure 2.7). In addition, this device is power scalable by
increasing both the area of the beam and the pulse energy by the same
factor, therefore keeping the same degree of absorber saturation.
Furthermore, the macroscopic nonlinear optical parameters for
modelocking can be optimized over a wide range by the design of the
structure, the choice of the semiconductor absorber and the growth
conditions.
dSESAM

Dlaser

Dlaser>> dSESAM

SESAM
solder

heatsink
Figure 2.7: Schematic of a typical SESAM used in TDLs. In most cases, the SESAM is
contacted on a copper heatsink using indium solder. The heatsink can be water-cooled or
actively cooled using a Peltier element.

2.2.1 Soliton modelocking with slow saturable absorbers
In order to achieve the shortest possible pulses in a passively modelocked
laser, the nonlinear phase undergone by the pulse in one roundtrip of the
laser cavity and dispersion need to be in balance.
In the case of soliton modelocking of lasers based on Yb-doped solidstate gain media, phase shifts are mostly due to SPM and can be
compensated by negative GDD. The saturation fluence of Yb-doped gain
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materials typically used for modelocked TDLs is much larger than the pulse
energy circulating in the laser cavity and resulting fluence on the disk. For
example, the saturation fluence of Yb:YAG is ≈ 9 J/cm2, resulting in a
saturation energy of 280 mJ at a typical pump spot diameter of 2 mm.
Typical pulse energies in modelocked TDLs are in the order of some tens
to hundreds of µJ. Within one round trip, the gain remains undisturbed by
the laser pulses and has no extra contribution to the total nonlinear phase
shift of the pulses. Therefore, the total nonlinear phase shift in one roundtrip is dominated by the different sources of SPM in the laser cavity.
Introducing the correct amount of negative GDD results in soliton pulses
circulating in the cavity. When this condition is fulfilled, the pulse duration
of the soliton verifies
2D
τ p ≈1.76
(2.1)
γ Ep
where τp is full-width half maximum (FWHM) pulse duration of the
soliton, D is the total negative dispersion per roundtrip in s2/m, Ep is the
intracavity pulse energy and γ the SPM coefficient in rad/W.
Formula (2.1) indicates that the pulse formation is independent of the
absorber parameters. However, the SESAM plays an essential role in
starting and stabilizing the pulses. Soliton modelocking supports the
formation of pulse durations significantly shorter than the absorber
recovery time. Compared to the pulse, the absorber is then “slow”. In this
case, a net gain window after the pulse remains where a continuum could
eventually grow, and eventually destabilize the pulses. However, this
continuum exhibits a narrow spectrum, and low peak power. This means
negative GDD still affects this continuum but self-phase modulation is very
weak. Therefore, the continuum will be stretched in time and eventually
absorbed by the SESAM. This effect is illustrated in Figure 2.8.
From Formula (2.1), one could naively think that at a given pulse
energy and in order to obtain shorter pulses, it is sufficient to reduce the
amount of dispersion, and increase the amount of SPM via the γ parameter.
This is obviously incorrect and there are both limits in terms of minimum
amount of dispersion and maximum amount of tolerable nonlinearity to
sustain the modelocking mechanism.
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continuum spectrum
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pulse spectrum
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soliton
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GDD
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Figure 2.8: Absorber stabilization mechanism in the case of passive modelocking with slow
saturable absorbers.

The minimum amount of dispersion for sufficient broadening of the
continuum and therefore efficient stabilization of the soliton pulses leads to
an empirical formula for the minimum achievable pulse duration in a
soliton-modelocked laser [36]:
⎛ 1 ⎞
τ p,min ≈ ⎜
⎟
⎜⎝ Δf g ⎟⎠

3

4

⎛ τa ⎞
⎜⎝ ΔR ⎟⎠

1

4

3

g8
(2.2)
1
φ8
where Δfg is the FWHM gain bandwidth, τa is the absorber recovery time,
ΔR is the modulation depth of the absorber, g the power gain per rountrip,
and φ the phase shift of the soliton.
Formula (2.2) does not take into account some important parameters,
such as for example the saturation level of the absorber. In particular, it
does not give information on the maximum tolerated soliton phase shift.
Nevertheless, most experimental results presented in this thesis are in good
agreement with this formula.
The most important parameter to achieve short pulses is the gain
bandwidth of the material. Although the influence of the absorber
parameters on the minimum achievable pulse duration is weak, they are
crucial to push the limits in terms of pulse duration, in particular in cases
where the gain bandwidth is limited. The particular requirements of
SESAMs to obtain short pulses from modelocked TDLs will be treated in
more detail in Chapter 3.
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2.2.2 Q-switched modelocking vs. cw modelocking
During pulse build-up, competing saturation effects of the absorber and the
gain medium can lead to Q-switching instabilities [32]. A simple picture to
understand the reason for these instabilities is to consider a rise in the pulse
energy inside the laser cavity that originates, for example, from the noise of
the laser. The absorber will be more strongly saturated at a higher energy
level and therefore the pulses will experience a lower loss. This leads to an
exponential rise of the pulse energy. Subsequent saturation of the gain
medium will have the opposite tendency and reduce the pulse energy.
Depending on the saturation parameters of the absorber and the gain, these
oscillations can be damped or undamped. In the case of undamped
oscillations, the modelocked pulses will have a slow temporal modulation
in the kHz range. This regime is referred to as Q-switched modelocking
(QML) (Figure 2.9). During this regime, peak powers can be significantly
higher than that of the cw-modelocked pulses, which can cause damage of
different cavity components.
Q-switched

power

power

continuous wave (cw)

time
Q-switched modelocking
power

power

time
cw modelocking

time
time
Figure 2.9: Different regimes of pulsed laser operation.

22 - Soliton modelocking of solid-state lasers using SESAMs

Modelocked high-power thin-disk lasers: challenges and milestones
A detailed description of this regime and the intracavity pulse energy
thresholds to overcome it are given in [32]. Formula (2.3) is useful to
evaluate the influence of the different macroscopic parameters of SESAM
and gain on this intracavity pulse energy threshold Ep:
E2p > Esat,g Esat,a ΔR
(2.3)
In this formula Esat,g is the saturation energy of the gain, Esat,a is the
saturation energy of the absorber and ΔR its the modulation depth. In the
case of soliton modelocking, the additional stabilizing mechanism of the
soliton pulse formation makes this threshold significantly higher than
observed in practice. However, this formula indicates that, in some cases,
these undamped oscillations in the kHz range can be favored. Concerning
the gain medium, high saturation fluences favor this QML regime. This
corresponds to gain materials with low emission cross-sections, high upperstate lifetimes, and laser geometries with large spot sizes on the gain
medium. On the absorber side, large saturation fluences and large spot
sizes favor these undamped oscillations. In addition, a higher modulation
depth will also favor QML, since for a given small rise in the pulse energy,
the gain factor due to the extra saturation of the absorber is larger.
2.2.3 Semiconductor saturable absorber mirrors

Reflectivity (%)

• SESAM parameters
100.0
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∆Rns

99.5

F2 = ∞
F2

99.0

∆R

98.5

Fsat

98.0

Rlin
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102
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104
2
Fluence (µJ/cm )
Figure 2.10: Typical SESAM response and different parameters retrieved from a leastsquares fit of the experimental data. The details of the measurement and fitting procedure
will be presented in detail in Chapter 3. In this example, the SESAM has a saturation
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fluence Fsat = 70 µJ/cm2, a modulation depth ΔR = 1.95%, nonsaturable losses
2
ΔRns = 0.1%, and an inverse saturable absorption coefficient F2 = 3.2 J/cm .

As we mentioned in 2.2.1, the SESAM plays an important role in the
starting and stabilization of the soliton pulses. The nonlinear reflectivity of
a typical SESAM is presented in Figure 2.10, together with the relevant
macroscopic parameters.
The important macroscopic saturation parameters of a SESAM are:
- The modulation depth ΔR, which represents the maximum
achievable change in reflectivity. Usually, this modulation cannot
be reached because additional effects, such as two-photon
absorption or free-carrier absorption, lead to a rollover in
reflectivity at high pulse fluences that reduces the effective
modulation depth.
-

-

-

-

The nonsaturable losses ΔRns represent the unsaturable fraction of
the reflectivity. These nonsaturable losses originate from defect
absorption, scattering, free-carrier absorption, carrier heating,
etc…
The saturation fluence Fsat indicates, in the case of moderate
modulation depths (up to approximately 10%), the fluence at
which 1/e of the modulation depth has been saturated.
The induced absorption (IA) coefficient F2 characterizes the
strength of the reflectivity rollover that occurs at high fluences. In
the case of femtosecond pulses, two-photon absorption (TPA) is
the main cause of IA [37, 38].
The 1/e recovery time τ1/e of the absorber. More details on the
measurement procedure to characterize the dynamics of the
absorber will be presented in Chapter 3.
• SESAMs in thin-disk lasers

Although the appropriate absorber parameters depend on the specific laser
design considered, a typical parameter range in the case of modelocked
TDLs is given in Table 2.I.

24 - Soliton modelocking of solid-state lasers using SESAMs

Modelocked high-power thin-disk lasers: challenges and milestones
-

-

-

-

Modulation depth: Most modelocked TDLs use the disk as a single
folding mirror in the cavity, resulting in 4 passes through the disk
per cavity roundtrip. Due to the small thickness of the disk, the
resulting gain is low and optimal output coupling rates are typically
< 10 %. In such a configuration, a small loss modulation is
sufficient to start and stabilize the pulses (typically ΔR < 1%).
However, special geometries such as the one described in [21]
where an increase of the overall gain per roundtrip is achieved by
multiplying the number of passes through the disk, a somewhat
higher modulation depth can be required. A larger modulation
depth usually leads to larger nonsaturable losses, which can lead to
thermal effects at high intracavity powers. Furthermore, a higher
modulation depth results in a higher tendency for Q-switched
modelocking. This results in trade-offs in the achievable
performance.
Saturation fluence: the requirement obviously depends on the
specific resonator parameters (laser spot size on the SESAM,
outcoupling rate, intracavity pulse energy). Ideal saturation
parameters of SESAM modelocked ultrafast lasers are in the order
of S = 3-10 [36], but modelocked TDLs usually operate at much
higher saturation parameters (>20). In most cases, it is beneficial
to operate with high saturation fluences and smaller spot sizes,
because this relaxes cavity sensitivities to alignment and possible
thermal lensing [26].
Nonsaturable losses: Nonsaturable losses limit the maximum
achievable reflectivity of the sample; therefore they represent an
extra source of losses in the cavity. Furthermore, they contribute
to heating and possible thermal lensing of the SESAM. Therefore, a
lower value is desirable.
Rollover: In order to achieve samples with high damage threshold
and to shift the rollover to higher fluences, the IA coefficient F2
should be as large as possible. This allows operating SESAMs at
higher saturation level free of multiple pulsing instabilities. This
point will be treated in detail in Chapter 3.
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Recovery time: Shorter recovery times allow reaching shorter
pulses (Formula (2.2)). However, this is usually achieved by
growing the absorber section at low temperatures [39], which
results in increased nonsaturable losses. Therefore a compromise
needs to be found.
All these requirements lead to challenging compromises. Up-to-date,
there were no specific studies of SESAMs in the particular case of highpower lasers. During the timeframe of this thesis a specific investigation
was carried out and guidelines were developed to design SESAMs with high
damage thresholds. The results of this study will be presented in detail in
Chapter 3.
Typical range

Highest average
power [14]

Highest pulse
energy* [21]

Shortest pulse
duration [40]

Fsat

30-200 µJ/cm2

140 µJ/cm2

61 µJ/cm2

90 µJ/cm2

ΔR

0.5-3%

0.95%

3.5%

1.2%

ΔRns

0-1%

0.1%

NC

0.4%

τ1/e

1-300 ps

67 ps

NC

2 ps

F2

>3 J/cm2

≈ 30 J/cm2

NC

≈ 6.5 J/cm2

τp

-

583 fs

1.1 ps

96 fs

Pav

-

275 W

145 W

5W

Toc

-

11%

70%

2.6%

*Multiple gain passes configuration - NC: not characterized
Table 2.I: Typical SESAM parameters in SESAM modelocked TDLs.

2.3

Challenges of high-power modelocking
2.3.1 Q-switching instabilities
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As we mentioned already in 2.2.1, typical Yb-doped gain materials used in
TDLs have high saturation fluences. Furthermore, large spot sizes on the
disk (of several mm) are commonly used to achieve high power levels. On
the absorber side, we saw in the previous Paragraph that large saturation
fluences are beneficial to achieve these high power levels in comfortable
cavity conditions. All these parameters contribute to a high QML
threshold. In most cases, TDLs reach large enough pulse energies for this
not to be a serious issue. However, there are specific situations where
special attention needs to be paid in order to avoid damage of different
components in the cavity during this regime. For example, when the goal is
to generate short pulses from modelocked TDLs, the gain emission crosssections tend to be low and a high-modulation depth is beneficial. In this
case QML can be one of the main limiting factors.
2.3.2 Excessive nonlinearities
One of the most crucial limitation for high-power modelocking is an
excessive nonlinear phase shift that can destabilize modelocked operation in
the soliton modelocking regime [34, 36]. In a typical cavity for a soliton
modelocked TDL (Figure 2.11), the circulating pulse experiences SPM by
propagating through nonlinear materials like the gain medium, a Brewster
plate and the air atmosphere. A Brewster plate is most commonly used to
obtain a linearly polarized output and for fine adjustment of the SPM by
placing it at a position in the cavity where there is a focus. Negative
dispersion is introduced with dispersive mirrors throughout the cavity.
HR
DM

OC
SESAM

thin disk
Brewster plate
Figure 2.11: Typical layout of a modelocked TDL cavity.

The total nonlinear phase shift φnl undergone by the pulse during one
round trip of the cavity can be calculated with
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φnl = 2⋅

2π
λ

∫ n2(z)I(z)dz

(2.4)

cav

Most commonly, the γ-factor (in mrad/MW) is used, which is
independent of the pulse parameters but takes into account the different
spot sizes of the beam throughout the cavity.
n (z)
2π
φnl = 4⋅ Ppk ∫ 2 dz = Ppk ⋅γ cav
(2.5)
λ
A(z)
cav
Therefore, the γ-factor can be written as:
2π n (z)
γ cav = 4⋅ ∫ 2 dz
(2.6)
λ cav A(z)
Different elements in the cavity contribute to the total γ-factor:
⎤
n (z)
n (z)
2π ⎡ n (z)
γ cav = 4⋅ ⎢ ∫ 2,disk dz + ∫ 2,air dz + ∫ 2,BP dz +...⎥ (2.7)
λ ⎢⎣ disk A(z)
A(z)
A(z)
⎥⎦
cav
BP
-

Gain material:

n2,disk
(2.8)
λ
Adisk
The SPM from the disk can typically be neglected as the mode size Adisk is
large and the pulse passes only through very little material ddisk<<Adisk.
Brewster plate:
2π n
γ BP = 4⋅ dBP 2,BP
(2.9)
λ
ABP
Most commonly, the Brewster plate is thin enough to consider the size of
the beam constant. If this is not the case, a simple integration on the zdirection is straightforward. The influence of the Brewster plate can be
controlled by the choice of the thickness, the material and the mode size at
the location in the cavity where it is placed. Usually, the Brewster plate is
desirable as it offers some control over the total amount of SPM and
ensures linear polarization of the laser output. In cavities where a fine
control of the SPM can be achieved otherwise (for example with the air
pressure in laser oscillators operated in vacuum, see Chapter 6), a thin-film
γ disk = 4⋅

2π

ddisk

28 - Challenges of high-power modelocking

Modelocked high-power thin-disk lasers: challenges and milestones
polarizer can be used to select the polarization, and the Brewster plate can
be completely eliminated.
Air atmosphere:
2π n (z)
γ atm = 4⋅ ∫ 2,atm dz
(2.10)
λ cav A(z)
The contribution of the air atmosphere was initially ignored, since the
nonlinear refractive index n2,atm is orders of magnitude smaller than the
refractive index of, for example, a fused-silica Brewster plate. However,
typical TDLs have cavity lengths in the order of several meters to several
tens of meters. Furthermore, in most modelocked TDLs, the intracavity
peak power is substantially higher than the output peak power and can
exceed 100 MW [14, 41]. Thus, the intracavity SPM introduced by the
ambient air in the cavity can become the main contribution to the total
soliton phase shift [42]. In order to compensate for this phase shift and
obtain stable soliton modelocking, large amounts of negative GDD are
required. In addition, if these phase shifts become too large, the pulse
formation mechanism is destabilized limiting power and energy scaling.
Different approaches have been suggested in the past years to
overcome this limitation:
o Flooding the resonator with helium
o Decreasing the ratio between intracavity peak power and
output peak power by increasing the output coupling rate and
the overall roundtrip gain. This can be achieved by increasing
the number of gain passes on the disk or by using several disks
in one oscillator.
o Operation of the oscillator in a vacuum environment
These different approaches will be discussed in more detail in
Chapter 6, where the last point is demonstrated for the first time.
Cavity optics:
The nonlinearity introduced by the coatings of different cavity optics
was, up-to-date, always considered negligible. However, we will see in
Chapter 6 that they can become an important contribution to the total
soliton phase shift at extreme intracavity peak powers.
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2.3.3 Thermal effects and damage
Ultimately, thermal effects and damage that occur in different cavity
components limit average power scaling of modelocked TDLs. This is
particularly the case in simple oscillator geometries where a low number of
gain passes is used and the circulating intracavity power can reach several
kWs of average power.
Gain medium: In most bulk lasers, thermal aberrations that occur in
the gain medium limit the achievable output power. As we have
discussed in the first Paragraph of this Chapter, TDLs are very well
suited to partially overcome this limitation. Significant efforts have
been dedicated in the past years to optimize the heat management
and thermal aberrations from the thin gain medium. In the case of
standard gain materials like Yb:YAG, disks with insignificant thermal
lensing are commercially available, such as the one used in the
experiment presented in Chapter 6. For novel gain materials such as
Yb:LuO or Yb:LuScO, a small residual thermal lensing can be
compensated for by adapting the resonator design. This was the case
in the demonstration of 140 W from a modelocked Yb:LuO TDL,
where the resonator arms needed to be adjusted at different pump
power levels to compensate for the thermal lens of the disk and
achieve fundamental transverse mode operation [30].
SESAM: For a long time, the SESAM was thought to be the
bottleneck for power-scaling of modelocked TDLs. Contradictory
information about the damage threshold of such devices was
reported, and no thorough investigation was carried out prior to this
thesis. In Chapter 3, we will present a study of SESAMs for highpower oscillators where we derive simple guidelines to obtain highdamage threshold and optimized absorber parameters. These
guidelines were used to design the SESAM used in the experiment
presented in Chapter 6, where we could demonstrate the highest
average power from any ultrafast oscillator with 275 W [14].
Currently, the SESAM does not represent the limiting factor
towards higher average powers.
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2.4

Dispersive mirrors: A more important yet often-ignored problem is
thermal management and nonlinearities that can occur in the
dispersive mirrors required for soliton modelocking. Most
commonly, Gires Tournois Interferometer (GTI)-type mirrors are
used because they can provide large amounts of negative dispersion
[43, 44]. However, these mirrors rely on field resonances that can
cause thermal and nonlinear effects. Currently, scaling of TDLs to
more than 275 W of average power is limited by thermal effects
observed in such dispersive mirrors [14].
Outlook

For further average power scaling to the kilowatt level, pump spot
diameters on disk has to be increased. This sets severe demands on the
applicable thin disk crystal properties and mounting techniques. Currently,
Yb:YAG thin-disks mounted with glue on diamond appear to be the best
candidates for this future step. Nevertheless, novel materials such as
Yb:LuO have a large potential to outperform Yb:YAG in terms of
efficiency and pulse duration, when growth and contacting techniques are
perfected.
Several points presented in the previous Paragraph seem to suggest
that reducing the intracavity power by increasing the overall gain of the
system (using several disk in the oscillator or with multiple gain passes on
the same disk) and choosing a higher output coupler transmission is the best
alternative for further power scaling. However, in both these cases, it is
not straightforward to achieve fundamental mode operation. In the first
case, resonator design is complex since each disk can show a different
thermal lensing behavior. The second approach of an active multi-pass cell
in a mode-locked TDL has been introduced by Neuhaus et al. [45, 46] and
has demonstrated impressive performance. However, increasing the
number of passes on the gain significantly increases the demands on the disk
quality. Figure 2.12 shows how the thermal lensing stability zones decrease
with an increasing number of passes over the disk. The comparison
between a single pass (i.e. two passes in one roundtrip, black line) and five
passes over the disk (blue line) reveals a shrinking of the overall stability
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zone by a factor of about five, showing that only negligible thermal lensing
could be tolerated in such a multi-pass arrangement.

Figure 2.12: Simulations of the stability zones of an active multi-pass resonator for
different numbers of passes over the disk. This graph compares the stability zones from a
single pass (i.e. two passes in one round trip, black line) up to 5 passes (blue line).

Therefore, it seems more likely that the next step towards several
hundred watts of average power with pulse energies in the order of 100 µJ
will be achieved with a single- or only a few-pass resonator in a vacuum
atmosphere similar to the latest demonstrated power scaling results
(Chapter 6) [14].
In terms of dispersion management, new thermally improved designs
for GTI-type mirrors will be one of the crucial steps in further power
scaling steps. Furthermore, the novel high-damage threshold SESAM
designs will be presented as an outlook of Chapter 3, and represent a key
element for these future oscillators.
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Chapter 3 - SESAMs
for
femtosecond oscillators

high-power

As we mentioned in the previous Chapter, the excellent power scalability
of the TDL technology should soon allow for kilowatt fundamental
transverse mode oscillators suitable for SESAM modelocking. Possible
SESAM limitations were, so far, not thouroughly studied and contradictory
information on damage thresholds and losses was reported. Previous
investigations on optimized SESAM designs mostly focused on the
realization of low saturation fluences [47, 48], which is important for
modelocked high repetition rate lasers and stable modelocking of
semiconductor lasers [49]. This study resulted in fundamentally
modelocked laser oscillators with record-high repetition rates up to
160 GHz in the 1-µm spectral region [50] and 100 GHz in the 1.5-µm
telecom spectral region [51], and the development of new ultrafast
integrated semiconductor lasers (MIXSELs) [52].
SESAMs for high-power ultrafast TDLs operate in a completely
different regime than the above-mentioned modelocked lasers. Pulse
energies and average power levels in ultrafast TDLs are several orders of
magnitude higher. In Table 3.I, we present typical SESAM operation
parameters in recently demonstrated high-power thin-disk oscillators. We
notice that in such oscillators SESAMs operate at kilowatt intracavity
power levels, peak intensities of tens of gigawatts per square centimeter,
and fluences above the millijoule per square centimeter level. A useful
parameters to describe the operation point of a SESAM in a certain
oscillator is the saturation parameter S = F/Fsat. Typical SESAM
modelocked lasers operate at S = 3–10 [36], but stable operation was
demonstrated in high-energy oscillators at saturation parameters S > 20
(see Table 3.I).
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Yb:YAG
[14]

Yb:YAG
[21]

Yb:LuO
[30]

275 W

145 W

141 W

Repetition rate

16.3 MHz

3.5 MHz

60.0 MHz

Pulse duration

580 fs

1100 fs

740 fs

Output pulse energy

17 µJ

41 µJ

2 µJ

Output peak power

26 MW

33 MW

2.8 MW

Intracavity average power

2.5 kW

0.2 kW

1.5 kW

Intracavity pulse energy

154 µJ

57 µJ

25 µJ

Intracavity peak power

236 MW

46 MW

30 MW

Spot radius on SESAM
(1/e2)

1.2 mm

0.55 mm

0.63 mm

Fluence on SESAM

3.4 mJ/cm2

6 mJ/cm2

2 mJ/cm2

Average intensity on
SESAM

55 kW/cm2

21 kW/cm2

12 kW/cm2

Peak intensity on SESAM

5.2 GW/cm2

4.8 GW/cm2

5 GW/cm2

Saturation fluence of
SESAM
Saturation parameter
(S=F/Fsat)

140 µJ/cm2

61 µJ/cm2

60 µJ/cm2

24

100

33

Average output power

Table 3.I: Typical levels of operation of SESAMs in state-of-the-art high-power SESAM
modelocked TDLs.

Therefore, SESAMs for high-power oscillators require
large saturation fluences,
high damage thresholds,
low nonsaturable losses to avoid thermal effects, and
low induced absorption (IA), which is responsible for the reflectivity
rollover at high fluences and can lead to multi-pulsing instabilities
[37, 53, 54].
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During the time frame of this thesis, we extended previous studies to the
specific case of SESAMs for high-power oscillators. We present the first
detailed study on damage thresholds and lifetime of different representative
samples. We focus on how to tailor and combine these parameters, and
present additional guidelines in the specific case where recovery time and
modulation depth of the absorber are of interest. This is the case, for
example, in high-power oscillators where the aim is to achieve short pulse
durations (sub-200 fs).
This Chapter will be divided in three parts. In Part I, we investigate
damage of samples with different absorber sections and topcoatings, but in
all cases, negligible nonsaturable losses. For this case, we designed SESAMs
with multiple quantum wells (QWs) in a standard antiresonant
configuration with suitable dielectric topcoatings and obtained samples
with increased saturation fluence, damage threshold as well as reduced
nonsaturable losses and IA. We conclude by indicating guidelines for
SESAMs for high-power oscillators with high-damage thresholds.
In Part II, we extend these studies to the specific case of SESAMs with
short recovery times, designed to achieve short pulses from modelocked
TDLs. In this case, the influence of the growth temperature and resulting
nonsaturable losses on the damage threshold of the samples is investigated.
Extra guidelines are presented on how to design SESAMs achieving the
required compromises.
In Part III, we summarize the findings of our damage investigation and
give an outlook for improved SESAM designs for future kilowatt-level
oscillators.
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Part I - Damage thresholds, lifetime and design
guidelines
3.1

Experimental setup and SESAM characterization
3.1.1 Experimental Setup

In order to reach the high fluences necessary to carry out this study, we
used a high-energy SESAM modelocked Yb:YAG thin-disk oscillator
seeding a high-precision nonlinear reflectivity measurement setup [55] to
characterize nonlinear reflectivity, IA, and damage of our SESAMs. This
allowed us to test our SESAMs up to an unprecedentedly high fluence level
of 0.21 J/cm2, corresponding to a peak intensity of 185 GW/cm2.
Nonlinear reflectivity setup
Test laser:
Yb:YAG TDL
λ/2

rw
he
e

l

λ/2

fixed
attenuation
stage

variable
attenuation
stage

ch
op
pe

15 W
10.7 MHz
1 ps

measurement
photodiode
sample
HR
calibration
photodiode

Figure 3.1: Experimental setup used for the nonlinear reflectivity characterization and
damage measurements.

The experimental setup is presented in Figure 3.1. The SESAM
modelocked Yb:YAG TDL delivers 15 W of average power at a repetition
rate of 10.7 MHz, corresponding to a pulse energy of 1.4 µJ in 1-ps pulses.
We used a lens with a focal length f = 20 mm resulting in a spot size
diameter of 17.9 µm on the sample. At the maximum available power, this
resulted in a maximum fluence of 0.21 J/cm2, which is 30 times higher
than previous measurements of high-power SESAMs [55]. The fixed
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attenuation stage was used to set the maximum fluence level for a given
measurement. In this way, one can benefit from the full range of the
variable attenuation stage even for samples with moderate saturation
fluences and damage thresholds.
The variable attenuation stage enables us to access a pulse fluence
range of more than four orders of magnitude. We use a highly reflective
(HR) mirror with a specified reflectivity of 99.98% at 1030 nm (Layertec
GmbH) for reflectivity calibration. A typical measurement obtained with
this setup is presented in Chapter 2, Figure 2.10.
3.1.2 Characterization of the nonlinear reflectivity parameters
Formula (3.1) describes the fluence-dependent SESAM reflectivity R(F) for
a flat-top-shaped beam profile [56]:
⎛ R ⎛ F
⎞⎞
ln ⎜ 1+ lin ⎜ e Fsat −1⎟ ⎟ F
⎠ ⎠ − F2
⎝ Rns ⎝
R(F) = Rns
e
(3.1)
F
Fsat
The fitting procedure used for our measurements is based on this
formula but is numerically corrected for a Gaussian-shaped transverse
beam. A least-squares fit procedure yields the saturation parameters of the
SESAM (saturation fluence Fsat, modulation depth ΔR = Rns - Rlin,
nonsaturable losses ΔRns= 1 - Rns, IA coefficient F2). These parameters are
illustrated in Chapter 2, Figure 2.10.
3.1.3 Importance of the induced absorption (IA) coefficient F2
Operation at high incident pulse fluences on the SESAM compared to its
saturation fluence (i.e., high S-parameter, see Table 3.I) makes multipulsing instabilities a more critical issue in TDLs. It is, therefore, of
particular importance for high-power oscillators to correctly characterize
the IA coefficient F2 that describes the additional absorption observed at
high fluences. We usually refer to this effect as a “rollover” in reflectivity.
Although this rollover is beneficial to suppress Q-switching instabilities,
operating the SESAM close to this rollover can lead to multi-pulsing
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instabilities [37, 53, 54]. The reason for this is that pulse breakup results in
several pulses circulating in the cavity, which are less energetic than one
single pulse at a given average power. Operating in a SESAM range where
the reflectivity increases with pulse fluence results in single pulses
experiencing fewer losses therefore being favored. If the SESAM is oversaturated due to IA, multiple pulses with lower pulse energy can have a
gain advantage compared to single pulses and be favored.
The F2 parameter, typically expressed in mJ/cm2, describes the strength
of the rollover and is taken into account as an additional parameter in the
reflectivity function for the fitting procedure (Formula (3.1)).
Another relevant parameter that can be extracted using the nonlinear
reflectivity curve is the fluence F0, where the maximum reflectivity is
reached. This parameter is related to the IA coefficient F2 (for weak IA
coefficients (F0 > 5Fsat) and small modulation depths) [37] by:
(3.2)
F0 = F2Fsat ΔR
Due to the relatively long pulse duration of the laser source used in
this study (1 ps) and the resulting weak rollover, these approximations are
fulfilled in all cases considered here. Although F0 may appear as a more
intuitive parameter, F2 is independent of the SESAM parameters, whereas
F0 depends on the product Fsat·ΔR. This makes F2 a well-suited parameter to
compare IA of different SESAMs. F2 can be calculated in the case of twophoton absorption (TPA) and for sech2 pulses using

F2 =

τp
4

0.585 ∫ βTPA (z)n2 (z) E(z) dz

(3.3)

struct

with z the vertical position within the wafer structure, βTPA(z) the TPA
coefficient expressed in cm/GW, E(z) the normalized electric field in the
structure, and n(z) is the refractive index. This formula gives a good
approximation of the measured rollover for femtosecond pulses. For
longer pulses, the observed F2 is larger than calculated if only TPA is taken
into account. The exact reason for this stronger IA for longer pulses has not
yet been clearly elucidated [37].
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Figure 2.10 illustrates the influence of the IA coefficient F2 when Fsat ,
ΔR, and ΔRns are kept constant. As we can see, the effective modulation
depth of the sample is reduced.

Figure 3.2: Effect of
the F2 parameter on the
nonlinear reflectivity at
given saturation
parameters (in this case
Fsat = 50 µJ/cm2,
ΔR = 2%,
ΔRns = 0.2%)
and
different F2 parameters.
µ

3.2

Design of the SESAMs under test

A straightforward approach to increase the saturation fluence of a SESAM is
to grow a top mirror on the structure to increase its finesse. In this way,
the electric field in the absorber layers is reduced, and therefore, the
fluence required to saturate the sample is increased. As we increase the
saturation fluence, we reduce the modulation depth of the sample by the
same factor, since
ΔR ⋅Fsat = Ft
(3.4)
where Ft is the transparency fluence of the absorber. The transparency
fluence Ft, is related to the transparency density Nt by:
Ft = dhν N t
(3.5)
where Nt is the 2-D transparency density of the QW absorber, hν is
the incident photon energy and d is the thickness of the QW. The
transparency density Nt only depends on material composition, wavelength
and confinement, which are all intrinsic properties of the absorber. The
detailed calculation of this transparency density as a function of the intrinsic
semiconductor parameters is described in [38, 57]. However, in this case,
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we are mostly interested in the link between the transparency fluence and
the macroscopic parameters of the SESAM, namely Fsat and ΔR.
The energy per area absorbed by the sample Fabs at any given incident
fluence F is:
Fabs (F) = F(1− R(F))
(3.6)
The condition for transparency in the case on negligible nonsaturable losses
and no IA is given by
(3.7)
Ft = lim F(1− R(F))
F→∞

Using Formula (3.1), we obtain
⎛ 1 ⎞
(3.8)
Ft = Fsat ln ⎜ ⎟ ≈ Fsat ln (1+ ΔR ) ≈ Fsat ⋅ ΔR
⎝ Rlin ⎠
The product Fsat·∙ΔR remains constant for a given absorber section since the
transparency density is an intrinsic material property. An additional topmirror on a given SESAM will, therefore, increase its saturation fluence
and decrease its modulation depth. This means that the samples to topcoat
need to have a large enough modulation depth in addition to the basic
requirements (i.e. low nonsaturable losses and an initially large saturation
fluence). With multiple QWs, we can adjust the modulation depth without
changing the saturation fluence of the samples.
3.2.1 SESAM structures grown for damage investigations
In Figure 3.3, we present the design of the non-topcoated SESAM (NTC)
used for this study. It consists of a 30-pair GaAs/AlAs distributed Bragg
reflector (DBR) and three 10-nm InGaAs QWs as absorber layers in an
antiresonant configuration. This SESAM was grown by molecular beam
epitaxy (MBE) in the FIRST cleanroom facility at ETH Zurich. The QWs
of this sample were grown at T ≈ 400ºC, resulting in a recovery time at
1/e of τ1/e ≈ 200 ps and low nonsaturable losses <0.1%. Lower MBE
growth temperatures would support shorter recovery times, but an
increased number of defects and higher nonsaturable losses [39]. In this first
Part, we target an investigation of the damage mechanism in SESAMs.
Therefore, it is crucial to isolate the possible causes of damage. Using
samples with negligible nonstaurable losses allows us to assume that
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damage cannot occur by heat deposition in the absorber. In the next Part of
this Chapter, a separate study on the exact effect of the recovery time of
the absorber on the damage parameters will be presented in the context of
modelocked TDLs with short pulses (sub-200 fs).

5.2

Figure 3.3: SESAM structure without topcoating used for the damage study. Different
topcoatings will be applied on this structure.

3.2.2 Topcoating section
Three different topcoatings were grown on this structure (Figure 3.4). In
the first case, a semiconductor topcoating was chosen with four pairs of
quarter-wave GaAs/AlAs layers grown by MBE (semiconductor topcoating
(SCTC), see Figure 3.4b). In this design, the field enhancement in the
absorber is reduced by a factor of ≈ 4 compared to the uncoated sample
(see Figure 3.4d). Therefore the same increase of the saturation fluence is
expected. For the other cases, a dielectric SiO2/Si3N4 topcoating grown by
plasma-enhanced chemical vapor deposition (PECVD) was chosen. Two
sets of samples were coated with two and three pairs of quarter-wave
layers (DTC2 and DTC3, see Figure 3.4c). In this case we expect an
increase of the saturation fluence of a factor of 3 and 5, respectively (Figure
3.4d). These dielectric topcoatings are particularly attractive because the
deposition process is much simpler and considerably more cost efficient
than an MBE topcoating. Furthermore, the dielectric topcoating can be
applied after MBE growth. This allows for additional flexibility in terms of
finesse increase of the structure. From a material point of view, SiO2 and
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Si3N4 are dielectric materials, and therefore exhibit negligible TPA
compared to GaAs and AlAs [58], which results in reduced IA.

5.2

GaAs
AlAs
InGaAs
SiO2
Si3N4
Air

Figure 3.4: Different SESAM structures used for the damage study. a) SESAM design (also
presented in Figure 3.3) with 3 QWs and no topcoating (NTC), b) same SESAM but with
a 4-quarter-wave-pair GaAs/AlAs semiconductor topcoating (SCTC), c) same SESAM but
with a 3-quarter-wave-pair SiO2/Si3N4 dielectric topcoating (DTC3), d) field
enhancement in the absorbers.

3.3

Nonlinear reflectivity, damage thresholds and lifetimes
3.3.1 Nonlinear reflectivity
Fsat
(µJ/cm2)

ΔR
(%)

ΔRns

(%)

F2
(mJ/cm2)

NTC

72

2.05

<0.1

3200

SCTC

279

0.52

<0.1

5500

DTC2

168

0.71

<0.1

31700

DTC3

247

0.43

<0.1

346000

Table 3.II: Saturation parameters of the different samples, extracted from the
measurements presented in Figure 3.5 with the fit function described in Formula (3.1).
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Figure 3.5: Nonlinear
reflectivity measurement
of the different samples
used in this study,
illustrating the effect of
the different applied
topcoatings.

The nonlinear reflectivity measurements and corresponding extracted
parameters are presented in Figure 3.5 and Table 3.II. We can clearly see
the effect of the different topcoatings on the saturation parameters of the
samples: as the saturation fluence increases, the modulation depth
decreases by a similar factor. The saturation fluences of all the topcoated
samples are > 150 µJ/cm2 and their modulation depths are between 0.4%
and 0.8%. SESAMs used in high-power TDLs typically have modulation
depths in this range (Table 3.I). This makes all our fabricated SESAMs
excellent candidates for such systems. The 3-QW non-topcoated sample
with 2% modulation depth is ideally suited for topcoatings designed for a
saturation fluence increase of 3–5. All SESAMs have negligible
nonsaturable losses < 0.1% and therefore minimal thermal load.
All topcoated SESAMs have increased IA coefficients F2 compared to
that of the non-topcoated sample. However, the semiconductor topcoated
SESAM (SCTC) shows only a small increase compared to the dielectric
topcoated samples (DTC2 and DTC3). Although the field in the DBR
structure and the absorber section is reduced in all samples, the GaAs/AlAs
topsection experiences a strong electric field, and GaAs has a strong TPA
coefficient. In the case of the dielectric topsection, both materials have a
negligible TPA coefficient compared to GaAs. Therefore, SESAMs with
similar saturation parameters (similar electric field distributions in the DBR
and the absorber region) but different topcoatings have different IA
responses.
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Using Formula (3.3), the expected F2 parameter only taking into
account TPA was calculated for all our fabricated structures and assuming a
pulse duration of τp = 1ps (pulse duration of the TDL used for the
measurements). For this calculation, the TPA coefficients of AlAs, SiO2,
and Si3N4 are considered negligible compared to that of GaAs, and we used
βTPA,GaAs = 20 cm/GW [58]. The results are summarized in Table 3.III.
F2,meas
(mJ/cm2)

F2,TPA
(mJ/cm2)

F2,TPA/F2,meas

NTC

3200

8200

2.56

SCTC

5500

15000

2.71

DTC2

31700

70200

2.21

DTC3

346000

206000

0.6

Table 3.III: Comparison of the measured IA coefficient F2,meas and the calculated F2,TPA (only
considering TPA).

For the SESAM with the 3-pair dielectric topcoating (DTC3), the
available power limits the measurement accuracy of F2. As we can see in
Figure 3.5, the maximum fluence does not allow measuring deep enough
into the rollover; therefore, F2 could not be measured with enough
accuracy for this SESAM. For all other SESAMs, there is a factor of ≈ 2.5
between the calculated and measured F2 (Table 3.III), indicating that the
observed rollover is stronger than predicted only by TPA for this pulse
duration. This is due to the relatively long pulses we used in the study.
Indeed, it was shown in [37] that the rollover observed in the picosecond
regime was stronger than that predicted by TPA only in similar structures.
The observed factor of around 2-3 seems to be in good agreement with the
previous above mentioned study carried out with 3-ps long pulses.
3.3.2 Damage fluence and time-to-damage measurement procedure
We define damage of a SESAM under test as an irreversible change in the
structure resulting in a dramatic drop in the measured reflectivity. The
damage fluence threshold Fd is then defined as the minimum fluence where
this irreversible reflectivity drop occurs in <1 s. In order to measure the
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damage fluence and the time-to-damage of a sample we use the same setup
described in the first section for nonlinear reflectivity measurements. We
set the fluence to a constant value and track reflectivity of the sample
versus time. A typical measurement trace is shown in Figure 3.6 (left).

Figure 3.6: Left: Typical time-to-damage measurement. In this example, we measured a
time-to-damage of 445 s at a fluence of 27 mJ/cm2, corresponding to a fluence 65% lower
than the damage threshold. Right: Image of a tested SESAM where we can see multiple
damage spots resulting from the performed characterization.

First, the fluence is set to the desired value while the sample arm is
blocked (1). The measurement of reflectivity versus time is then started,
and the laser is focused onto the sample. The time before the irreversible
reflectivity drop (2) is what we define as “time-to-damage”. One
reflectivity measurement point lasts typically around 1 s, and the precision
of the measurement is, therefore, limited to this duration. The observed
drop in reflectivity is stronger when damage occurs at higher fluences, but
typically the drop amounts to ≈ 50–90% of the initial reflectivity of the
non-damaged sample.
In order to find the damage threshold, we first scan the fluence in
steps of approximately 5 mJ/cm2 starting at around 100·Fsat based on
typical damage values. When a fluence is found where instantaneous
damage is observed, we perform a fine scan both in fluence (steps of
≈ 1 mJ/cm2) and in the z- position of the sample in order to find the exact
focus position for minimum damage fluence. The obtained minimum value
is what we define as damage threshold fluence of a sample. After a spot was
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damaged, we move the SESAM under test in the x- or y-direction in order
to perform the next measurement on an undamaged spot. It is interesting
to note that the higher the damage threshold, the bigger the impact trace
on the SESAM when damaged; therefore, a larger translation to a new spot
is required to perform the next measurement.
3.3.3 Damage threshold measurements
As a first step, we performed damage tests on the different 3-QW SESAMs
described in Section 3.2 to compare the effect of the different topcoatings
on the damage behavior. The damage fluences of these samples are
presented in Figure 3.7 and Table 3.IV, together with the different
parameters of the tested SESAMs.

Figure 3.7: Damage threshold
of the different tested SESAMs
together with their nonlinear
reflectivity measurement.

Fsat (µJ/cm2)

ΔR

(%)

ΔRns (%)

F2 (mJ/cm2)

Fd (mJ/cm2)

Sd=Fd/Fsat

NTC

72

2.05

<0.1

3200

32.6

450

SCTC

279

0.52

<0.1

5500

44.1

158

DTC2

168

0.71

<0.1

31700

122

726

DTC3

247

0.43

<0.1

346000

>210

>850

Table 3.IV: Damage thresholds of the different representative SESAMS together with their
saturation parameters. The samples with a 3-pair dielectric topcoating did not show
damage up to the maximum available fluence in our setup of 0.21 J/cm2.
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The topcoated SESAMs show, in all cases, higher damage fluences
than without a topcoating. The damage fluences for the dielectric
topcoated SESAMs (DTC2 and DTC3) are much higher than for the
semiconductor topcoated SESAM (SCTC) with similar saturation
parameters. It is interesting to note that regardless of the sample,
instantaneous damage occurs at fluences deep in the rollover regime,
where SESAM modelocked lasers would not operate in a stable regime
(e.g., saturation parameters S > 150). However, the higher damage
threshold is very beneficial to overcome the QML regime, where peak
powers can be significantly larger. For our sample with three quarter-wave
pairs dielectric topcoating (DTC3), we did not observe damage even at the
maximum available fluence in our setup of 0.21 J/cm2. This corresponds to
a peak intensity of 185 GW/cm2 on the sample. This particular sample was
tested at this maximum fluence level for several hours and no damage was
observed.
3.3.4 Lifetime measurements
We measured lifetime curves of the samples for which the damage fluence
could be measured with the available maximum fluence. The results are
presented in Figure 3.8. For all samples, the lifetime curves seem to follow
an exponential behavior.

Figure 3.8: Lifetime curves of different representative SESAMs. Left: Lifetime curve with
fluence axis in mJ/cm2, where one can see the large shift of the sample with a dielectric
topcoating to higher fluences. Right: Same lifetime curves, but with the fluence axis
normalized to the damage threshold of the sample.
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t0 (s)

F4 (mJ/cm2)

F3 (mJ/cm2)

Fd (mJ/cm2)

Sd=Fd/Fsat

NTC

48

1.15

14

32.6

450

SCTC

14

1.31

24

44.1

158

DTC2

24

2.97

74

122

726

Table 3.V: Fit parameters for the lifetime curves presented in Figure 3.8 using the fit
function described in Formula (3.9).

The fit for the lifetime curves was performed using a single
exponential function:
−

( F−F3 )

(3.9)
t(F) = t0 + e F4
The fit parameters are presented in Table 3.V. The difference in the
parameter F3 is approximately the difference between the damage
thresholds that was already described in the previous Paragraph. Parameter
F4 indicates the “slope” of the exponential function. The fit parameter t0 is a
small offset of the exponential in the y-axis necessary to correctly fit the
measurements.
For every SESAM, the measurements were done for fluence levels
ranging from the instantaneous damage fluence to around 80% of this
value, leading to maximum time-to-damage values of 1–2 h. In Figure 3.8
(left), we can see that the lifetime of the sample with a dielectric
topcoating is shifted to higher fluences (increase of F3), confirming the
advantage of this type of topcoating for increasing the damage threshold of
SESAMs. In addition, the slope of the exponential (parameter F4) is steeper
for the topcoated samples, and in particular the dielectric topcoated one
(see Figure 3.8 (right)), suggesting an even larger advantage (i.e., a larger
difference between lifetimes) at lower fluences.
3.3.5 Extension of lifetime curves to lower fluences
We can use these measurements to estimate the lifetime of SESAMs at a
given lower fluence. As we mentioned in the introduction Paragraph,
SESAMs in high-power oscillators operate with saturation parameters
S ≈ 20-100. It is therefore interesting to evaluate their lifetime at this level.
The longest time-to-damage measurement was performed using a sample
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Figure 3.9: Lifetime of SESAMs extended to saturation parameters where typical highpower TDLs operate.

We can see that at saturation parameters of 10 < S < 50, the
suggested lifetimes are in the order of 700 000 – 150 000 h. Testing a
sample with a dielectric topcoating such as the ones presented in the
previous Paragraph (DTC2, for example) should result in even higher
lifetimes at such low fluences. The value obtained is approximately an
order of magnitude larger than observed in some high-power commercial
systems using SESAM technology [59]. Nevertheless, considering that the
longest time-to-damage point was taken at a fluence over an order of
magnitude larger than the evaluated points, our measurements seem to
give a good approximation of the lifetime of SESAMs at more standard
fluences. However, we can see here that it is crucial to take points at long
lifetimes (> 10 h) for a correct extension of the lifetime curves. This was
not performed because the TDL used for these experiments is not adequate
for such long term testing, in particular in terms of long-term stability.
Furthermore, it is likely that other mechanisms need to be taken into
account for much lower fluences.
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3.4

Damage mechanism
3.4.1 Influence of the absorber section on the lifetime

In order to identify the damage mechanism, we compared the damage
behavior of a SESAM with a single QW absorber, one with 3-QWs (same
one described in Section 3.2), and a DBR mirror (without absorber
section) in order to evaluate if the damage thresholds are dependent on the
absorber geometry. All the samples have no topcoating and in an
antiresonant configuration. The results are presented in Figure 3.10 and
Table 3.VI.

Figure 3.10: Nonlinear
reflectivity and lifetime
measurements for a
DBR, a SESAM with
1QW as an absorber
and a similar SESAM
with 3 QW absorbers.

Fsat (µJ/cm2)

F2 (mJ/cm2)

Fd (mJ/cm2)

Sd=Fd/Fsat

DBR

-

7400

48

-

1QW

57

2600

32.1

560

3QW

72

3200

32.6

453

Table 3.VI: Nonlinear reflectivity fit parameters and damage thresholds of the samples
with different absorber sections presented in Figure 3.10.

We can see that the damage behavior of a DBR is similar to that of the
characterized SESAMs. Damage occurs deep in the rollover regime, and
this rollover occurs at comparable fluence levels as for the SESAMs. This
seems to indicate that this mechanism is related to the IA process, which is
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mainly caused by the GaAs layers in the structure. We can also notice that
the absorbers seem to have a tendency to slightly reduce the lifetime. One
possible reason is that the SESAMs have additional GaAs spacers in the
absorber section where the electric field is strong, and therefore represent
an important contribution to the IA. This would also explain the 50%
higher damage fluence for the DBR (Table 3.VI).
3.4.2 Approximate expression of the energy absorbed by IA
For all SESAMs under test, we observed that damage occurs at fluences
deep in the rollover regime, suggesting a damage mechanism related to the
absorbed energy due to IA. It is interesting to note that in the case of the
sample with 3 QWs and a two-pair dielectric topcoating (DTC2) where F2
is greatly increased; the damage curve is also shifted to higher values.
The energy absorbed by the sample due to the IA can be evaluated
taking into account a number of approximations. For any given fluence,
one can calculate the fraction of this fluence absorbed by the sample
(Formula (3.6)). We approximate R(F) using the expression for a flat-top
beam (Formula (3.1)), this time including the extra rollover factor. This
expression can be numerically corrected for a Gaussian beam. However,
using the approximate expression for a flat-top beam leads to a negligible
error in our calculation [57] and allows us to obtain an approximate
analytical expression. We simplify Formula (3.1) by assuming a strongly
saturated absorber (F >> Fsat) and operation at a fluence close to the
rollover point in reflectivity, which for weak TPA implies F << F2. With
these approximations, we obtain:
⎛ F⎞
(3.10)
R(F) ≈ Rns ⎜ 1− ⎟ .
⎝ F2 ⎠
The absorbed energy Fabs per area can then be estimated by
⎛
⎛ F ⎞⎞
(3.11)
Fabs ≈ F ⎜ 1− Rns ⎜ 1− ⎟ ⎟ .
⎝ F2 ⎠ ⎠
⎝
For samples with small nonsaturable losses (Rns ≈ 1) such as the ones
used for this damage study, we have
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F2
.
(3.12)
F2
In order to verify that damage occurs at a constant level of deposited
energy, we therefore need to verify
F 2d
(3.13)
=k
F2
where k is a constant factor. Therefore, the damage fluence Fd for all
SESAMs should scale proportionally to √F2. In the case of SESAMs with the
same absorber section, where the product Fsat·∙ΔR is constant, the damage
fluence Fd should scaleproportionally with F0 (Formula (3.2))
Fabs ≈

3.4.3 Experimental verification
In order to illustrate this dependence, we plotted the ratio Fd/F0 for
different SESAMs based on the 3-QW absorber described in the previous
section (Figure 3.11) but with different topsections (and as a consequence a
constant Fsat·∙ΔR product).

Figure 3.11: Ratio Fd/F0
for different samples for
which we measured the
damage threshold. All
samples have the same
absorber section (3
QWs) but different
topcoating
and/or
different IA response.

Even for the same topcoating design, we observe differences in the IA
response of the samples due to the inhomogeneity of the MBE growth with
respect to the center position of the wafer. This results in a difference in
the damage threshold of the samples with the same structure. It is worth

52 - Part I - Damage thresholds, lifetime and design guidelines

SESAMs for high-power femtosecond oscillators
noting that in the previous Paragraph where samples with different
absorber sections are compared, we always used samples at the same
position in the wafer to minimize this error. In total, we measured 13
samples with different IA.
These results clearly indicate that the ratio Fd/F0 remains
approximately constant for all the evaluated samples. This has an important
consequence for the design of SESAMs with high damage threshold: by
shifting the rollover to higher fluences, for example with a dielectric
topcoating, it is possible to tailor the damage threshold of the structure.
If we want to extend this evaluation to samples with different
absorbers, and even to a DBR mirror (since the absorber does not seem to
be the cause for the damage mechanism), it is relevant to compare the
damage threshold not to F0 but to verify Fd ∝ √F2. In Figure 3.12, we
plotted the ratio √F2/Fd for 16 different samples for which we were able to
measure the damage fluence.

Figure
3.12:
Ratio
√F2/Fd for different
samples for which we
measured the damage
threshold,
including
samples with different
absorber sections and a
DBR mirror.

The data seems to confirm that the damage process is dominated by
the energy absorbed by the sample due to the IA mechanism, and that the
main contribution to IA comes from the field in the DBR and spacer layers
and not by the absorber section itself. This gives a clear indication of the
damage behavior of such SESAMs, suggesting that catastrophic damage
occurs due to heating of the lattice by energy absorbed by the IA process. It
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also indicates a guideline on how to shift the damage fluence to higher
values by simply increasing F2.
3.5

Guidelines for SESAMs with high damage thresholds

We identified two important parameters concerning catastrophic damage
of SESAMs at high fluences: on the one hand, the damage mechanism
originates in the amount of energy deposited by IA on the sample. The
damage threshold scales, therefore, proportionally to √F2 (Formula
(3.13)). In our study, we used 1-ps pulses; therefore, the mechanism
involved is mostly, but not only, due to TPA. Furthermore, we
demonstrated that the absorber itself is not responsible for the damage
mechanism, since a DBR showed a comparable damage threshold and
lifetime behavior to those of the different SESAMs. Therefore, we can give
guidelines to develop SESAMs for operation in high-power oscillators:
Multiple QWs allow us to tune the modulation depth of the samples
without changing their saturation fluence. This is required to have an
initially large ΔR without topcoating, since the top mirror will
reduce this modulation depth. When of a relatively low number of
QWs is used, the absorbers can be placed simultaneously in one
antinode of the electric field. In this case, the absorbers have only a
small influence on the damage threshold, mostly because of the
additional GaAs spacer layers commonly used as barrier material.
When a larger number of QW is used, the amount of material to add
becomes significant. In this case, one could also consider using
another material with lower βTPA (for instance AlAs) for such QW
barrier layers. Without GaAs barrier layers, we expect uncoated
SESAM samples to have an almost identical damage behavior to that
of a DBR mirror. This point will be discussed in Part III of this
Chapter.
Dielectric topcoatings are preferred over semiconductor topcoatings
to increase the saturation fluence. The topsection of a SESAM is
critical because it experiences a very strong electric field and
therefore contributes strongly to the IA and to the damage. With a
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dielectric material, we achieve larger values for F2 and,
consequently, higher damage fluences.
The absorber section of the samples used for this study was grown at
T ≈ 400°C leading to recovery times in the order of ≈ 200 ps. In
TDLs, SESAM recovery times are typically in the order of τ1/e ≈ 10300 ps. Lower growth temperatures would not only result in shorter
recovery times but also in a larger growth defect density. The exact
influence of growth temperature on the damage behavior will be
treated in the next Part.
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Part II – Influence of absorber growth temperature on
damage
In this section, we will focus on the specific challenges of designing
SESAMs for high-power TDLs that target short pulse durations (typically
sub-200fs). In the previous section, we saw that modelocked TDLs
typically operate at large intracavity pulse energies, resulting in fluences on
the SESAM in the order of several mJ/cm2 (Table 3.I). These demanding
conditions require robust SESAMs. In addition, specific SESAM parameters
are required to generate short pulses from TDLs based on gain media with
moderate gain bandwidths. The main challenges are in this case:
As we discussed in Chapter 2 (Paragraph 2.3.1), the QML threshold
can become more difficult to overcome in this type of lasers.
Therefore, special attention needs to be paid in achieving SESAMs
with high-damage thresholds.
At short pulse durations (< 200 fs), IA can already occur at
moderate pulse fluences. This is illustrated in Figure 3.13, where we
present the nonlinear reflectivity measurement of an uncoated
SESAM at 1 ps pulse duration (bullets), and estimated its response of
at 200 fs (dashed line) by adapting the F2 parameter using
Formula (3.3). As we discussed in the first part of this Chapter, an
early rollover can lead to multi-pulsing instabilities at moderate
saturation parameters and can be one of the main limiting factors to
reaching high power levels.
SESAMs with short recovery times are important for the generation
of short pulses using gain media with moderate gain bandwidths. A
common way of tailoring the recovery time is to grow the QW
absorbers at low-temperature (LT). LT-growth introduces
additional defects in the lattice that result in fast nonradiative decay
times [60-64]. However, this results in extra nonsaturable losses,
which can lead to thermal effects [39, 63].
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Figure 3.13: Nonlinear reflectivity
measurement of an uncoated
SESAM at 1 ps pulse duration
(bullets), and estimated response
of at 200 fs (dashed line) by
adapting the F2 parameter using
Formula (3.3) (dashed line).

Therefore, special care needs to be taken to design SESAMs that
combine large modulation depths, large saturation fluences, fast recovery
times, reduced IA and high damage thresholds. In Part I of this Chapter,
we showed that it is possible to tailor the IA and damage threshold by using
appropriate dielectric topcoatings on antiresonant structures with multiple
QWs as absorbers, and that the absorber section does not have a strong
influence on the damage mechanism. However, in this study, we used a set
of samples with intermediate recovery times and small modulation depths
leading to negligible nonsaturable losses. Here, we extend this study and
investigate the influence of lower growth temperatures (which result in
faster recombination times), on the damage threshold of SESAMs with high
modulation depths, designed for power scaling of TDLs with sub-200 fs.
3.1

Experimental setup and SESAM structures
3.1.1 Experimental setup

In order to carry out this study, we measured the nonlinear reflectivity,
damage threshold and recovery parameters of a set of representative
samples. For the nonlinear reflectivity and the damage threshold
measurements, we used the same setup and experimental procedure
described in Part I of this Chapter. To measure the recovery time of the
samples, we used a standard pump-probe setup (Figure 3.14) seeded by a
bulk Yb:YAG laser delivering 1-ps long pulses at a repetition rate of
38 MHz and 150 mW of average power. The laser operates at a central
wavelength of 1030 nm.
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photodiode
Test Laser:
Yb:YAG bulk
- 150 mW
- 38 MHz
- 1 ps

AOM

sample

probe
pump

AOM
delay τ

Figure 3.14: Pump-probe setup used for measuring the recovery dynamics of the different
SESAMs. AOM: Acousto-optic modulator.

The temporal decay of the reflectivity R(t) of the SESAM from a
certain saturation level back to the unsaturated reflectivity can be described
by a bi-temporal exponential function of the delay between the probe and
the pump pulse:
−

τ
τ fast

−

τ
τ slow

(3.14)
R(τ ) = Ae
+ (1− A)e
where A is the amplitude of the fast component with a characteristic
decay time at 1/e of τfast and (1-A) is the amplitude of the slow component
with a 1/e decay time τslow. This bi-temporal response is due to different
recombination processes. The fast response is usually on a timescale of
some hundred femtoseconds and is due to the fast intraband thermalization
of carriers to the lowest energy state in the conductive energy band. The
second slower time response (in the order of picoseconds to nanoseconds)
corresponds to carrier recombination with holes from the valence band
[63]. It is worth noting that in our setup the 1-ps long probe pulses usually
do not properly resolve the fast recombination exponential component. In
order to precisely evaluate it, another laser system with shorter pulses is
required. Nevertheless, we can compare the behavior of the response time
of different SESAMs knowing this uncertainty.
Different growth temperatures influence both characteristic decay
times as well as their respective amplitude. However, it is difficult to tailor
these parameters independently with LT-grown QWs. This is due to the
nature of the low growth temperature process, which consists of
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introducing defects in the lattice structure to reduce the carrier
recombination time. A strict comparison of the recovery of different
samples requires comparing all three parameters τslow, τfast and A. A
commonly used simplification consists of comparing the recovery time at a
given level of recovery, for example, the time that it takes for the absorber
to recover to 1/e of its saturated value. Another point to take into account
is that the recovery dynamics depend on the level of saturation of the
absorber. In this study, we compare all samples at similar saturation level
of S ≈ 3, limited by the output power of our test laser.
3.1.2 Structure used for this study

Air

4
3
2
1

2x2x7nm
InGaAs
QW

GaAs

AlAs GaAs

4
3
2
1
0

|E|2

Figure 3.15: Structure of
the uncoated SESAMs
used for this study. The
QWs were grown at
different temperatures
and the samples were
evaluated for damage
threshold.

Refractive index

For this study, we used a structure with a large numbers of QWs, to reach
an initially large modulation depth. The structure of the uncoated sample is
presented in Figure 3.15. It consists of a standard DBR and four InGaAs
QW absorbers embedded in GaAs. The absorbers were placed two-by-two
in two consecutive antinodes of the electric field pattern to optimize their
absorption. This resulted in samples with >3% modulation depth, which
can be further coated to decrease their modulation depth. The QW
absorbers of the four samples used for this study were grown at different
temperatures (245ºC, 270ºC, 300ºC, 385ºC). The samples were designed
for an operation wavelength of 1030 nm.

4.5 5.0 5.5 6.0
z (µm)
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3.2

Experimental results
3.2.1 Influence of growth temperature on recovery parameters and
damage threshold

All investigated SESAMs had the same structure, and yielded similar
saturation parameters (Table 3.VII). The differences observed are most
likely due to small errors during the MBE growth, that result in slight
differences in the enhancement in the structure.
Tgrowth (ºC)

245

270

300

385

τfast (ps)

2

8

7

2

τslow (ps)

66

88

107

167

0.77

0.67

0.46

0.2

τ1/e (ps)

3

17

33

128

Fsat (µJ/cm2)

32

31

22

34

ΔR (%)

3.9

3.6

4.4

3.6

ΔRns (%)

1.2

0.4

0.2

0.1

F2 (mJ/cm2)

1460

1430

1230

1602

Fd (mJ/cm2)

15.6

18.4

22.6

25.1

A

Table 3.VII: Recovery parameters of SESAMs with the same structure (Figure 3.15), but
with the absorbers grown at different temperatures. The recovery parameters were
extracted from the measurements presented in Figure 3.16.

Figure
3.16:
Pump-probe
measurements of samples with
the same structure, but the
absorbers grown at different
temperatures.
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In Figure 3.16, we plotted the pump-probe traces of these samples.
The corresponding fit parameters are presented in Table 3.VII. These
measurements indicate that samples grown at lower temperatures have
faster recovery times, as expected from previous studies [39].
In Figure 3.17 (left), we plotted the different characteristic decay
times as a function of the growth temperature. The amplitude of the fast
component A decreases with the growth temperature, whereas the slow
time decay constant τslow increases with growth temperature. Both
quantities behave linearly with the growth temperature. The fast decay
time τfast is difficult to evaluate correctly with the long pulse duration of our
seed laser.
In Figure 3.17 (right), we plot the decay time to 1/e (τ1/e) as a
function of QW growth temperature. The observed exponential behavior
confirms previous studies carried out with LT-grown GaAs [39]. Although
the parameter τ1/e is not sufficient to fully characterize the dynamics of the
absorber, it is appropriate to compare the recovery of the absorber in a
passively modelocked laser. In fact, in most soliton formulas the recovery
parameter of the absorber corresponds to the time where the gain net
window after the pulse closes. In this picture, a constant degree of
recovery is related to the level of losses in one round trip of the laser
cavity.

Figure 3.17: Different recovery parameters of the studied samples versus absorber growth
temperature. Left: decay time of the slow component and amplitude versus absorber
growth temperature. Right: decay time at 1/e versus growth temperature.
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In Figure 3.18 (left), we plot nonsaturable losses and damage
threshold of these samples as a function of the growth temperature. The
total nonsaturable losses of the samples decrease exponentially with the
growth temperature, which also confirms the observations made in
reference [39]. It is interesting to point out that even for our fastest sample
with a recovery time of ≈ 2 ps the nonsaturable losses stay reasonable in
comparison to the modulation depth of the sample (1.2% nonsaturable
losses for 3.9% modulation depth). For use in most common TDLs, lower
modulation depth is required. Therefore a dielectric topcoating that will
reduce the field in the absorber will be applied, further reducing the
nonsaturable losses.
In Figure 3.18 (right), we can see that the damage threshold decreases
exponentially with the nonsaturable losses of the samples. However, the
change in damage threshold is relatively small compared to the increase in
the recovery time of the absorber (we observe a decrease of 40% in
damage threshold, for a 12-fold decrease of the nonsaturable losses).
Heating of the absorbers due to the additional defects most likely causes
this small decrease in the damage threshold of the samples.

Figure 3.18: Left: Dependence of damage threshold and nonsaturable losses on absorber
growth temperature. Right: Dependence of damage threshold on nonsaturable losses.

In the study presented in the previous section, we only considered
samples with negligible nonsaturable losses. In that case, the absorbers had
nearly no influence on the damage mechanism, which mainly originated
from IA. The results presented here indicate that the nonsaturable losses
introduced by the additional defects in the absorbers also contribute to the
62 - Part II – Influence of absorber growth temperature on damage

SESAMs for high-power femtosecond oscillators
damage mechanism (Figure 3.18b). However, this influence is small
relative to the change in the recovery time of the samples. Furthermore,
even for our fastest samples, damage occurs at fluence levels where
modelocked lasers do not operate in a stable configuration.
3.2.2 Topcoated sample for use in high-power thin-disk laser
For further use of the different SESAMs presented in this part in a highpower TDL based on Yb:LuScO (Chapter 4, Paragraph 4.3.2), we applied
a two-pair SiO2/Si3N4 dielectric topcoating using PECVD in order to
reduce the field in the absorbers. As discussed in the first section of this
chapter, this results in an increase of the saturation fluence and reduction of
the modulation depth. Furthermore, this increases their damage threshold,
and IA coefficient. Since this SESAM was designed in the goal of obtaining
short pulse durations (<200 fs), we used the sample with the shortest
recovery time, which was grown at 245ºC. The recovery time of the
topcoated sample is the same as the sample without topcoating. The
deposition of this topcoating by PECVD was done at 300ºC, which is low
enough not to generate any post-growth annealing effects on the absorber
of the SESAM. The effect of the topcoating on the nonlinear reflectivity of
the initial sample is presented in Figure 3.19.

Figure 3.19: Nonlinear
reflectivity measurement
of
uncoated
sample
grown at 245ºC (green)
and
after
dielectric
topcoating (red).

Reflectivity (%)

100
99

dielectric
topcoating

98
97

uncoated
Fsat

96
101

*

F0

102
103
Fluence (µJ/cm2)

104

FD
105

The saturation fluence Fsat, IA coefficient F2 and damage threshold Fd
are increased, which is important for high-power operation, the initially
large modulation depth ΔR is decreased to a moderate value and the
recovery time remains the same (Table 3.VIII). The damage threshold of
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the topcoated sample was not measured in order to avoid introducing
damage spots to the sample, but the measurement range indicates that the
damage fluence is significantly increased. The obtained parameters are
ideally suited for the targeted parameters.
Structure
Fsat (µJ/cm2)
ΔR (%)
ΔRns (%)
F2 (mJ/cm2)
τ1/e (ps)
Fd (mJ/cm2)

Before Topcoating
4 QWs
32
3.9
1.2
1460
3
16

Dielectric Topcoating
4 QWs + 2-pair SiO2/Si3N4
70
1.3
0.4
7300
3
> 80

Table 3.VIII: SESAM parameters and damage threshold of sample with the lowest
recovery time before and after applying dielectric topcoating.

3.2.3 Comparison with previous uncoated SESAM with similar
parameters
In Figure 3.20, we compare the nonlinear reflectivity of the newly
designed SESAM (red) with an uncoated SESAM with similar saturation
parameters (blue). In both cases, we added in dashed lines the expected
response of the SESAM at shorter pulse duration (200 fs) by modifying F2
according to Formula (3.3). The extracted fit parameters of the nonlinear
reflectivity, recovery parameters and damage threshold of both samples are
presented in Table 3.IX.
Using the SESAM shown in blue, pulses as short as 195 fs were
demonstrated at a moderate average power of 9.5 W using Yb:LuScO as
the gain medium. In this experiment, the SESAM operated at a fluence of
1 mJ/cm2. The early rollover in the reflectivity of this SESAM was one of
the limitations to higher average power. Furthermore, the low damage
threshold of this sample resulted in repeated damage of the sample during
the QML regime. The new sample has similar saturation and recovery
parameters but a higher damage threshold. In addition, its rollover is
shifted to higher fluences. This allowed us to reach 23 W and 235 fs [65].
In this case, the fluence on the SESAM was 1.4 mJ/cm2. In this
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experiment, no damage was observed and further scaling was prevented by
damage of the disk. This laser experiment will be described in more detail
in Chapter 4.
Figure 3.20: Nonlinear
reflectivity of two
samples with similar
saturation parameters,
one uncoated
and
based on a single QW
as an absorber (blue)
and one designed with 4
QWs and a dielectric
topcoating, following
our guidelines (red).

Structure
Fsat (µJ/cm2)
ΔR (%)
ΔRns (%)
F2 (mJ/cm2)
τ1/e (ps)
Fd (mJ/cm2)

Old sample
1 QW
64
1.9
0.3
1950
5.1
26

New sample
4 QW + 2-pair SiO2/Si3N4
70
1.3
0.4
7300
3
> 80

Table 3.IX: Nonlinear reflectivity, recovery time and damage threshold of two samples
with similar saturation parameters. One sample is uncoated and based on a single-QW
absorber and the second was fabricated following our guidelines, based on 4-QW
absorbers and a dielectric topcoating.

This result indicates that the guidelines developed in Part I can be extended
to samples with fast recovery times and larger modulation depths, suitable
for modelocking of high-power TDLs with short pulse durations.
3.3

Additional guidelines: SESAMs with fast recovery times

The additional measurements presented here clearly show that growing the
absorber section at lower temperatures results in samples with faster
recovery times but also higher nonsaturable losses, confirming previous
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studies [39]. Our damage measurements indicate that the additional
nonsaturable losses represent an extra contribution to the damage
threshold. However, this contribution is small compared to the mechanism
described in the first section. In fact, we observe a decrease of nearly two
orders of magnitude in the recovery time at 1/e of our samples with
growth temperature, while the damage threshold is only decreased by
40%. Even for the fastest samples, damage occurs at fluences where
modelocked lasers would not operate in a stable regime. Adding a
dielectric topcoating increases the damage threshold while maintaining the
fast recovery time.
An additional point can be added to the guidelines presented in the
first Part of this Chapter to obtain high damage threshold samples. For laser
systems aiming for short pulse durations, where short recovery times and
large modulation depths are beneficial, a compromise needs to be found in
terms of nonsaturable losses, damage threshold and recovery time of the
samples. If a sufficiently large number of QWs is initially used and a
suitable dielectric topcoating is applied, the resulting samples combine high
damage thresholds and fast recovery times (identical to that of the uncoated
samples). Furthermore, the topcoating reduces the nonsaturable losses of
the sample, which is important to avoid heating and thermal lensing.
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Part III - Summary and outlook
3.1

Summary and guidelines for SESAMs with high damage
thresholds

To the best of our knowledge, this is the first detailed study on damage of
SESAMs designed for high intracavity energy oscillators. We identified the
relevant nonlinear parameters to compare SESAM damage independently
of their specific design structure. We clearly observe a dependence of the
damage threshold on the IA parameter F2, by demonstrating that the
damage fluence Fd of all the tested SESAMs scales proportionally to √F2. At
the targeted pulse durations for modelocked TDLs (typically <1 ps), the
mechanism responsible for this rollover in reflectivity is mainly TPA.
Therefore, the main contribution to the damage process comes from the
GaAs layers in the SESAM structure, which have the largest TPA
coefficient, and not from the absorber layers. In the case of SESAMs with
the same absorber (i.e., constant Fsat·ΔR), the damage fluence Fd scales
proportionally to the rollover fluence F0 (Formula (3.2)). In summary,
damage occurs due to heating of the lattice by energy absorbed because of
IA and not by heat generated in the absorber. Additional damage
measurements on a simple semiconductor DBR mirror further confirm this
conclusion. We give clear design guidelines for SESAMs with reduced IA
and therefore increased damage thresholds. Among the SESAMs used for
this study, we demontrated samples with high saturation fluences of
>200 µJ/cm2, low nonsaturable losses of <0.1%, reduced IA, and
increased damage threshold. This was achieved by using a dielectric
topcoating on a multiple-QW SESAM. For our best sample with a
saturation fluence of 247 µJ/cm2, nonsaturable losses of ΔRns < 0.1%, and
a modulation depth of ΔR = 0.43%, we could not observe damage even at
fluences as high as 0.21 J/cm2 which was the maximum available fluence in
our setup. This corresponds to a peak intensity of 185 GW/cm2. For all
SESAMs tested, the damage threshold occurs at fluences where it is not
possible to operate a modelocked laser in stable operation.
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Time-to-damage measurements were performed and lifetime curves
of > 8 h were measured for some SESAMs, confirming a clear exponential
behavior and suggesting lifetimes of several years at standard operation
fluences. However, at much lower fluences than the instantaneous damage
fluence, other damage effects might have to be considered. Nevertheless,
these extrapolated lifetimes are only one order of magnitude higher than
those observed in some high-power commercial systems using SESAM
technology.
In the case where short recovery times are of importance, we
demonstrate that the extra nonsaturable losses introduced by LT-growth of
the absorbers have only very small influence on the damage threshold of the
samples. Therefore, the guidelines to obtain high damage threshold
SESAMs with reduced IA also apply for samples with very fast recovery
times.
Future damage investigations will explore different laser operation
regimes such as pulse duration, pulse repetition rate and spot size on the
SESAM. Another interesting investigation would consist of performing a
similar study to determine the damage mechanisms involved in quantumdots, carbon nanotube-based and graphene-based saturable absorbers [48,
66, 67]. These novel absorbers have gained significant attention during the
past years as modelocking devices. Therefore, identifying and comparing
their damage behavior to the well-established SESAM technology is of
interest.
It is particularly important to reproduce a similar study at shorter
pulse duration such as 100 fs, to confirm our measurements in a regime
where TPA is clearly dominant. However, with the current guidelines, it is
already possible to estimate the damage threshold at shorter pulse
durations, even though these values still need to be experimentally
confirmed.
3.2

Outlook: future SESAM designs
3.2.1 More QWs, more topcoating layers

The simple guidelines derived in this Chapter indicate that multiplying the
number of QWs and the number of dielectric layers results in high-damage
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threshold samples with reduced IA and high saturation fluences - all crucial
parameters for high-power oscillators. However, the limits of this approach
were not investigated, for example, in terms of maximum amount of QWs
and/or dielectric top layers.
• Dielectric topcoating:
Concerning the dielectric topsection, we chose the pair SiO2/Si3N4 simply
because the coatings could be applied in-house in just a few hours using
PECVD. Most of the depositions were performed at 300ºC in order to
achieve high optical quality layers. However, this deposition method has
limits in terms of the number of layers that can be applied.
Stress: Given the high growth temperature, a large number of layers
can result in significant stress of the coating at room temperature,
which can lead to fracture of the coating. The limit in terms of
number of layers can be increased up to some extent by reducing the
deposition temperature, for example to 120ºC, at the expense of a
slight degradation of the optical quality of the deposited coating.
However, for a large number of layers, the use of other stress-less
deposition techniques such as sputtering or evaporation should be
considered.
Materials: Different dielectric material pairs with a higher refractive
index constrast is beneficial to reduce the necessary number of layers
to achieve a given field enhancement in the absorbers. Some
examples are SiO2/Ta2O5 (which is already commonly used as a
topsection for SESAMs) SiO2/HfO2 or SiO2/TiO2.
• Number of QWs:
Concerning the number of QWs that can be applied, a certain number of
points need to be taken into account:
Ideally using the maximum possible number of QWs in one antinode
of the electric field is preferred to limit the amount of material used
in the structure. However, the QWs need to be separated by a large
enough distance that they do not interact between each other. This
sets a limit to the number of QWs in one antinode for achieving
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efficient absorption. We limit this number to three QWs per
antinode.
The fabrication of SESAMs with large amount of QWs is challenging
due to stress resulting from the difference in lattice constants of the
absorbers and the spacer layers. Although the exact consequences of
this stress on SESAM properties has not been studied in detail,
strain-compensation methods might be necessary to maintain the
losses in the sample low.
3.2.2 QW absorbers embedded in AlAs

The layers in which the QWs are embedded experience a strong electric
field and therefore have an important contribution to the TPA response of
the sample. Therefore, the use of a material with a low TPA-coefficient for
these layers is beneficial to achieve samples with higher damage threshold
and reduced TPA response. An improvement to the structures presented in
this Chapter consists of embedding the QW absorbers in AlAs and not in
GaAs. AlAs has an indirect bandgap that has a higher energy difference than
GaAs (2.16 eV for AlAs versus 1.42 eV for GaAs [68]) and therefore
exhibits a significantly lower TPA coefficient [58]. These samples are
expected to have similar TPA response than a DBR. For a low number of
QWs, the improvement in terms of TPA is negligible. However, this is
expected to be an essential step for future samples with a larger number of
QWs.
In addition to the lower TPA response of the samples, embedding LTgrown InGaAs QWs in AlAs results in samples with exceptionally fast
recovery times, and similar nonsaturable losses as comparable structures
embedded in GaAs. The exact reasons for this are currently being
investigated. However, these fast samples have been crucial in modelocking
of several lasers with record-short pulse durations [14, 40, 69], including
the results presented in Chapter 4.
Special care needs to be taken with these samples because AlAs is
strongly oxidized when exposed to air. Although the top layer material of
SESAM samples is always GaAs, degradation can occur from the sides, for
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examples on cleaved samples. The dielectric topsection suggested in this
Chapter is an efficient way to protect samples.
3.2.3 Novel mirror structures
The next step to improve the TPA response and damage of samples is
modifying the standard AlAs/GaAs DBR. As we saw in the first part of this
Chapter, the field in this part of the structure is mostly responsible for the
TPA response of the sample.
One possibility is to replace GaAs by AlxGa1-xAs (with for example
x = 0.2) and increase the number of pairs accordingly to the loss in
refractive index contrast.
Another possibility is to design structures with low amount of GaAs
(or even low amount of AlGaAs) that deviate from an ideal Bragg
reflector in that the layers are no longer quarter-wave pairs. In this
case, sufficiently high reflectivity can be achieved, usually at the
expense of bandwidth.
3.2.4 Upside-down growth of large-scale SESAMs for improved
thermal management
Up-to-date, thermal effects in SESAMs were not the main limitation for
power scaling of modelocked TDLs. Deposited heat in such structures is
very low and is mainly due to the nonsaturable losses of the samples.
However, in future kW level oscillators, this small fraction of absorbed
power can easily become significant.
The modelocked TDL power-scaling concept relies on increasing the
spot sizes both on the disk and on the SESAM. Although for SESAMs we
have the additional design freedom of increasing the saturation fluence to
keep the saturation level constant, spot sizes will most likely also become
larger as we move towards kW output powers. One important
consequence is that possible thermal lensing of the SESAM will then
become a critical issue. Therefore, the design of large (several cm) SESAMs
with improved thermal capabilities is a key point in this direction.
One possible improvement for better thermal management of
SESAMs is substrate removal. In standard SESAMs, the DBR and the
absorber section are grown in this order on a GaAs substrate. In this case,
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the GaAs substrate plays no optical role, and is just limiting heat transport
due to its low thermal conductivity compared for example to diamond
(κGaAs ≈ 44 Wm-1K-1 and κdiamond ≈ 2200 Wm-1K-1 ). A common approach to
improve the heat removal of the sample is to grow the structure upside
down, contact the sample to a heatsink and then remove the substrate. This
technique is commonly referred to as “flip-chip” bonding, and is most
commonly used for power scaling of VECSELs [70], where the very high
pump absorption make this a more critical issue. In this way, heatsinks with
better heat removal properties such as copper or diamond can be chosen.
The resulting structure is very thin (typically some µm thick) and can be
very efficiently cooled. This technique is illustrated in Figure 3.21.

upside-down
MBE growth,
choice of
substrate

metalization
(substrate
and sample)

contacting

etching of
GaAs wafer

etching of
etch-stop

topcoating

Figure 3.21: Schematic for the fabrication steps of future generation upside-down
SESAMs.

During the timeframe of this thesis, the first test samples were
designed using a copper heatsink. Several points still appear challenging and
are currently being investigated:
obtaining uniform etching of the etch-stop layer in large samples, to
obtain a surface with sufficient quality
bonding of the samples without pre-stress
Using large-scale upside down SESAMs will then be key to limit
thermal distortions of the SESAM and achieve stable modelocking in future
kW-level modelocked TDLs.
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Chapter 4 - New pulse duration limits of
modelocked thin-disk lasers
High peak power MHz sources with short pulse durations (< 200 fs)
currently rely on external pulse compression schemes such as passive
spectral broadening using self-phase modulation (SPM) without any
additional gain [71], active spectral broadening in fiber amplifiers [72, 73],
compression in gas-filled hollow core fibers and capillaries [74, 75], and
parametric amplification techniques [76]. Although these systems reach
impressive performance, they usually suffer from a reduced temporal
quality of the pulses and a rather high complexity. In contrast, SESAM
modelocked TDLs operate in the soliton modelocked regime [34, 36], and
therefore deliver transform-limited sech2-shaped pulses directly from a
laser system with a footprint similar to that of a low-power oscillator.
Therefore, achieving shorter pulses directly from these high-power sources
is currently a topic of important research efforts.
One of the most challenging points is finding broadband materials
suitable for high-power operation in the thin-disk geometry and short pulse
generation. Usually, Yb-doped broadband materials exhibit a disordered
lattice structure that in turn limits its thermal properties. Nevertheless, the
thin-disk geometry with its excellent heat removal capabilities is potentially
suitable to overcome these limitations, and extend high-power operation to
the sub-100-fs regime.
The specific difficulties in terms of SESAM design are another major
point. In Chapter 3, Part II we presented recent work on specific SESAM
designs suitable for such laser sources.
In this Chapter, we explore the pulse duration limits of modelocked
TDLs based on different promising gain materials. In all cases, optimized
SESAM designs were key to achieve these results. This Chapter is organized
as follows. In the first Paragraph, we will briefly summarize the state-of-the
art of novel gain materials for TDLs. In the following Paragraphs, we will
focus on experimental results obtained with three different sesquioxide
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materials: Yb:LuO, Yb:LuScO, and Yb:ScYLO (Yb:(Sc,Y,Lu)2O3). In all
cases, we were able to modelock an important fraction of the available
emission bandwidth, reaching record-short pulse durations. In particular, a
modelocked TDL with sub-100-fs pulse duration based on the mixed
sesquioxide material Yb:LuScO was demonstrated. These are the shortest
pulses ever demonstrated from a TDL to date, reaching for the first time
the sub-100 fs milestone. This proof-of-principle experiment shows that
such oscillators are suitable to access this regime. Furthermore, we will
present preliminary power scaling experiments that indicate that much
higher powers should be within reach. We will conclude with an outlook
towards these higher power levels with sub-100 fs pulse durations.
4.1

Broadband materials for high-power thin-disk lasers
4.1.1 State-of-the art

Many Yb-doped gain materials were modelocked in the thin-disk geometry
in the past years. In the goal of achieving the shortest possible pulse
duration out of such systems, an important challenge is to find gain
materials that combine the required thermo-mechanical properties with a
broad emission bandwidth to support ultrashort pulse durations. As we
highlighted in Chapter 2, most Yb-doped broadband materials exhibit a
disordered lattice structure that in turn limits their thermal properties. In
particular, it is challenging to maintain a high thermal conductivity at the
required doping levels for efficient thin-disk operation. This is clearly
illustrated in Figure 4.1 (left), where we plot thermal conductivity of
materials that have been modelocked in the thin-disk geometry versus their
emission bandwidth. The thermal conductivity of these materials was
plotted at an equivalent typical doping concentration N ≈ 0.85·1021 cm-3 (as
a reference, this corresponds to a typical doping concentration of 3 at.%
for Yb:LuO). In Figure 4.1 (right), we plotted the average power of
modelocked TDLs demonstrated to date as a function of their pulse
duration. The “empty area” in this Figure clearly illustrates the challenge of
obtaining short pulses and high average powers.
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Figure 4.1: Left: Thermal conductivity versus emission bandwidth of most commonly
used gain materials in modelocked TDLs. An overview with more details on the material
parameters is given in [77]. Right: Average power of modelocked TDLs versus their pulse
duration, illustrating the difficulty of combining high average power and short pulses. The
laser parameters of the different results illustrated in this Figure are presented in Table
4.I.

Table 4.I summarizes laser results achieved to date from SESAM
modelocked TDLs. A more general overview of different thin-disk
materials also in terms of their continuous-wave (cw) performance but
with a particular focus on the minimum achievable pulse duration is given
in reference [78].
The most widely-used gain material for TDLs is Yb:YAG [79]. It is
grown with excellent quality and in large sizes. Furthermore, it shows a
good thermal conductivity (typically around 7 W/(m·K) for an Yb3+
doping concentration of 10 at.%), which is another key ingredient for laser
operation at high power levels. Little surprising, the first modelocked TDL
was based on Yb:YAG. It was presented in the year 2000 and delivered an
average power of 16.2 W with a pulse duration of 730 fs [20]. Four years
later the average power could be increased by almost a factor of five to
80 W with a very similar pulse duration of 705 fs [80]. To date, the typical
pulse duration of high-power SESAM modelocked Yb:YAG TDLs is limited
to > 500 fs, even though low power SESAM modelocked laser oscillators
demonstrate much shorter pulses [81, 82].
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Pav

Ep

τp

frep

Ppk

Ref.

275 W
145 W
80 W
76 W

17 µJ
41.3 µJ
1.5 µJ
26 µJ

580 fs
1.1 ps
705 fs
960 fs

16.3MHz
3.5 MHz
57 MHz
2.9 MHz

26 MW
35 MW
1.7 MW
25 MW

[14]
[21]
[80]
[45]

45 W
63 W
60 W
16 W

11 µJ
5.1 µJ
1.7 µJ
0.5 µJ

791 fs
796 fs
810 fs
730 fs

4 MHz
12 MHz
34 MHz
34 MHz

12.5 MW
5.7 MW
1.9 MW
0.6 MW

[45]
[42]
[53]
[20]

Yb:YAG (KLM)

17 W
45 W

0.4 µJ
1.1 µJ

200 fs
270 fs

40 MHz
40 MHz

1.9 MW
3.7 MW

[83]
[83]

Yb:LuO

141 W
63 W

2.3 µJ
0.8 µJ

738 fs
535 fs

60 MHz
81 MHz

2.8 MW
1.3 MW

[30]
[84]

40 W
7W
25 W

0.5 µJ
0.1 µJ
0.4 µJ

329 fs
142 fs
185 fs

81 MHz
64 MHz
66 MHz

1.3 MW
0.7 MW
1.8 MW

[84]
[85]
[86]

Yb:KLuW

21 W

0.6 µJ

440 fs

35 MHz

1.2 MW

[87]

Yb:KYW

22 W

0.9 µJ

240 fs

25 MHz

3.3 MW

[88]

Yb:ScYLO

3.9 W
5W

0.1 µJ
0.1 µJ

236 fs
101 fs

36 MHz
70 MHz

0.4 MW
0.6 MW

[89]
x

Yb:CALGO

28 W
20 W
1.3 W

1.3 µJ
0.9 µJ
0.03 µJ

300 fs
197 fs
135 fs

21 MHz
21 MHz
45 MHZ

3.8 MW
4 MW
0.2 MW

[90]
[90]
[90]

Yb:YCOB

2W
4.7 W

0.1 µJ
0.2 µJ

270 fs
455 fs

20 MHz
24 MHz

0.3 MW
0.4 MW

[91]
[91]

Yb:LuScO

7W
23 W

0.1 µJ
0.3 µJ

227 fs
235 fs

66 MHz
70 MHz

0.4 MW
1.2 MW

[92]
[65]

9.5 W
5W

0.1 µJ
0.1 µJ

195 fs
96 fs

70 MHz
77 MHz

0.6 MW
0.6 MW

[65]
[40]

Material
Yb:YAG

x: indicates results that have not been published to-date
Table 4.I: Parameter overview of modelocked TDLs demonstrated to date. The extreme
values are shown in red (highest average power, pulse energy, shortest pulse duration).
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Very recently, the first Kerr-lens modelocked (KLM) Yb:YAG TDL was
demonstrated with an average power of 17 W and a pulse duration of
200 fs [93], indicating that much shorter pulses can be achieved at higher
power levels using SESAM modelocking.
One broadband material that held the record for the shortest pulses for
many years is Yb:KYW [94, 95]. In 2002, a modelocked TDL based on this
material was presented with an average power of 22 W and a pulse
duration of 240 fs [88]. The varying quality of the available material and the
anisotropic nature of this crystal, however, limited further power scaling.
Besides the tungstate materials, some borate materials show wide gain
spectra for the generation of short pulses [96, 97]. Some initial
modelocking experiments with Yb:YCOB revealed a pulse duration of
270 fs at a moderate average output power of 2 W. Similar to Yb:KYW
anisotropic thermal aberrations complicated fundamental mode operation
at higher power levels [91].
Very recently, the first modelocking experiments using the promising
material Yb:CALGO were reported [90]. This material combines a very
broad and smooth emission bandwidth with a thermal conductivity
comparable to Yb:YAG. In the first modelocking results up to 28 W of
average power were demonstrated with 300 fs pulses. Shorter pulses
(135 fs) could only be achieved at a moderate average power of 1.3 W.
The available doping concentrations and thickness of the crystal limits the
average power in this first experiment. Nevertheless, this material is one of
the most interesting candidates for power scaling of modelocked TDLs
with short pulses, in particular give the very promising results obtained
with bulk modelocked lasers based on this material [98, 99].
Finally, another very successful group of thin-disk gain materials are
Yb-doped cubic sesquioxides. All experimental results presented in this
Chapter are based on this family of materials. In the next Paragraph, we
will cover the properties of these materials in more detail.
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4.1.2 Sesquioxide materials for efficient high-power operation
• Material properties
Yb-doped cubic sesquioxides have been recognized as a potentially more
efficient gain material than Yb:YAG [100-108]. A high mechanical strength
in combination with excellent thermal properties and high absorption cross
sections make them ideally suited for the TDL geometry (see Table 4.II).
Although these cubic sesquioxide materials are known since 1957 [106],
the rather high melting temperature of about 2400°C prevented the
growth of high quality crystals of the size required for TDL operation. This
resulted for many years in a poor crystal quality and moderate optical-tooptical efficiencies [109, 110].
Yb:LuScO

Yb:ScO

Yb:LuO

Yb:YAG

Thermal conductivity
@8.1020 cm-3(W/m·K)

3.5

7

12

7

Cation density (1020 cm-3)

3.1

3.36

2.85

1.38

Pump wavelength (nm)

975.7

975.1

976

940

Absorption cross-section
(10-20cm2)

3.3

4.4

3.1

0.8

Absorption bandwidth (nm)

2.4

2.1

2.9

12.5

Emission wavelength (nm)

1038

1041

1034

1030

Emission cross-section
(10-20cm2)

0.89

1.44

1.26

1.89

Emission bandwidth (nm)

22

11

12

9

Melting temperature (ºC)

2370

2430

2450

1940

Table 4.II: Relevant properties of sesquioxide materials for modelocked TDLs. More
details and other properties of these materials can be found in [23].

During the last years, these difficulties were overcome with the heat
exchanger method (HEM) for the growth of high quality, large scale
sesquioxide crystals [105]. The first cw and modelocked experiments in the
thin-disk geometry were based on Yb:LuO [101, 111], followed by
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successful cw-laser operation of Yb:Sc2O3 (Yb:ScO) crystals [112]. More
recently, the disordered LuScO was successfully introduced as a host
material for the Yb-ion [113]. The broad spectra resulting from the
disordered lattice resulted in the first modelocking experiment to reach
227 fs, which was, at the time, the shortest pulses from a modelocked thindisk oscillator [92].
• Cw results with high efficiency
Yb:LuScO

Yb: ScO

Yb:LuO

1041

1042

1034

Outcoupling transmission
(%)

1.2

1.2

2.7

Disk thickness (µm)

200

200

250

3

2.4

2

4

4

2.6

Pump power (W)

365

380

413

Output power (W)

250

264

301

Optical-to-optical
efficiency (%)

69

70

73

Slope efficiency (%)

81

80

85

Pump power density
(kW/cm2)

2.9

3

7.8

Laser wavelength (nm)

Doping concentration
(%)
Pump spot diameter
(mm)

Table 4.III: Cw multimode experiments performed with different sesquioxide materials,
showing their potential for high-power operation in the thin-disk geometry.

Cw multimode experiments performed during the timeframe of this
thesis showed that these improved Yb-doped sesquioxides achieve higher
efficiencies than any other gain material in the TDL geometry. For all
materials tested (Yb:LuO, Yb:ScO and LuScO) slope efficiencies > 80%
could be demonstrated using a VBG-stabilized diode to pump these
materials into the zero-phonon line (ZPL). These results are summarized in
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Table 4.III, and details about the performed experiments can be found in
[114].
In this Chapter we focus on the potential of this material family for
short pulse generation. We will show that nearly bandwidth limited pulses
can be obtained with several materials from this family (Yb:LuO,
Yb:LuScO and Yb:ScYLO). The spectroscopic detail of each one of these
materials will be presented with the obtained experimental results.
4.2

Short pulses from Yb:LuO
4.2.1 Yb:LuO : a promising candidate for outperforming Yb:YAG

The most promising sesquioxide material in terms of average power scaling
is Yb:LuO. This material exhibits a higher thermal conductivity than
Yb:YAG
(κ (10 at. %) = 6.6 Wm-1K-1
for
Yb:YAG
and
-1 -1
κ(5 at. %)= 11.7 Wm K
for Yb:LuO for an equivalent doping
concentration of 1.4·1021 cm-3). Furthermore, it has an about three to four
times higher absorption cross-section at the zero-phonon line (ZPL)
(976 nm) than Yb:YAG at its typical pump wavelength of 940 nm (Figure
4.2, left). This does not only allow the fabrication of thinner disks but also
reduces the thermal load in the crystal as the quantum defect is about 38%
lower. Pumping Yb:YAG at its ZPL (969 nm) is also possible [115].
However, in Yb:YAG, the peak emission cross section at the ZPL is very
similar to that of the broad peak at 940 nm (Figure 4.2, left). Therefore,
the benefit of pumping at the ZPL is, in this case, limited to the lower
quantum defect of ≈ 31%. Given the small advantage in terms of efficiency
and the higher constraints imposed on the pump linewidth that require
using VBG stabilized diodes currently limited to ≈ 800 W of output power,
it seems more likely that future Yb:YAG modelocked TDLs will still be
pumped at its broader line at 940 nm. In addition, the availability of high
quality very thin disks that can be cooled very efficiently further weakens
the need to pump Yb:YAG at the ZPL.
Yb:LuO exhibits nearly double the emission bandwidth of Yb:YAG
(Figure 4.2, right), making it an excellent candidate for the generation of
short pulses at high power levels. The first modelocked TDL based on this
material was presented in 2007 and delivered an average power of 25 W
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with a pulse duration of 523 fs [116]. During the time frame of this thesis,
subsequent power scaling by increasing the pump spot size on the disk led
to a maximum average output power of 141 W in 738 fs long pulses. This
was, for many years, the highest output power reported from a
modelocked oscillator [30]. The optical-to-optical efficiency of over 40%
was higher than typically reported for modelocked Yb:YAG TDLs.

Figure 4.2: Left: Absorption cross section of Yb:LuO compared to that of Yb:YAG. Right:
Emission cross section of Yb:LuO compared to that of Yb:YAG.

The potential of this material for short pulse generation in the thin-disk
geometry was not fully exploited until the work presented in this thesis. In
a very promising first experiment, 40 W of average power and 329 fs
pulses were demonstrated [84]. In the experiments discussed in this thesis,
we could nearly exploit the full emission bandwidth of this material
achieving 142 fs at an average power of 7 W. The record-short pulses of
this oscillator enabled the first detection of the CEO frequency of a
modelocked TDL directly from the oscillator. These results will be
presented in Chapter 5. In a second experiment, we show the first step in
power scaling while keeping the short pulse duration, and demonstrate
25 W and 185 fs.
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4.2.2 Yb:LuO modelocked thin-disk laser with 7 W, 142 fs [85]
• Experimental setup
The laser setup used for this experiment is shown in Figure 4.3. The thin
disk, used as a folding mirror in the single-mode cavity, consisted of a 150µm thick, 3%-doped Yb:LuO disk mounted on a 1.4-mm thick diamond
heatsink, soldered on a back-cooled copper mount. The disk was glued on
the diamond heatsink using the method described in [117] and had a wedge
of 0.1° in order to avoid residual reflections which can be coupled to the
resonator and destabilize modelocked operation. In order to efficiently
pump Yb:LuO at its narrow ZPL, we used a volume Bragg grating (VBG)
stabilized pump diode [28] that emits at a central wavelength of 976 nm in
a narrow linewidth Δλ < 0.5 nm. The thin-disk module was arranged for
24 pump passes through the disk enabling an absorption >95% of the pump
radiation. Throughout this experiment, we used a pump spot diameter of
1.9 mm.
Figure
4.3:
Schematic of the
modelocked laser
setup based on
Yb:LuO
that
generated
142 fs
pulses and 7 W of
average power.

In order to achieve soliton modelocking [34, 36], we used two GTItype mirrors that accounted for -2200 fs2 of GDD. A 1.5-mm thick
uncoated YAG plate, introduced at a focus of ≈ 200 µm radius accounted
for the necessary self-phase modulation (SPM) to balance the negative
dispersion in the cavity. Furthermore, it ensures a linearly polarized
output. The outcoupling coefficient was 4%.
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• Evaluation of SESAM parameters
λ0=0.377·T+1020

Figure 4.4: Left: Measurement of the linear reflectivity of the SESAM versus wavelength
for different temperatures. Right: Evaluation of the rate of this shift with temperature.

µ

Figure 4.5: Left: Nonlinear reflectivity measurements at different temperatures. The
performed temperature variation allows us to approximate the behavior of this SESAM at
room temperature for a wavelength range of ≈ 1011 nm up to ≈ 1045 nm. Right:
Variation of the fit parameters (ΔR and Fsat) of these nonlinear reflectivity measurements
with temperature.

The SESAM used in this experiment is similar to the one described in
Chapter 3, Part II. It consists of a standard DBR and four 7-nm thick
InGaAs QWs, placed two-by-two in consecutive antinodes of the standing
wave pattern of the electric field. The absorbers were embedded in AlAs
layers and were grown at a low temperature of 270ºC. For this first
experiment, where short pulse durations were targeted, we did not apply a
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dielectric topcoating, in order to fully benefit from the modulation depth
of the sample.
We characterized this sample at 1030 nm using the setup described in
Chapter 3 (Paragraph 3.1.1) and measured a saturation fluence
Fsat = 36 µJ/cm2, a modulation depth ΔR = 3.3%, nonsaturable losses
ΔRns = 0.7% and a fast recovery time of τ1/e = 1.9 ps. The laser wavelength
of our laser was longer than the wavelength used for the SESAM
characterization. In order to evaluate the parameters of this SESAM at the
correct wavelength, we performed temperature dependent linear (Figure
4.4) and nonlinear reflectivity measurements (Figure 4.5). In Figure 4.4
(left), we present the linear reflectivity of the sample versus wavelength for
different temperatures of the sample. These curves were measured using a
spectrophotometer (Varian Cary 5E). In Figure 4.4 (right), we evaluate the
obtained shift by measuring the wavelength where the curvature of the
reflectivity curve changes sign for different temperatures. For anti-resonant
structures, this allows us to measure the rate at which the emission peak of
the QWs shifts with temperature. In this way, it is possible to approximate
the behavior of a SESAM at another wavelength than the one used to
characterize it.
In our laser setup, the SESAM was water-cooled to stabilize its
temperature (to ≈ 18ºC), and the laser operated at a wavelength of
1035 nm. Given the slope of 0.377 nm/K measured for this sample, and
the measurement wavelength of 1030 nm, a good approximation of the
parameters of our SESAM in our laser setup is given by the measurement
performed at T = 0ºC (Figure 4.5 left and right). At this temperature, we
obtained Fsat = 58 µJ/cm2, a modulation depth ΔR = 1.5%, nonsaturable
losses ΔRns = 0.6% and a recovery time of τ1/e = 1.9 ps. The laser spot size
on the SESAM was ≈ 350 µm.
• Modelocking result
We achieved stable modelocking up to an average power of 7 W. At this
average power, pulses as short as 142 fs were obtained with an optical-tooptical efficiency of 15%. This corresponds to a pump power of 47 W. The
laser operated at a repetition rate of 64 MHz, leading to a pulse energy of
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0.1 µJ and a peak power of 0.7 MW. The pulses were close to the
transform-limit of the spectrum with a time-bandwidth product of 0.34
(ideal sech2 0.315) (Figure 4.6). The achieved modelocked optical
spectrum (8.5 nm FWHM) is >70% of the available FWHM emission
bandwidth of Yb:LuO, confirming the large potential of this material in
terms of short pulse generation in the thin-disk geometry.

Figure 4.6: Left: Measured autocorrelation trace at 7 W average power and corresponding
fit assuming a sech2 pulse shape. Right: Measured optical spectrum of the pulses, and
corresponding sech2 fit showing a 8.5 nm wide spectrum (FWHM).

In this first proof-of-principle experiment, we focused on obtaining
short pulses. Therefore, we used small spot sizes on the disk and the
SESAM in order to operate in a relaxed cavity configuration with low
misalignment and thermal sensitivities [26, 118] and to minimize Qswitching instabilities [32]. Furthermore, we achieved the crucial SESAM
parameters in samples with moderate saturation fluences. In the next
Paragraph, we present a first straightforward power-scaling step, where we
demonstrated an average power of 25 W while keeping the pulses short
with 185 fs.
4.2.3 Power scaling to 25 W, 185 fs
In order to achieve higher average power, we enlarged the pump spot on
the disk from 1.9 mm to 2.6 mm and on the SESAM from ≈ 350 µm to
≈ 600 µm. We used the same pump source and pump layout as described
in the previous Paragraph.
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The schematic cavity layout is presented in Figure 4.7. We used two
GTI-type mirrors that accounted for -2200 fs2 of GDD per roundtrip. A
7-mm thick uncoated YAG plate introduced the necessary SPM for soliton
modelocking. Furthermore, it ensured a linearly polarized output.
Figure 4.7:
Schematic of the
modelocked laser
setup based on
Yb:LuO
that
generated
185 fs
pulses and 25 W of
average power.

In addition to the larger spot sizes used, we used a higher outcoupling
rate of 6%, to relax intracavity levels. Furthermore, we used the SESAM
described in the previous Paragraph, but with a one-pair SiO2/Si3N4
quarter-wave dielectric topcoating. This topcoating increases the saturation
fluence of the sample and its damage threshold [38], but reduces its
modulation depth. The parameters of this sample was measured at
1030 nm and evaluated at 1035 nm following the same procedure we
described in the previous Paragraph. The evaluated parameters are a
saturation fluence Fsat = 110 µJ/cm2, a modulation depth ΔR = 0.9%,
nonsaturable losses ΔRns = 0.4% and a recovery time of τ1/e = 1.9 ps.
We obtained stable modelocking up to an average power of 25 W. At
this average power, we achieved pulses as short as 185 fs with an opticalto-optical efficiency of 18.5%. The laser operated at a repetition rate of
66.5 MHz, resulting in a pulse energy of 0.4 µJ and a peak power of
1.8 MW. The pulses were close to the transform-limit of the spectrum
with a time-bandwidth product of 0.349 (ideal sech2 0.315) (Figure 4.8).
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Figure 4.8: Left: Measured autocorrelation trace at 25 W average power and
corresponding fit assuming a sech2 pulse shape. Right: Measured optical spectrum of the
pulses, and corresponding sech2 fit showing a 6.7 nm wide spectrum (FWHM).

In this experiment, we were interested in keeping the pulse duration
short (sub-200 fs) and obtaining high average powers. Several factors
contributed, in this case, to the slightly longer pulses obtained. On the one
hand, the high-damage threshold SESAM used for this experiment had a
smaller modulation depth than the uncoated sample. Furthermore, we used
a higher output-coupling rate, which results in a higher gain per cavity
roundtrip, also increasing the minimum achievable pulse duration.
A possibility that is currently being investigated is the use of a similar
SESAM with high damage threshold, temperature-controlled to obtain a
somewhat higher modulation depth. However, this would result in a lower
saturation fluence, which needs to be compensated with a larger spot size.
This should represent no problem in terms of Q-switching, given the
higher damage threshold of the samples. Another possible improvement is,
as indicated in the outlook of Chapter 3, to design a SESAM with larger
number of QWs and more dielectric pairs, which will combine a higher
damage threshold and a higher saturation fluence. As we mentioned in the
outlook of Chapter 2 these novel structures are currently being
investigated.
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4.3

Short pulses from Yb:LuScO
4.3.1 Mixed cubic sesquioxide Yb:LuScO

For the generation of even shorter pulses, the ILP group (University of
Hamburg) developed the stoichiometric mixture of Yb:LuO and Yb:ScO3
resulting in Yb:LuScO [113]. This material succeeded in combining the
two emission spectra of Yb:LuO and Yb:ScO that lie roughly 7 nm apart,
in a 22-nm-broad emission bandwidth centered around 1038 nm (Figure
4.9). The same advantages in terms of absorption cross section that were
discussed for Yb:LuO are true for Yb:LuScO, with an even higher
absorption cross section at the ZPL.
The first crystal tested in modelocked operation was of limited
quality, which explains the moderate average power of 7.2 W.
Nevertheless, this result took over the record in terms of short pulse
duration from Yb:KYW (240 fs) with a pulse duration of 227 fs in
2009 [92]. In contrast to many other broadband materials that exhibit
anisotropic thermal and optical properties (such as Yb:KYW or Yb:YCOB)
this material has an isotropic crystal structure. This indicates that power
scaling to the 100 W level should be feasible from this material.

Figure 4.9: Emission cross section of
Yb:LuScO as a result of the stoichiometric
mixture of ScO and LuO.

Since the above-mentioned first demonstration of an Yb:LuScO
modelocked TDL [92], the crystal quality was significantly improved. In a
first experiment, we demonstrate the first step in average power scaling of
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this promising gain material to 23 W with pulse duration of 235 fs [119]. In
a second experiment aiming for pushing the pulse duration of this material,
we demonstrate a SESAM modelocked TDL based on this material with a
pulse duration of 96 fs at an average power of 5.1 W. These are the
shortest pulses ever obtained from a modelocked TDL, reaching for the
first time the sub-100 fs milestone [120].
4.3.2 High-power modelocked Yb:LuScO thin-disk laser
• Experimental setup
In this experiment, we used a 150 µm-thick Yb(3%):LuScO crystal from
the second growth run of this material. The disk was glued on a 1.4-mmthick diamond heatsink. This was the first experiment using a sesquioxide
thin disk mounted on a diamond heatsink. This crystal was pumped with
the same VBG- stabilized fiber-coupled diode described in the experiments
performed with Yb:LuO. We used a pump spot diameter of 2.6 mm. The
unpumped disk was characterized with a polarized Michelson
interferometer and the mean radius of curvature of this disk was measured
to be Rm = 1.95 m, with no significant astigmatism.
• Cw high-power operation

Figure 4.10: Left: cw output power slope in a simple linear multimode laser cavity,
indicating a slope efficiency > 80% Right: cw output power slope in fundamental mode
operation.

In a linear cw multimode cavity that consisted of a 1.2% transmission
curved mirror with a radius of curvature of 100 mm and the HR-backside
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of the disk, we measured output powers of more than 100 W with an
optical-to-optical efficiency of 63% and a slope efficiency of 84% (Figure
4.10, left).
In a cw fundamental transverse mode folded cavity with an output
coupler transmission of 2.6% we achieved 50 W of output power with an
optical-to-optical efficiency of 45% and a slope efficiency of 61%. At this
output power, we measured an M2 < 1.3, suitable for modelocking
experiments (Figure 4.10, right). Although this cavity design allows us to
compensate for small changes of the thermal lens [30], significant changes
were not required to achieve single-mode operation up to the
demonstrated 50 W.
At the maximum output power levels presented, we did not observe a
decrease in the optical-to-optical efficiency. Therefore we could have, in
principle, pushed for higher power levels in both cases. However, we did
not further increase the pump power to avoid damage of the crystal before
the modelocking experiments.
As we discussed in Chapter 1, this mounting technique should enable
better heat removal, but most importantly more robust fundamental mode
operation. We believe this contributed to achieve the cw performance
presented here. However, during the modelocking experiments, we
observed damage of the crystal at low pump intensity below 2 kW/cm2.
Note that a thicker, 200-µm disk from the first growth run of this material,
soldered with indium-tin on a copper heatsink delivered a comparable
multimode performance (140 W) under the same conditions and could
withstand intensities up to 3.8 kW/cm2 with high efficiencies. This seems
to suggest an imperfect mounting on the diamond heatsink.
• High-power femtosecond operation
For the modelocking experiment, we used the same fundamental mode
cavity that yielded 50 W of cw power, but a higher outcoupling rate of
T = 5%. The higher outcoupling rate was chosen to reduce the intracavity
power and therefore relax the fluence level on the SESAM in order to
reach higher average powers, at the expense of a small reduction of the
optical-to-optical efficiency. We introduced a fused silica Brewster plate
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with a thickness of 3 mm for polarization and SPM control (Figure 4.11)
and two GTI-type mirrors in the cavity that accounted for a total GDD per
roundtrip of -2200 fs2. The dielectric topcoated high damage threshold
SESAM, which was especially designed for this experiment, was described
in detail in Chapter 3 (Paragraph 3.2.2). Its saturation parameters are (at
1030 nm) Fsat = 70 µJ/cm2, ΔR = 1.3 %, ΔRns = 0.4% and a recovery time
of τ1/e = 2 ps. At the time of the experiment, the temperature dependent
measurement setup was not available. Therefore, these absorber
parameters still need to be corrected for the correct laser wavelength
(≈ 1039 nm). The laser mode radius on the SESAM in this cavity was
≈ 390 µm.

Figure 4.11: Schematic of the cavity used for the modelocking experiment and picture of
the disk on a diamond heatsink.

Figure 4.12: Left: Measured autocorrelation trace at 23 W average power and
corresponding fit assuming a sech2 pulse shape. Right: Measured optical spectrum of the
pulses, and corresponding sech2 fit showing a 4.9 nm wide spectrum (FWHM).

Short pulses from Yb:LuScO - 91

New pulse duration limits of modelocked thin-disk lasers
We obtained stable modelocking starting at 17.5 W up to 23 W of
average power. At the highest modelocked average power level, the pulses
were 235 fs long and were nearly transform-limited with a time bandwidth
product of 0.32 (ideal sech2 0.315) (Figure 4.12).
The optical-to-optical efficiency was 21%, corresponding to a pump
power of 109 W. The repetition rate of the pulses was 70 MHz. Notice
that compared to previous results using Yb:KYW in which similar
performance was obtained, no dispersive intracavity elements were
necessary to flatten the emission spectrum, showing the potential of
Yb:LuScO for short pulse generation at even higher powers.
Further attempts to increase the average power of the laser resulted in
damage of the disk. This was probably due to a defect in the gluing onto the
diamond heatsink. However, we believe that sub-200-fs pulses could have
been achieved at higher average powers.
4.3.3 Sub-100 fs Yb:LuScO thin disk laser [40]
In a second experiment aiming to explore the limits in terms of pulse
duration of modelocked TDLs, we used another Yb:LuScO disk with a
thickness of 200 µm. In this case, the disk was mounted on a 1.4-mm thick
diamond, which was directly water-cooled through the back surface for
more efficient heat removal. We used the same VBG stabilized pump diode
described in the previous experiments and the same pump arrangement.
For this first proof-of-principle experiment, we used a moderate pump
spot diameter of 1.9 mm.
For stable soliton modelocking, we introduced five GTI-type mirrors
that accounted for 2800 fs2 of negative GDD per roundtrip. Two uncoated
YAG plates inserted at Brewster's angle with thicknesses of 5 and 7 mm
ensured linear polarization and introduced SPM to balance the negative
GDD for stable soliton modelocking (Figure 4.13). We used an output
coupler with 2.6% transmission, chosen to achieve the best compromise
between average power and pulse duration.
The use of undoped YAG is justified by its high nonlinear refractive
index n2, resulting in γ factors 2-3 times higher than that of fused silica
(n2 = 3x10-16 cm2/W for fused silica and n2 = 8x10-16 cm2/W for undoped
YAG [121]) This allows us to introduce large amounts of nonlinearity for
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the generation of very short pulses. It is worth noticing that using undoped
YAG for SPM also introduces significant amounts of positive dipersion (in
this case ≈ 1600 fs2 of positive GDD). This was taken into account in the
design of the laser. The large amount of negative dispersion was partly
compensating for the positive dispersion of the YAG plates. Using only one
plate would minimize small losses introduced at Brewster's angle.
However, at the time of the experiment, the maximum thickness available
was 7 mm, therefore two plates were introduced at the expense of a small
loss in output power. Another approach would be to introduce a focus in
the cavity design and place a thinner plate at this position. However,
precise control of the amount of SPM is more difficult with a tight focus.
An interesting alternative is the use of materials with much higher n2 such
as ZnSe (γ = 3x10-14 cm2/W) [122]. However, obtaining such crystals with
the optical quality required for intracavity use is challenging.
Yb:LuScO3
thin disk
R= 1 m
Brewster plate

HR

OC

DM

SESAM

Figure 4.13: Schematic of the cavity used for the sub-100 fs modelocking experiment.

The SESAM used in this experiment is the same uncoated sample
described in the previous Paragraph for modelocking of Yb:LuO. The same
procedure described in 4.2.2 was used to evaluate the parameters of this
SESAM at the correct laser wavelength. The SESAM parameters measured
at -10ºC at 1030 nm best approximate our laser wavelength of 1039 nm.
We obtained Fsat = 90 µJ/cm2, a modulation depth ΔR = 1.2%,
nonsaturable losses ΔRns = 0.4% and a recovery time of τ1/e = 1.9 ps.
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Figure 4.14: Left: Measured autocorrelation trace at 5 W average power and
corresponding fit assuming a sech2 pulse shape. Right: Measured optical spectrum of the
pulses, and corresponding sech2 fit showing a 12.5 nm wide spectrum (FWHM).

Stable modelocking was obtained with up to 5.1 W of average power
with an optical-to-optical efficiency of 11%. The pulse duration at the
maximum power level was 96 fs. The laser operated at a repetition rate of
77.5 MHz and the pulses were close to the transform-limit of the measured
spectrum with a time-bandwidth product of 0.33 (ideal sech2
0.315)(Figure 4.14). These are, to our knowledge, the shortest pulses ever
obtained from a modelocked TDL, reaching for the first time the sub100 fs regime.
Both shorter pulse durations and higher average powers should be
feasible from this laser material. As we discussed for Yb:LuO, further
SESAM optimization will allow us higher powers by enlarging the spot sizes
on the disk and on the SESAM. In the case of Yb:LuScO, the larger
emission bandwidth relaxes the requirements on the SESAM parameters,
and should enable straightforward power scaling such as described in the
previous Paragraph for Yb:LuO.
4.4

Short pulses from Yb:ScYLO

The approach of mixing different sesquioxide materials to obtain broader
bandwidths continued to Yb:ScYLO resulting from the combination of
Yb:ScO, Yb:Y2O3 (Yb:YO) and Yb:LuO (Figure 4.15). However, the first
growth run of this material revealed no significant spectroscopic advantages
over Yb:LuScO.
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Figure 4.15: Emission cross section of
sesquioxide material Yb:ScYLO, as a result
of the mixture of LuO, YO, and ScO.

Nevertheless, it is an interesting isotropic material that exhibits an
emission bandwidth of 18.5 nm FWHM, making it a good candidate for
short pulse generation. Two thin disks from the first growth run of this
material were tested in modelocked operation. In the first experiment,
236 fs were demonstrated at an average power of 3.9 W [89]. The low
average power was due to the very poor quality of the crystal, which
showed a strongly asymmetric radius of curvature and several grain
boundaries, which limited the obtainable power in fundamental mode
operation to only few watts. It is worth noticing that a similar problem was
observed in the first results of Yb:LuScO [92] for which the second growth
run demonstrated disks with significantly higher quality.
Given the quality of the available disks from the first growth run, we
focused on exploring the limits in terms of pulse duration of this material.
We used the same SESAM as in the sub-100 fs Yb:LuScO experiment
described in the previous Paragraph. We obtained 5 W of average power
and a remarkable short pulse duration of 101 fs. This was obtained at a
repetition rate of 70 MHz, resulting in a pulse energy of 0.1 µJ.
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Figure 4.16: Left: measured autocorrelation trace at 5 W average power and
corresponding fit assuming a sech2 pulse shape. b) measured optical spectrum of the
pulses, and corresponding sech2 fit showing a 12 nm wide spectrum (FWHM).

This result, which shows very similar performance to what is
demonstrated with Yb:LuScO, further confirms the suitability of
sesquioxide materials for short pulse generation.
4.5

Summary and discussion

The different results presented in this Chapter are summarized in Table
4.IV.
Ep

τp

7W

0.1 µJ

142 fs

64 MHz

0.7 MW

[85]

25 W

0.4 µJ

185 fs

66 MHz

1.8 MW

[86]

Yb:ScYLO

3.9 W
5W

0.1 µJ
0.1 µJ

236 fs
101 fs

36 MHz
70 MHz

0.4 MW
0.6 MW

[89]
x

Yb:LuScO

23 W
5W

0.3 µJ
0.1 µJ

235 fs
96 fs

70 MHz
77 MHz

1.2 MW
0.6 MW

[65]
[40]

Material
Yb:LuO

Pav

frep

Ppk

Ref.

Table 4.IV: Summary of laser results presented in this Chapter. x indicates a result that has
not been reported in a publication or conference proceedings up-to-date.

The most remarkable common point of all these results is the large
fraction of the available emission bandwidth that could be exploited in
modelocked operation. This seems to indicate that much shorter pulses can
be obtained with materials with significantly larger emission bandwidths,
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such as for example, Yb:CALGO. In Figure 4.17, we plotted the emission
bandwidth simultaneously with the demonstrated modelocked spectra for
each material presented in this Chapter. The observed redshift of the
modelocked spectrum compared to the peak emission wavelength is partly
due to the low inversion level β used in all the demonstrated results. A low
inversion level (corresponding to a low gain per roundtrip) is beneficial to
push the pulse duration to the limits according to Formula (2.2).
Furthermore, at a given output power, the resulting higher intracavity
power also contributes to an increased nonlinear phase shift, which is also
beneficial to obtain shorter pulses.
Strictly speaking, one should compare the modelocked spectrum not to
the emission cross section, but to the exact gain cross section at the
inversion level β at which the laser operates. This inversion level represents
the fraction of active ions that are in the excited upper-state energy level.
In the case where there are no other spectrally dependent loss elements in
the laser cavity, the gain spectrum is modified for different inversion levels
β according to
(4.1)
g(λ ) = βσ em (λ )−(1− β )σ abs (λ )
where g(λ) is the gain cross section, and σem (resp. σabs) the emission
(resp. absorption) cross sections. This is illustrated in Figure 4.18, for
Yb:LuScO and Yb:LuO. In reality, there are always sources of spectrally
dependent loss (such as the reflectivity of the different dielectric mirrors in
the cavity, or the SESAM) and the precise determination of all these
elements and their influence on the gain cross section is a complicated task.
Therefore, a comparison to the emission spectrum is more adequate.
Nevertheless, we estimate that in our experiments we operated in all cases
at β < 0.15.
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(a) Yb:LuO

(b) Yb:LuScO

(c) Yb:ScYLO

Figure 4.17: Emission cross-sections and modelocked bandwidth for the shortest pulses
from different sesquioxide materials (a) Yb:LuO emission and modelocked spectra for the
142-fs pulses obtained at 7 W (b) Yb:LuScO emission and modelocked spectra for the 96fs pulses obtained at 5 W (c) Yb:ScYLO emission and modelocked spectra for the 101-fs
pulses obtained at 5 W.

Figure 4.18. Left: Gain cross section of Yb:LuO for different inversion levels of the gain
medium. Right: Gain cross section of Yb:LuScO for different inversion levels of the gain
medium.

We believe that operating these lasers at low inversion level was an
important point to obtain the record-short pulses demonstrated in this
Chapter. As we can see in Figure 4.18, the shape of the gain spectrum
changes significantly, and tends to become smoother at low inversion levels
98 - Summary and discussion

New pulse duration limits of modelocked thin-disk lasers
both for Yb:LuO and Yb:LuScO. An important consequence of this is that
further power scaling using these materials will require maintaining a low
output-coupling rate (typically <5%). The use of thinner disks (< 100 µm)
from improved growth runs should support efficient fundamental-mode
operation at these low inversion levels and at high output powers.
Another consequence of this point is that operation in vacuum (such as
the oscillator presented in Chapter 6) will be crucial to reach the targeted
100-W level, given the high intracavity peak powers involved in the
targeted oscillators. Furthermore, future improved dispersive mirrors and
SESAM designs with low IA and high-damage thresholds such as the ones
suggested in Chapter 3, Part III will be key to support these future steps.
Finally, the use of novel materials with broader emission bandwidths
relaxes these requirements, and will therefore be an ongoing topic of
investigation.
Although the output power levels obtained at the record-short pulse
durations are still moderate, the intracavity levels of these oscillators are in
the order of several hundred watts, which already opens the door to
driving nonlinear optics experiments inside the oscillator. This promising
alternative will be discussed in more detail in the next Chapter.
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Chapter 5 - Carrier-envelope offset
detection of a modelocked thin-disk laser
A growing number of applications in metrology, spectroscopy and
attosecond science could potentially benefit from the high average and peak
powers available from table-top TDLs. In particular, the extremely high
intracavity intensity of modelocked TDLs offers a new avenue to boost the
average photon flux in high harmonic generation (HHG) [7, 8] and
therefore generate a table-top source of vacuum ultraviolet (VUV) and
extreme ultraviolet (XUV) radiation for such applications. The
achievement of sub-100 fs pulses from such sources, presented in Chapter
4, represents a first step in the right direction.
However, another crucial aspect that had not been investigated prior
to the work presented in this thesis is the potential of TDLs as stabilized
high-power frequency combs. During this thesis, we achieved another
important step and measured the first carrier envelope offset (CEO)
frequency [123, 124] of a TDL.
This Chapter will be organized as follows. In the first Paragraph, we
will present one of the most promising applications of the sources
developed during this thesis, which consists of making use of the high
intracavity levels inside TDLs to drive HHG. In a second Paragraph, we
will give a short introduction to frequency combs and carrier envelope
offset (CEO) detection. This will be followed by the experimental results
achieved with our Yb:LuO TDL. Finally, we will conclude with some
remarks on the next steps towards full stabilization of a TDL.
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5.1

Towards high-harmonic generation inside a thin-disk
laser

Making use of the high intracavity intensity levels inside a TDL to drive
extreme nonlinear optics experiments is a promising approach that has not
yet been demonstrated. Passive enhancement cavities [125-128] for
femtosecond laser pulses have already shown that they are an ideal
configuration for exploiting nonlinear processes between light pulses and
matter. Currently, they are a topic of extensive research, mainly targeting
the widespread area of HHG at MHz repetition rates. Up-to-date, passive
enhancement cavities proved very succesful: an impressive intracavity
power of 18 kW at 78 MHz with 200 fs pulses was achieved [129] and
power levels > 200 µW in the UV were demonstrated [130], opening the
door to exciting applications such as VUV/XUV precision spectroscopy on
He+ [131] or even exploring nuclear transitions [132]. Very recently, the
first demonstration of direct XUV frequency comb spectroscopy of Argon
was reported [133] at MHz repetition rate using a UV frequency comb
driven by an ultrafast high-power fiber based system coupled to a passive
enhancement cavity. However, these passive enhancement cavities require
careful coherent coupling of femtosecond pulses from the driving laser into
the resonator. The circulating pulse has to match the driving pulses, which
becomes challenging in the presence of nonlinearities, phase distortions and
dispersion inside the resonator. Furthermore, efficiently extracting the UV
radiation from these very high finesse cavities is challenging [134, 135].
Driving HHG inside TDLs would be substantially simpler. In this case,
both pulse formation and laser amplification are achieved inside the cavity,
where the nonlinear process takes place. In addition, there is no need for
coherent coupling and the circulating pulse can simply adapt to the present
nonlinearity. Another potential advantage is that different transverse mode
profiles can be achieved, for example TEM01, for efficient output coupling
of the high harmonics via a hole in a cavity mirror [136]. So far, the
required short pulse durations (sub-100 fs) for efficient HHG had not been
demonstrated for TDLs. Another key point, in particular for spectroscopy
experiments, is the frequency stability of TDLs, which has not been studied
before. The multimode pumping scheme of TDLs could potentially
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increase the noise level such that a stable frequency comb cannot be
realized [137].
output coupler IR

thin disk
SESAM

output coupler UV
gas nozzle

Figure 5.1: Suggested schematic setup for intralaser high-harmonic generation inside a
TDL.

In Chapter 4, we showed that TDLs can access unprecedented short
pulse durations, reaching sub-100 fs for the first time. Here, we present
another milestone towards intralaser HHG using TDLs: we measured for
the first time the CEO frequency of such a laser source, which will enable
full stabilization of unamplified high-power oscillators.
5.2

Frequency combs and carrier-envelope offset frequency
detection
5.2.1 Frequency combs

The term “frequency comb” simply refers to the frequency representation
of a stable train of ultrashort pulses in the temporal domain (Figure 5.2).
Strictly speaking, the spectrum of any modelocked laser can be a frequency
comb provided that the pulses are stable enough in a given time window. In
literature, the term “frequency comb” usually refers to a “stabilized
frequency comb” most likely because this stabilization is crucial for most
widespread applications of such combs. In fact, an unstable comb exhibits
breathing and shifting of its teeth in fast time scales related to the noise
level of the laser source, which limits their usability as “frequency rulers”.
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Figure 5.2: A frequency comb is the frequency representation of a stable train of
ultrashort pulses.

In order to fully stabilize a frequency comb, two comb parameters need
to be detected and locked:
• the repetition rate of the laser frep, which represents the spacing
between the comb teeth in the frequency domain and the
inverse of the period of the pulse train in the temporal domain.
•

the CEO frequency of the laser fCEO, which represents the offset
of the first line of the comb to the zero-frequency. In the
temporal domain, this represents the phase slip of the
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maximum of the pulse envelope to the electric field from one
pulse to the next one.
The repetition rate of the laser is straightforward to detect. Typical
modelocked solid-state lasers have repetition rates in the range of some
MHz up to a hundred GHz [51], which can be directly detected with
standard fast photodiodes and studied with microwave analyzers.
The CEO frequency lies in a portion of the optical frequency spectrum
where there is no spectral energy (Figure 5.2, bottom). Therefore, direct
detection is not possible and more sophisticated detection schemes are
required. The most commonly used method for CEO frequency detection
is the so-called f-to-2f interferometer [123]. This is the method used for the
experiments described in this Chapter. However, it is worth mentioning
that other promising alternatives are currently being investigated, but are
mostly in the proof-of-principle state [138, 139].
Once these two parameters are monitored with a large enough SNR,
electronic stabilization to an external reference is straightforward. The
stabilized frequency comb can then be used as a very precise ruler in the
frequency domain.
5.2.2 Carrier-envelope offset frequency detection schemes: f-to-2f
interferometer
A schematic of the principle of this detection method is illustrated in Figure
5.3. A portion of the low frequency part of a coherent octave-spanning
spectrum is frequency doubled and beated with the portion of the spectrum
one octave longer in frequency. The signal observed consists of several
peaks containing the information of fCEO. In particular, one set of lines is
exactly separated by fCEO as illustrated in Figure 5.4. In this figure, we
schematically illustrate the measurement concept with one line of the
spectrum (fn), which is frequency doubled (2fn) and beated with the line
separated exactly by one octave (f2n). This results in the wanted
information fCEO= 2fn-f2n. In reality, many comb lines contribute to the
measured signal (all lines that verify fCEO= 2fn+m-f2(n+m), where the largest m
is dependent on the optical filter used for selecting the short-frequency
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“slice” of the spectrum and on the spectral shape imposed by the frequency
doubling.
fn = n.frep + fCEO

2fn = 2n.frep + 2fCEO
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Figure 5.3: Principle of the f-to-2f detection scheme [123] and interferometric setup for
fCEO detection.
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Figure 5.4: Beat signal observed by the detector in a standard f-to-2f interferometer as a
result of beating of lines with different spacing in the selected portion of the spectrum.

In addition to the beating signal at the frequency fCEO, the beating signal
also contains other lines with “indirect” information about fCEO. For
example, fCEO,2 = frep-fCEO that originates from the beating of the frequency
Frequency combs and carrier-envelope offset frequency detection - 105

Carrier-envelope offset detection of a modelocked thin-disk laser
doubled components f2n, but this time with f2n+1. This is illustrated in
Figure 5.4, in the case where fCEO< frep/2, for some of the multiple beat
components that can be observed.
One of the crucial requirements of this detection scheme is seeding
the interferometer with a spectrum that is octave-spanning and coherent.
Only few specialized systems based on Ti:sapphire exhibit such broad
spectra directly from the oscillator. In particular, as we discussed in
Chapter 4, TDLs are currently limited to pulse durations > 100 fs and the
corresponding spectra are too narrow for directly seeding an f-to-2f
interferometer. Therefore, in order to make use of this detection scheme,
external spectral broadening is required for detection of the CEO
frequency. Supercontinuum generation (SC) in photonic crystal fibers
(PCF) is an elegant way of reaching sufficient spectral broadening from
standard femtosecond sources. However, the obtained SC needs to have
sufficient degree of coherence to observe beating between its different
parts. This poses extra challenges on the laser parameters and the fiber used
for this purpose.
5.2.3 Supercontinuum generation and coherence properties
SC generation in PCFs is the result of several cascaded highly nonlinear
processes, and the mechanisms involved in the broadening depend mainly
on the input pulse parameters and the dispersion properties of the
nonlinear fiber [140]. In some configurations, the spectral broadening can
have a tendency to strongly amplify noise. In this case, even small pulse-topulse phase and amplitude fluctuations lead to strong differences in the
generated SC, resulting in incoherent broadening. In order to achieve
coherent broadening, the process generating the SC needs to have minimal
noise amplification.
We focus here on SC generation obtained by soliton fission. In this
regime, the pump wavelength is slightly longer than the zero dispersion
wavelength of the fiber, in the negative dispersion regime. As its name
indicates, this process is started with propagation of a high-order soliton in
the fiber, resulting from the interplay of negative dispersion and self-phase
modulation. The detailed description of soliton fission and the resulting
properties of the generated SC have been extensively studied and lie
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outside the scope of this thesis. However, recent simulations [140], show
that the coherence of the generated supercontinuum is directly related to
the soliton order N defined by:

N = 0.283⋅ τ p E p ⋅

γ
β2

(5.1)

where τp is the FWHM pulse duration of the input pulses, Ep the pulse
energy of the pulses coupled into the highly-nonlinear fiber, γ the
nonlinear coefficient of the fiber and β2 the second order dispersion
parameter of the fiber.
In particular, a soliton order N<10 was predicted by simulations [140]
to be sufficient for coherent broadening. For a given pulse energy and a
given nonlinear fiber, this sets a lower limit in pulse duration to obtain a
coherent SC. This was recently verified in the experimental results
presented in [141]. However, a more thorough experimental study is still
required to investigate this limit in the particular context of CEO
detection. For example, the effect of the soliton order on the signal-tonoise ratio (SNR) of the detected CEO frequency has not yet been carefully
studied. Other parameters such as a chirp of the input pulses, the length of
the nonlinear fiber for different input peak powers, or temperature
stabilization of the nonlinear fiber would also represent interesting points
to investigate in more detail.
5.2.4 High-power frequency combs
Frequency combs with high average powers are attractive because an
increase of the overall average power of the frequency comb, in
combination with a high repetition rate, results in a higher power per comb
tooth. This allows for higher SNR in spectroscopy experiments. Up-todate, the highest average power demonstrated from a frequency comb is
based on a fiber amplifier delivering 80 W [142].
Most efforts that were carried out in the past years to achieve
frequency combs directly from DPSSLs were mostly focused on increasing
the repetition rate to the GHz regime [143, 144]. Modelocked TDLs
enable the highest average powers from any ultrafast oscillator, making
them potentially interesting candidates for frequency comb applications.
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However, prior to the work presented here, it was not clear whether
pump-induced instabilities could potentially increase the noise level such
that a stable frequency comb cannot be realized [137, 145]. TDLs are
pumped by high-power diodes, which operate in a multimode transverse
beam (the fiber-delivered pump beam typically has M2 > 100).
Furthermore, they require current drivers operating at several tens of
amperes. Here, we investigate for the first time the carrier envelope phase
properties of a modelocked TDL.
5.3

Carrier-envelope frequency of a modelocked thin-disk
laser
5.3.1 Experimental Setup

The laser setup was described in Chapter 4, Paragraph 4.2.2. The laser
delivers stable modelocked pulses up to an average power of 7 W. At this
power level, the sech2 shaped pulses are 142 fs. The laser operates at a
repetition rate of 64 MHz, leading to a pulse energy of 0.1 µJ and a peak
power of 0.7 MW. The pulses are close to the transform-limit of the
spectrum with a time-bandwidth product of 0.34.
Yb:Lu2O3
thin disk
R = 1.5 m
R = 0.25 m
R = 0.25 m
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Figure 5.5: Left: Laser setup of the Yb:LuO laser used for the CEO frequency detection
experiment. Right: Autocorrelation trace of the 142-fs long soliton pulses at the
maximum available output average power of 7 W.

We generated a coherent SC in a 1-m long, highly nonlinear PCF
using only 65 mW out of the available 7 W of our Yb:LuO TDL. The fiber
used is a commercially available highly nonlinear PCF (NKT Photonics
A/S, product NL-3.2-945) with a nonlinear parameter γ = 23 W-1km-1,
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and a zero dispersion wavelength at 945 nm. At the laser wavelength of
1034 nm, the fiber exhibits anomalous dispersion of ≈ -15.1 ps2/km.
Considering an estimated coupling efficiency of 50%, the corresponding
soliton order launched into the nonlinear fiber is N = 5.5. According to
numerical simulations [140], and recent experiments [141] a soliton order
N < 10 is required for the generation of the coherent supercontinuum in
this fiber.
5.3.2 Results
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Figure 5.6: Top: Experimental setup with highly nonlinear PCF for SC generation and
schematic of f-to-2f interferometer used for fCEO detection. Bottom, left: Measured
spectral broadening after the PCF, right: Observed CEO frequency beats
(RBW = 3 kHz).

The short pulses of our TDL enabled us to generate this coherent SC
without the need for external pulse compression or amplification. The SC
(Figure 5.6, bottom left) after the PCF covered more than an octave and
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was launched into a standard f-to-2f interferometer [123] for CEO beat
detection. A schematic of the interferometer is shown on the right handside of Figure 5.6. At the input of the interferometer, a dichroic mirror
(DM) separates the long- and short-wavelength part of the spectrum that
will be used for the CEO beat detection. On one of the arms, a delay line
enables temporal overlap of the pulses required to observe beating of the
signals. After polarization adjustment, the long wavelength part of the
spectrum is frequency-doubled in a 1-mm long PPLN crystal with a poling
period of 13.8 µm. The beat signal is then detected with a fast photodiode,
after a bandpass filter that selects the desired spectral portion to be
detected.
The detected CEO beats had a SNR of > 25 dB in a resolution
bandwidth (RBW) of 3 kHz (Figure 5.6, bottom right) and > 30 dB in a
RBW of 1 kHz. During the time of the experiment (approximately one
hour) we did not observe significant frequency excursion or amplitude
fluctuations of the beats. We believe that the achieved SNR is large enough
for initial locking tests of the CEO beat, in particular given the high
stability of the observed beats. Furthermore, significantly better SNR can
be achieved by optimizing the laser performance. In particular, TDLs with
shorter pulse durations, such as the ones described in Chapter 4 based on
Yb:LuScO or Yb:ScYLO that deliver ≈ 100 fs pulses would be ideally
suited to increase the SNR.
It is important to notice that the TDL used for this proof-of-principle
experiment was built with standard optomechanics, and was not isolated in
terms of external vibrations. Furthermore, the pump laser was operated at
only 15% of its maximum optimum current. Therefore, we believe better
performance is achievable by improving the mounting technique, boxing,
and pump operation point of the oscillator. Furthermore, optimizing the
CEO-beat detection scheme (fiber length, input peak power level, fiber
design, shorter pulse duration, temperature stabilization of the highly
nonlinear fiber, etc...) should also result in an improved SNR.
To investigate the influence of the pulse duration on the detected
CEO beats, we increased the pulse duration to ≈ 172 fs according to the
soliton formula (Formula (2.1)) by lowering the pump power and
operating at 5.1 W of output power. We could still clearly detect the CEO
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beats at this longer pulse duration, at the expense of a lower SNR (16 dB in
3 kHz RBW). As we discussed in the previous Paragraph, the maximum
soliton order required to generate a coherent SC in a given nonlinear fiber
sets a lower limit in terms of pulse duration of the source. For our system,
this limit was calculated to be at a pulse duration of approximately 180 fs,
which seems to be in accordance with our experiment. Further
investigations will target to confirm this limit in pulse duration
experimentally. In our experiment, further lengthening of the pulse
duration was not possible without breaking into the Q-switched
modelocking regime.
The CEO beat frequency was tunable by the pump current, with a slope
of approximately 33 kHz/mA. This mechanism can be used for electronic
stabilization of the CEO frequency to an external reference.
It is worth emphasizing that CEO detection was possible in spite of the
strongly multimode pumping scheme of TDLs, usually associated with a
high noise level. This seems to indicate that state-of-the-art high-power
systems such as the one presented in [30] or the one presented in [14] and
in Chapter 6, would already be suitable to achieve >100-W-level stabilized
frequency combs. Taking into account the pulse duration of such state-ofthe-art high-power systems, an external temporal pulse compression stage
will be required to reach the necessary short pulse duration for CEO
detection. Different pulse compression techniques will be discussed in
Chapter 6. However, as we discussed in Chapter 4, we believe 100 W
level sub-100 fs pulses will be feasible in the near future directly from a
TDL, which will significantly simplify CEO detection.
5.3.3 Towards full stabilization of high-power thin-disk lasers
The necessary steps to fully stabilize a TDL are currently being carried out.
In this goal, the Yb:ScYLO laser described in Chapter 4 delivering 100 fs
pulses and 5 W of average power is a good candidate, and is currently
being setup for this purpose.
In this goal, several critical points need further investigation. Current
challenges in this direction include achieving a fast modulation of the high
current driver sources used in TDLs. Another crucial point is to thoroughly
investigate the amplitude and phase noise properties of TDLs. Although the
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experiments demonstrated in this section indicate that this is not a
limitation, this still needs to be confirmed at higher power levels, for
example in the system presented in Chapter 6 with an additional
compression stage.
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Chapter 6 - Average power
modelocked thin-disk lasers

scaling

of

Several issues have so far limited scaling of modelocked TDLs to average
output powers in the kW range.
One challenge, which was already discussed in Chapter 2, is achieving
fundamental transverse mode operation at sufficiently high average powers.
Up-to-date, 500 W of average power have been demonstrated with a
diffraction-limited beam quality from a single disk [25] based on the
standard thin-disk gain material Yb:YAG. Large disks with excellent quality
based on this material are commercially available. Therefore, for the results
presented in this Chapter, we chose to use this well-established gain
material. This enabled us to achieve sufficient power in fundamental-mode
operation to perform the next step in power scaling of modelocked TDLs.
Another crucial issue for modelocking at high average power is that an
excessive nonlinear phase shift due to SPM can destabilize the pulses in the
soliton modelocking regime [34, 36]. In the past, the dominant source of
unwanted SPM was caused by the nonlinearity of air. Here, we
demonstrate a new approach to overcome this limitation in the context of
modelocked TDLs. We operate the oscillator in a vacuum environment,
therefore reducing the nonlinearity of the ambient environment by several
orders of magnitude. In this way, high average powers and pulse energies
can be achieved in simple oscillator geometries with a low number of
passes through the gain medium and low outcoupling rates. Furthermore,
only a small amount of dispersion is required even at very high intracavity
pulse energies. With this approach, we were able to demonstrate a TDL
with an average power of 275 W at a pulse duration of 580 fs using the
well-established gain material Yb:YAG. The laser operates at a repetition
rate of 16.3 MHz resulting in a pulse energy of 16.9 µJ and a peak power
of 25.6 MW. To our knowledge, this is the highest average power ever
demonstrated from a passively modelocked oscillator and represents an
important step towards the kW level milestone.
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This Chapter is organized as follows. In the first Paragraph, we will
review different previously suggested methods to limit the unwanted effect
of the nonlinearity of air in modelocked TDLs. In a second Paragraph, we
will present the highest cw fundamental mode laser result that was
obtained with this setup. In a third Paragraph, we will focus on the
modelocking experiment that led to the demonstration of a modelocked
oscillator with 275 W of average power. Finally, we will present a
discussion and an outlook of the different possibilities opened by this result.
6.1

Harnessing intracavity nonlinearity
6.1.1 State-of-the-art: different suggested approaches

The different sources of nonlinearity in a typical TDL cavity have been
discussed in Chapter 2. Historically, once the air in the resonator was
identified as one of the most significant sources of SPM in the laser cavity,
several approaches were suggested to overcome this limitation:
• Helium flooding
Helium has a nonlinear refractive index n2 that is 8 times smaller than
air [146]. Therefore, replacing the air in the cavity by helium enabled the
demonstration of the > 10-µJ pulse energy milestone in 2008. In this
result, 11 µJ were obtained at an average power of 44 W from a SESAM
modelocked TDL based on Yb:YAG [41, 42]. The disk in this oscillator
was used as a single-pass-gain folding mirror in the cavity, resulting in an
intracavity pulse energy of > 110 µJ. The required dispersion to generate
the 791-fs pulses was, in this case, -20 000 fs².
• Multiple gain passes through the same disk
Another approach to lower the SPM in the cavity to reach higher pulse
energy levels is to reduce the intracavity pulse energy by choosing a higher
output coupler transmission. This has the additional advantage that the
fluence on the SESAM and the thermal load on all intracavity components
are reduced. Efficient laser operation with a higher output coupling
transmission is only possible if the gain per cavity round trip is increased
accordingly. In this approach, this is achieved by multiplying the number of
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passes through the same gain disk, which results in an increased overall gain
per roundtrip. This geometry, most commonly referred to as “active multipass cell” in a modelocked TDL has been introduced by Neuhaus et al. [45,
46]. In the first demonstration, the 13 passes through the gain medium
allowed for an output coupling rate of 78% and an average output power of
78 W at a repetition rate of 2.9 MHz. This corresponds to a pulse energy
of 26 µJ. In the meantime, this result has been improved to an average
power of 145 W with a pulse energy of 41 µJ using a 72% output coupling
transmission [147]. In the latest result, the intracavity pulse energy was
below 60 µJ and operation in air was possible with a total GDD
of -236 000 fs2. In contrast, the result mentioned above (11-µJ pulses in
helium, corresponding to an intracavity pulse energy of 113 µJ) could be
realized with more than 10 times less negative GDD (-20 000 fs2).
In addition, 13 passes through the thin disk significantly increase the
demands on the disk quality, since the cavity stability zones shrink
significantly with the number of passes (see Figure 2.12). Another potential
disadvantage is the reduced Q-factor of the cavity, resulting in a higher
intrinsic noise level for the resulting laser. Furthermore, Formula (2.2)
indicates that a larger gain per roundtrip results in longer minimum
achievable pulse durations. In fact, in the result presented in [147], the
pulse duration was 1.1 ps. These picosecond pulse durations are not a
problem for example for micromachining applications, where pulse energy
is the main priority. In the case of the scientific applications aimed in this
thesis, shorter pulse durations are beneficial - in particular because it
simplifies further pulse compression schemes (see Chapter 7).
• Multiple gain passes through different disks
The combination of several laser heads in one cavity has already been
demonstrated using several Yb:YAG disks in one resonator [17], but not in
the context of modelocked TDLs. However, it is not straightforward to
achieve fundamental mode operation as each disk can show a different
thermal lensing behavior.
• Vacuum environment
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Operating the oscillator at a medium vacuum level by placing it in a
vacuum chamber allows to reduce the nonlinearity of the ambient
environment by several orders of magnitude, since the nonlinear refractive
index n2 parameter varies linearly with air pressure [148]. This is the
approach we will present in this Chapter, which enabled reaching a recordhigh average power of 275 W.
6.1.2 Oscillator in vacuum
In addition to a minimal nonlinear phase shift at very high intracavity peak
power levels, the advantages of operating the oscillator in vacuum are
many-fold:
Fine adjustment of the air pressure inside the cavity enables one to
tune the nonlinear phase shift and minimize the pulse duration at a
given output power. This eliminates the need for a moving Brewster
plate in the cavity that can introduce aberrations and small losses.
The low amount of nonlinearities allows one to operate in simple
oscillator geometries with low gain per cavity round-trip (one or
two passes on the disk used as a folding mirror in the cavity). This
relaxes the constraints on the disk thermal lensing, as we described
in the previous Paragraph.
Small amounts of negative GDD are required to compensate for the
small resulting nonlinear phase shifts even at high intracavity peak
powers. This results in lower parasitic losses and thermal effects that
are commonly observed in the dispersive mirrors.
Turbulence of air and related pointing instabilities are minimized.
Operating in a vacuum environment allows keeping the oscillator
optics clean, which is critical at high intracavity powers.
In addition to the above-mentioned points, developing robust
vacuum oscillator technology will facilitate future intracavity HHG
experiments, for which operation in vacuum is essential to avoid
UV-light absorption by air. Furthermore, for other nonlinear
experiments, one could consider flooding the chamber with other
gases.

116 - Harnessing intracavity nonlinearity

Average power scaling of modelocked thin-disk lasers
On the other hand, heat convection due to air is nearly completely
eliminated by operating the oscillator in vacuum. In our experiment, we
observed increased thermal effects in critical optics such as the dispersive
mirrors when the oscillator was operated in vacuum. Nevertheless, using
thermally improved mirrors and/or actively cooling these critical elements
in the cavity (in the same way the disk or the SESAM are cooled) can solve
these issues.
6.2

High-power fundamental mode cavity

The gain element used for the experiments described in this Chapter is a
commercial Yb:YAG thin disk glued on a water-cooled diamond heatsink
(TRUMPF GmbH). The disk is ≈ 100 µm thick and the exact doping
concentration was not provided. The thin-disk head was arranged for 24
pump passes through the disk and a pump spot diameter of 4.7 mm. The
pump diode used for this experiment can deliver up to 1.2 kW of power at
a central wavelength of 940 nm. In our experiment, we only used 70% of
the available pump power (≈ 850 W). In order to match the 940 nm
absorption line of Yb:YAG at this operation point, we adjusted the
temperature of the diode with an external chiller.
The measurement of the thermal lensing of this disk with a polarized
Michelson interferometer was already presented in Chapter 2 (Figure 2.6,
blue line) and showed no significant thermal lensing over the whole pump
power range used throughout the experiment (approximately 850 W of
pump power corresponding to a pump power density of 5.1 kW/cm2).
R = 1.5 m
Yb:YAG
thin disk
OC

R = 1.5 m

Figure 6.1: Schematic setup of the fundamental transverse mode cavity used for the highpower fundamental-mode experiment.
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Figure 6.2: Cw fundamental mode results Left: M2 measurement and beam profile of the
beam at the maximum power of 427 W. Right: Output power and optical-to-optical
efficiency of the laser in cw operation.

The outstanding thermal properties of this disk allowed for robust
single mode operation up to 427 W of power in cw operation without any
readjustment of the resonator length [26, 149]. A schematic of the laser
cavity is presented in Figure 6.1 and the obtained experimental results in
fundamental mode cw operation are shown in Figure 6.2. For this
experiment, we used an optimum outcoupling rate for best slope efficiency
of 6.4%.
6.3

Femtosecond modelocked oscillator with 275 W of
average power
6.3.1 Experimental Setup

For the modelocking experiment, we used another disk with the same
characteristics that delivered comparable performance than the disk
described in the previous Paragraph. We used the same pump
arrangement, but the layout of the laser cavity was slightly modified
(Figure 6.3). Two expanding telescopes were added in the SESAM arm and
the OC arm to expand the beam sizes on both components.
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Figure 6.3: Schematic setup of the 16.3 MHz pulse repetition rate fundamental transverse
mode cavity used for the high-power modelocking experiment.

Figure 6.4: cw fundamental transverse-mode operation using the same output coupler as
for the modelocking experiment and using only highly reflective mirrors as cavity mirrors
and without polarization control of the laser. Left: M2 measurement at the maximum
power of 340 W. Inset: Picture of the laser mode at the maximum CW output power.
Right: Output power and optical-to-optical efficiency.
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We used a higher outcoupling rate of 11.4%, to lower the intracavity
power. A lower intracavity power simplifies the cavity design because it
allows for smaller spot sizes on the SESAM (in our experiment, the laser
beam on the SESAM had a radius of ≈ 1.23 mm) and reduces thermal
distortions from intracavity elements such as dispersive mirrors. The
increased output coupling resulted in a slightly reduced slope and opticalto-optical efficiency. Nevertheless, we could obtain up to 340 W of cw
power at an optical-to-optical efficiency of 39.2% with a diffraction-limited
beam (M2< 1.05) (Figure 6.4).
In order to obtain soliton modelocking, we introduced a set of five
dispersive mirrors in the cavity that introduced approximately -8’100 fs2 of
negative GDD per roundtrip. A fused silica plate with a thickness of
700 µm was inserted at Brewster’s angle to select the p-polarization. It was
introduced at a fixed position in the cavity where the beam had a large
radius of ≈ 1.3 mm. This controls the laser polarization with minimal SPM.
Fine control of the total SPM was achieved by changing the pressure in the
vacuum chamber by introducing small amounts of nitrogen.
6.3.2 SESAM design
The SESAM used in this experiment (Figure 6.5) was designed for high
damage threshold and high-power modelocking following the guidelines
presented in reference [38] and in Chapter 3. Special attention was paid
during fabrication to obtain a large homogeneous sample for future spot
size scaling.
It consists of a distributed Bragg reflector and three 10-nm InGaAs
QWs as absorbers embedded in AlAs in an antiresonant configuration. A
dielectric topcoating that consists of 3 quarter-wave pairs of SiO2/Si3N4
was deposited by PECVD. We measured the nonlinear reflectivity and
recovery dynamics of this SESAM using the measurement setup and
procedure described in Chapter 3. The measurements yielded a saturation
fluence Fsat = 140 µJ/cm2, a modulation depth ΔR = 0.95 % and
nonsaturable losses ΔRns = 0.1 %. Furthermore, we measured a recovery
time τ1/e = 67 ps. The SESAM in the cavity was actively stabilized to 15ºC
by cooling the copper heatsink using a Peltier element.
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Figure 6.5: Picture of the large scale
SESAM used for the experiment. The color
variation is due to small differences in the
PECVD topcoating and is accentuated at
the edges of the sample.

6.3.3 Results
For the modelocking experiment presented here, the vacuum chamber
(Figure 6.6) was operated at a constant pressure of 0.5 mbar, which was
the lowest value that could be obtained in our setup and with the available
pump.

Figure 6.6: Picture of the vacuum chamber in which the modelocked laser was built.

Stable cw modelocking was obtained for average powers ranging from
135 W to 275 W. At the highest power level, the optical-to-optical
efficiency decreased (by approximately 1%), but no modelocking
instabilities were observed. In order to avoid possible damage of the thin
disk, the pump power was not further increased. At the maximum power
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of 275 W, the pulse duration was measured to be 583 fs (Figure 6.7). The
optical-to-optical efficiency was 32.4%, corresponding to an incident
pump power of 839 W. The pulses had a time bandwidth product of 0.329
(ideal sech2 0.315), determined with the measured spectral bandwidth of
2 nm (Figure 6.7). The repetition rate of the pulses was 16.3 MHz,
resulting in a pulse energy of 16.9 µJ. The corresponding peak power of
the pulses is 25.6 MW. Operation with a single pulse circulating in the
cavity was confirmed using a fast photodiode (25 GHz) and a sampling
oscilloscope. Furthermore, the delay of the autocorrelator (80 ps) was
scanned in search for cross-correlations of potential parasitic pulses with
the main pulse. The beam at the maximum modelocked average power
level was nearly diffraction limited with an M2 < 1.05.

Figure 6.7: Left: Autocorrelation trace of the pulses at the maximum power of 275 W.
Right: Optical spectrum of the pulses.

6.4

Discussion
6.4.1 Sources of nonlinearity

Inside the oscillator, the circulating pulses had an energy of 146 µJ, and a
peak power of 220 MW. In contrast to previous high-power modelocked
TDLs, the nonlinearity of the ambient environment was not the main
contribution to the total SPM phase shift required for soliton modelocking.
Assuming soliton pulses, the dispersion introduced in our cavity
compensates for a nonlinear phase shift of approximately 75 mrad at the
maximum power and for the obtained pulse duration. The atmosphere in
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the cavity only contributes ≈ 8 mrad to this total phase shift. This value was
calculated assuming a linear behavior of the nonlinear refractive index of air
with the pressure in the vacuum chamber [146, 148]. The Brewster plate
accounts for ≈ 17 mrad and the thin disk for ≈ 3 mrad. The remaining
phase shift (≈ 47 mrad) seems to originate from nonlinearities due the high
intensities on the different cavity mirrors. In our current layout, some of
the dielectric mirrors used in the cavity withstand intensities
> 50 GW/cm2. At these high peak intensities, even a small penetration
depth can lead to a significant phase shift. However, in order to precisely
evaluate the contribution of each mirror to the total phase shift, the exact
structure and material composition of these commercial mirrors needs to
be precisely known, which is currently being investigated.
In spite of these very high intracavity intensities, no damage was
observed on the SESAM. The main limitation to higher average powers in
our current configuration was thermal effects and even damage that
occurred in the dispersive mirrors. Improved dispersive mirror designs
with better thermal properties will allow for higher average power in the
future.
6.4.2 Mode degeneracies and beam quality degradation
As we pointed out in Chapter 2, beam degradation in standard TDLs
originates, in most cases, from residual thermal distortions in the thin gain
medium. In the case presented here, the disk was of sufficiently high
quality for this not to represent the main limitation.
Nevertheless, at the high intracavity powers considered in this
experiment, special attention has to be paid to any other possible source of
beam degradation. In our experiment, we observed strong beam
degradation and unusual modelocking instabilities in some specific cavity
configurations. Small changes in the cavity were usually enough to solve
these issues. We believe this originated in resonant coupling effects
between the fundamental mode and higher order transverse modes. In fact,
some cavity designs operated close to transverse mode degeneracies can
have a strong tendency to couple power from the lowest fundamental
transverse mode to high order modes [150-152]. An important practical
consequence of this coupling is that small thermal effects can result in a
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significant degradation of the beam quality and can also destabilize
fundamental modelocked operation. These observations triggered the need
for a simulation tool to avoid such “dangerous” cavities. In the following
Paragraph, we will briefly explain the phenomena of resonant coupling of
higher order modes to the fundamental transverse mode and the new tool
implemented in our cavity design software to identify the cavities that can
lead to such problems.
• Resonant coupling to high order modes
Most Formulas used in the following Paragraph can be found in [153]. The
normalized expression of the electric field for a Gaussian beam as a
function of the distance z from the waist is given by:

⎛ (x 2 + y 2 )
⎞
q0
⋅exp ⎜ −i
− ikz ⎟ (6.1)
π ω 0q(z)
2q(z)
⎝
⎠
where ω0 is the waist radius and q(z) the complex radius of curvature
parameter. q(z) is related to most common beam parameters by:
1
1
λ
(6.2)
=
−i 2
q(z) R(z) πω (z)
where ω(z) is the 1/e2 radius of the Gaussian beam and R(z) its radius
of curvature at a position z from the waist. The expression of the electric
field can then be written:
E(x, y,z) =

E(x, y,z) =

2

(

2 exp −ikz + iφGouy (z)

) ⋅exp⎛ −(x + y ) − ik (x + y ) ⎞
2

2

2

R(z) ⎟⎠
(6.3)
The term φGouy in this expression represents a small axial phase shift
that occurs to a Gaussian beam when propagating through a waist, and that
differentiates it from a spherical wave.
All relevant parameters in this expression can be related to waist spot
size ω0 and Rayleigh range zR by:
π

ω (z)

ω (z) = ω 0
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zR2
(6.5)
z
⎛ z⎞
−1
(6.6)
φGouy (z) = tan ⎜ ⎟
⎝ zR ⎠
The ABCD-law for the q-parameter allows propagating a Gaussian
beam through ABCD type optics. This applies for the fundamental mode of
a laser resonator, for example. For higher order transverse modes that can
circulate in a resonator, the general expression of the electric field depends
on the problem symmetry. In practice, a rectangular symmetry is most
commonly used since in most cases some selection is present for the x- and
y-axis. In this case, the general expression of the electric field is best
described by the Hermite-Gauss modes, where a given higher transverse
mode is characterized by two integer indices m and n. It can be shown that
different transverse modes experience different Gouy phases and their
expression is given by:
m,n
0,0
φ Gouy = (m + n +1)⋅φ Gouy
(6.7)
An important consequence of this is that it is not necessary to propagate
a given high-order mode to obtain its Gouy phase shift, since the value can
be obtained from the one of the fundamental mode. It is worth noting that
the higher the order of the mode, the stronger the axial phase shift. The
presence of a non-zero Gouy phase shift causes the different transverse
modes of the cavity to have different resonant frequencies ν, according to
m,n
φGouy ⎤
c ⎡
(6.8)
ν q ,m.n =
⎢q +
⎥
axial
2L ⎢⎣ axial 2π ⎥⎦
where L is the length of the resonator, q is the axial mode index. In
this Formula, we neglected the small phase shift caused by frequency
pulling due to the asymmetric gain and losses in the resonator. Formula
(6.8) indicates that axial modes associated with a pair of transverse spatial
modes become degenerate in frequency when their round-trip Gouy phases
are the same (modulo 2π). If the fundamental transverse mode of the cavity
is nearly degenerate with a higher-order transverse mode, and if there is a
finite coupling between these modes due to a non-ideality in the cavity
R(z) = z +
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(such as a thermal lens having a non-ideal phase profile), power can be
resonantly coupled into the higher-order mode, leading to a reduction in
beam quality.
In practice, a criterion can be added to cavity design software by
computing the Gouy phase of the fundamental mode and deducing its value
for higher order modes. A figure of merit can then be established to be in a
“safe” distance from overlap with a certain set of higher order modes.
However, the existence of an overlap does not indicate how strong the
coupling would be between these modes or even if it will occur. For this,
an exact determination of the modal coupling coefficients for each
intracavity element would be required. This is a complex task, and the
additional advantage would be small.
In cases where thermal lensing effects occur in the cavity, a single figure
of merit for the “cold cavity” might be insufficient. We will treat this
problem in the next Paragraph.
• Effect of thermal lensing
If there is a source of laser-induced thermal lensing in a laser cavity, this
picture is slightly more complicated. The resonance frequencies of the
different transverse modes now vary with the intracavity power.
Therefore, modal coupling effects can become severe at a given intracavity
power. In order to take this effect into account, it is necessary to
determine the influence of the different sources of thermal lensing on the
fundamental mode of the laser resonator, and subsequently the effect on
the Gouy phases of the different transverse modes. Therefore, it is also
necessary to correctly model the temperature distribution caused by a
Gaussian beam, and the resulting lens. Numerous models have been used
to evaluate the thermal lens resulting from an incident Gaussian beam
taking into account the thermo-optic effect and the physical deformation of
the mirror [154]. We use the simplified model of Winkler et al. where the
change of a mirror with power is described as a linear variation of sagitta s
due to the optical path length difference generated between the center of
the Gaussian beam versus its wings [155]. Sagitta is related to the beam
waist incident on the mirror and the radius of curvature of the mirror by:
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s=

ω

2

(6.9)
2R
Therefore, the resulting change of the beam parameters at a given
mirror can be calculated using the rate of this change (ds/dP).
disk

SESAM

Dispersive Mirror

OC

Figure 6.8: Influence of thermal lensing of different cavity elements on the beam radius of
the fundamental mode cavity used for 275 W modelocked TDL.

We included these thermal effects in our simulation tool. In Figure
6.8, we illustrate the influence of thermal lensing of some cavity
components on the fundamental mode resonator used for the 275 W
modelocked TDL described in this Chapter. We applied a thermal lensing
factor ds/dP at the exact positions in the cavity where 5 dispersive mirrors
were introduced in the experiment (dashed red lines). The ds/dP factors
applied were chosen for illustrating possible resonant coupling effects. The
largest value chosen here (ds/dP = 0.6·10-11 m/W) is unrealistic given the
resulting large spot size change, which would have been observable on a
standard camera at the output of the laser. The values presented here are
meant as an illustration and, the exact values remains to be determined
empirically for each type of mirror.
In Figure 6.9, we illustrated the Gouy phase undergone during
propagation in this cavity by different transverse modes verifying m+n=p, p
being an integer < 7.
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(a) no thermal lens
(ds/dP = 0 m/W)

(b) small thermal lens
(ds/dP = 0.2·10-11 m/W)

(c) medium thermal lens
(d) large thermal lens
(ds/dP = 0.4·10-11 m/W)
(ds/dP = 0.6·10-11 m/W)
Figure 6.9: Influence of thermal lens on the Gouy phase for different transverse modes.

In Figure 6.9a, where no elements with thermal lensing are
introduced in the cavity, the Gouy phases of the different transverse modes
are well separated, and show naturally no dependence on the intracavity
power. In Figure 6.9b, we apply a non-zero ds/dP at the 5 positions in the
cavity where dispersive mirrors were introduced for the modelocked
experiment (Figure 6.8, red dashed lines). The Gouy phases of different
transverse modes have different slopes and crossing can occur already at a
given intracavity power. We are interested in crossings with the
fundamental mode (m+n=0, blue). For example, in this case, modes with
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m+n=7 could potentially couple to the fundamental mode at an intracavity
power of ≈ 2.5 kW. Possible coupling becomes dramatical for example in
Figure 6.9d, where multiple modes intersect with the fundamental mode at
an average power of 2.5 kW. At this point it is somehow important to
stress that this does not necessarily mean that resonant coupling occurs, but
gives a clear indication that it is more likely to happen.
• Discussion
Although the newly developed tool gives us a powerful instrument to
evaluate the “quality” of a certain cavity for kW intracavity operation,
several points still need to be investigated:
Until now, the exact value of ds/dP remains an unknown
parameter. This parameter is difficult to calculate without precise
knowledge of the structure and material composition of the
commercial mirrors used in our setup. In practice, an experimental
determination of this parameter is crucial, which is currently being
investigated.
A figure of merit for determining how “dangerous” a certain cavity
design is still needs to be defined. In order to do this, a careful
experimental study needs to be made to evaluate how to characterize
this coupling for such lasers.
A more precise determination of the modes that need to be taken
into account in search of Gouy-phase crossings (maximum p) is
necessary by taking into account different apertures present in the
laser cavity.
A useful feature for cavity design would be to determine where in
the laser cavity and how large would an aperture need to be to act as
an efficient filter for the high-order modes, when a cavity is
identified as having potential resonant coupling issues.
Measuring and taking into account damage threshold of cavity optics
would be an interesting feature to add to the software. In fact this
could be useful additional information to know where to place
“sensitive” optical elements in the laser cavity.
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6.5

Conclusion and outlook

Figure 6.10: Intracavity peak power
of modelocked TDLs demonstrated
up-to-date. The result presented in
this Chapter enabled operation of
the oscillator at record high
intracavity peak powers >200 MW
and opens the door to future kWlevel oscillators.

Intracavity peak power (MW)

In this Chapter, we presented a femtosecond Yb:YAG TDL with 275 W of
average power and 583 fs pulse duration. A large-scale SESAM with high
damage threshold, which was especially designed for this experiment, was
used for starting and stabilizing soliton modelocking. To the best of our
knowledge, this is the highest average power obtained from a passively
modelocked oscillator. The laser performance combines femtosecond
pulses, high pulse energy (16.9 µJ) and record-high average power.
In order to reach this performance, the oscillator was operated in a
vacuum environment. This allowed reducing the nonlinearity of the
ambient environment by several orders of magnitude, enabling soliton
modelocking at several hundreds of MW of intracavity peak power (Figure
6.10) with small nonlinear phase shifts and small amounts of dispersion.
This approach represents a new approach that opens the door to power
scaling of ultrafast oscillators to the kW range.
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The main limitation to higher average powers was, in our experiment,
thermal effects and even thermal damage observed on the dispersive
mirrors. However, simulation tools were improved to consider beam
degradation due to these effects and improved cavity design optimization
guidelines are currently being developed in this goal.
Further average power scaling will require larger spot sizes on the disk
and on the SESAM and improving the thermal properties of the dispersive
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mirrors. In particular, dispersive mirror designs with improved substrates
and higher damage threshold material composition for better heat removal
are currently being investigated.
With the suggested improvements, we also expect to reach pulse
energies in the 100 µJ range in the near future by increasing the length of
the resonator using a Herriott-type passive multi-pass cell [41, 156].
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Chapter 7 - Pulse compression of
modelocked thin-disk lasers
In the previous chapers of this thesis, we saw that modelocked TDLs
operate with output pulse energies up to tens of µJ and peak powers up to
tens of MW. The systems with the highest output peak powers typically
operate with pulse durations of >500 fs. Although the performance of such
oscillators is moving in the direction of combining high peak powers
(several tens of MWs) and short pulses (sub-100 fs), currently available
sources do not reach this target yet. Therefore, numerous techniques have
been investigated in the past years to efficiently reduce the pulse duration
of state-of-the-art high-energy TDLs. Such techniques include spectral
broadening using SPM in standard PCF fibers [71, 157], in fiber amplifiers
[72, 73] and in HC-PCFs [74].
Temporal pulse compression in this range of pulse energies and peak
powers is challenging because it lies in between the capabilities of two
well-established technologies:
On the one hand, typical TDLs operate at the damage limits of
standard silica-based PCFs. The output pulse energies result in pulse
fluences close to typical surface and bulk damage thresholds of silica.
Using larger mode area (LMA) microstructured PCFs relaxes the
pulse energy limits for damage, but the resulting weak guiding leads
to high bending sensitivity and losses, which again limits the practical
usability such fibers. In addition, the critical peak power for selffocusing in silica ultimately limits usable peak power. Threshold
values in literature vary, but typical peak power threshold values are
in the order of ≈ 4 MW [158].
On the other hand, current state-of-the-art TDLs have insufficient
peak powers for compression using standard techniques typically
employed for Ti:Sapphire systems, such as filamentation in
capillaries [159].
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Previously, pulse compression of a SESAM modelocked high-power
TDL was demonstrated using a short passive LMA fiber reaching 32 W and
24 fs pulses [71, 157]. In this experiment, the 760-fs long pulses were
compressed by a factor of thirty and the peak power was increased by a
factor of ten with an efficiency of 50%. This method enabled initial strongfield physics experiments driven directly at the multi-megahertz repetition
rate of the femtosecond oscillator [6]. However, this passive compression
system suffered from severe limitations. Damage in the 200-µm2 LMA
fiber limited the maximum achievable compressed pulse energy to less than
1 µJ, and it appears difficult to compress substantially higher pulse energies
with standard microstructured fibers with larger mode areas because the
weak guiding results in high bending sensitivity and losses.
For compression of medium power thin-disk oscillators, the use of
active LMA rod-type fibers that also provides amplification represents an
interesting approach. In this case, the bending sensitivity is reduced by
surrounding the fiber with a glass rod, therefore allowing for stable singlemode operation with much larger mode sizes. Typically, commercially
available rod-type fiber amplifiers have fundamental mode areas up to
4500 µm2, which is larger than most standard fiber technologies.
Furthermore, these fibers are well suited for polarization-maintaining (PM)
operation even at high peak power levels using stress-induced
birefringence. Previously, pulse compression of medium power level
oscillators using these rod-type fiber amplifiers has been demonstrated in
different setups where MW peak powers at MHz repetition rates were
achieved [73].
In the first Paragraph of this Chapter, we present two compression
setups for a TDL oscillator based on two rod-type fiber amplifiers. In both
cases, the high-power provided by the modelocked TDL was sufficient to
directly saturate the single-pass amplifiers without the need for additional
preamplifier stages, leading to relatively simple compression stages. In the
first system, we used a 55-cm long rod with a core area of 2200 µm2, and
achieved 55 W of compressed average power in 98-fs pulses, reaching
pulse energy of 5.2 µJ at 10.6 MHz and a peak power of 32.7 MW. In a
second stretcher-free system, a 36-cm rod-type fiber amplifier with a
larger core area of 4500 µm2 was used. With this setup, 34 W of average
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power were demonstrated with 65-fs pulses, reaching a similar peak power
of 32 MW. Although good performance was reached with both systems,
they are ultimately also limited by self-focusing and damage in the silicacore [72]. We will discuss the performance and scaling limitations of these
systems, in particular concerning damage and self-focusing.
For compression of state-of-the-art modelocked TDLs, gas-filled HCPCFs appear to be an excellent alternative. They combine high selffocusing limits and damage thresholds with the possibility to tune the
nonlinearity by varying the pressure and the composition of the used gas
[160]. In particular, Kagome-type HC-PCFs exhibit low losses, very large
transmission bandwidths and even higher damage thresholds than other
HC-PCF technologies [10, 161, 162] due to the very low overlap between
the propagating mode and the surrounding silica structure. During the time
frame of this thesis, we performed the first proof-of-principle experiments
using such fibers for pulse compression of modelocked TDLs. In the second
Paragraph of this Chapter, we will present pulse compression of an
Yb:YAG TDL that delivered a pulse duration of 860 fs and a pulse energy
of 1.9 µJ down to sub-50 fs with an efficiency of 56%, using a Xenon-filled
Kagome-type HC-PCF.
We will conclude this Chapter with a summary of the techniques
studied here and an outlook towards pulse compression of high-power
state-of-the-art thin-disk lasers to the 100 MW regime.
7.1

Rod-type fiber amplifier compression setup
7.1.1 Seed laser used for both experimental setups

The seed laser used for both amplifier systems consists of a standard
Yb:YAG SESAM modelocked TDL similar to the one described in
Chapter 3 for SESAM characterization. It delivers 16 W of average output
power at a repetition rate of 10.6 MHz and at a central wavelength of
1030 nm. This corresponds to a pulse energy of 1.5 µJ in 1-ps-long pulses.
The average power obtained from this seed laser is sufficient to
directly saturate the rod amplifiers used in both setups without the need for
pre-amplifier stages. Therefore, the resulting compression and
amplification setup is relatively simple. Furthermore, high average powers
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at a low overall amplifier gain can be achieved, which is beneficial for low
parasitic nonlinear effects and to achieve clean spectral broadening.
7.1.2 First amplifier system: 55-cm rod
• Experimental setup
We used the TDL described above to seed a 55-cm long PM Yb-doped
rod-type LMA fiber amplifier (DC-200/70-PM-Yb-ROD, NKT Photonics).
The rod was cleaved at 5 degrees at the input end to avoid parasitic lasing
and had an uncleaved 8-mm-long end-cap on the output side. The rod core
had a diameter of 70 µm and the pump cladding diameter was 200 µm. In
order to avoid damage and self-focusing, the input pulses were stretched to
1.9 ps FWHM using two 1250 l/mm transmission gratings in a negative
dispersion configuration. The pump used for amplification delivers 120 W
at 976 nm and was used in a counter-propagating pumping configuration
(Figure 7.1).
Pav = 16 W
frep = 10.6 MHz
τp = 1 ps
λ = 1030 nm
Seed Laser:
Yb:YAG SESAM
modelocked TDL

Yb-doped rod-type fiber
φcore = 85 µm
φclad = 200 µm
L = 55 cm

Pp=120 W
λp = 976 nm

λ/2

Output
Stretcher:
2X 1250 l/mm
transmission
gratings

Pump Laser:

Compressor:
2X 1250 l/mm
transmission
gratings

Figure 7.1: Experimental setup of the first rod-type fiber amplifier compression setup.

• Influence of the input chirp
In standard CPA systems, a positive chirp is usually preferred for stretching
the input pulses. In this way, SPM broadening occurs over the entire length
of the fiber, and the amount of accumulated SPM is easy to control since it
is nearly linear. Negatively chirped pulses lead to an initial spectral and
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temporal narrowing before the linear SPM broadening starts to occur. In
Figure 7.2, we simulated the effect of the chirp of the input pulses on the
spectral FWHM bandwidth over the length of the rod using a split-step
Fourier nonlinear propagation software. In the case of negatively chirped
pulses, the spectrum undergoes a minimum after a few centimeters of
propagation through the fiber (Figure 7.2 bottom left, inset). The spectral
narrowing that occurs in the first 10 cm of the rod is negligible. We chose
to use negatively chirped pulses to simplify the grating stretcher since the
two configurations result in similar compression factors (Figure 7.2
bottom, right). The total transmission through the 4-pass grating stretcher
was measured to be 75% reducing the power launched into the fiber to
12 W.
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Figure 7.2: Simulation of the effect of the input sign of the chirp on the spectral
broadening in the rod-type fiber amplifier. Bottom (left): Evolution of the spectral
FWHM during propagation in the rod for negatively (blue) and positively (red) chirped
pulses. Top (left to right): Evolution of the spectral intensity and the spectral phase during
propagation in the fiber for positively and negatively chirped pulses. Bottom (right):
resulting compressed power after 55 cm of propagation for negatively and positively
chirped pulses. These simulations were performed with our home-programmed split-step
Fourier propagation software.
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• Results
The performance of the fiber amplifier is shown in Figure 7.3. We
achieved 73 W of average output power, which corresponds to a pulse
energy of 6.85 µJ. The output of the fiber amplifier was polarized with a
polarization extinction ratio (PER=-10log(Pp-pol/Ps-pol)) of 15.8 dB. At this
power level, an optical-to-optical efficiency ηopt=Pout/(Ppump+Pseed) of 52%
was reached with a slope efficiency of 59%. Dispersion in such large core
rod-type fibers is dominated by material dispersion. At the wavelength of
our seed (1030 nm), the fiber exhibits ≈ -32 ps/km/nm of positive
dispersion. Therefore, the pulses after amplification were slightly stretched
to 2.7 ps. At the output of the rod, the peak power was 2.2 MW. At this
peak power, no signs of self-focusing were observed and the beam quality
stayed close to the diffraction limit with a measured M2 = 1.3.

Figure 7.3: Left: Measured output power slope of the fiber amplifier. The maximum
output power of 73 W corresponds to an optical-to-optical efficiency of 58%. Right:
Observed spectral broadening with amplification.

The double-pass compression stage consists of two 1250 l/mm
transmission gratings as used for the input stretcher. The transmission
gratings are 100% fused silica and have low absorption, which is beneficial
at the high power levels considered. The use of 1250 l/mm gratings
enables a very compact compressor setup. The necessary dispersion was
obtained with a grating distance of ≈ 3 mm. The total transmission through
the 4-pass compressor was measured to be 75.4%. The resulting output
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power after compression was 55 W, corresponding to a pulse energy of
5.2 µJ.
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Figure 7.4: SHG-FROG characterization of the compressed pulses at the maximum
compressed output power of 55 W (retrieved, simulated and transform-limit of the
independently measured spectrum). Top left inset: Measured FROG trace. The FROG
grid used was 256x256, and the retrieved error was 7.10-3. Top right inset: measured
spectrum at maximum output power with an independent optical spectrum analyzer and
retrieved spectrum with FROG algorithm.

Pulse FWHM
Peak Power
Energy in the main
pulse
Strehl ratio

Retrieved
98 fs
32.7 MW

Transform-limit
91 fs
43.2 MW

Simulated
97 fs
37.9 MW

66%

81%

77%

0.76

-

0.87

Table 7.I: Different pulse characteristics of the retrieved, simulated and transform-limited
pulses for the 55-cm rod-type fiber amplifier system.
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The compressed pulses were characterized using second-harmonic
generation frequency resolved optical gating (SHG-FROG) and the
obtained results are presented in Figure 7.4. The retrieved FROG trace
shows a FWHM pulse duration of 98 fs and a peak power of 32.7 MW
(taking into account the energy distribution of the exact pulse shape as
shown in Figure 7.4). The retrieved pulses are compared to the Fourier
limit of the measured spectra after the amplifier and to simulations
performed using a home-programmed split-step Fourier nonlinear
propagation software. The values used for coupling efficiencies were
typical values of ηpump = 70% and ηseed = 80%. The simulated compression
stage is done using only negative second order dispersion and optimizing
for peak power. A comparison of the different parameters obtained is
presented in Table 7.I.
As we can see in Figure 7.4, a residual picosecond background in the
pulse limits the amount of energy in the main pulse to only 66%. This leads
to a temporal Strehl ratio (corresponding to the ratio between the peak
power obtained and the peak power of the transform-limited pulse of the
measured spectrum) of 0.76. According to our simulations a Strehl ratio of
0.87 could be achieved with the measured spectrum considering only
second-order dispersion for the compression. Part of the difference to the
transform-limit is therefore probably due to the uncompensated higher
order dispersion. We can see in the top-right inset of Figure 7.4, that the
retrieved spectrum and the independently measured spectrum using an
optical spectrum analyzer are in good agreement. The system was operated
for around one hour before damage was observed. This made precise
optimization of the gratings difficult at this power level. Nevertheless, the
pulses obtained are in good agreement with the performed simulations and
peak powers > 30 MW were obtained. On the other hand, two rods were
damaged at this output power level, indicating that the system is operating
close to its damage limit, and is not suitable for further amplification
and/or compression to shorter pulses in the current layout. More details
on the observed damage behavior will be discussed in a next Paragraph.
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7.1.3 Second stretcher-free amplifier system: 36-cm rod
• Experimental setup
The second fiber amplifier system consisted of a shorter (36 cm) PM rodtype fiber with a larger core diameter of 100 µm and a resulting mode field
area of 4500 µm2, which is two times larger than in the previous setup
(DC-285/100-PM-Yb-ROD, NKT Photonics). The pump cladding is also
larger with a diameter of 285 µm. The rod has two flat 8-mm end-caps at
the input and output facets. Although the input end-cap is beneficial to
prevent damage of the rod due to the seed laser pulses, the peak power
levels at the input of the rod should not reach critical levels. At the output
facet, the presence of an end-cap is crucial to avoid damage of the rod. The
larger core size should limit the probability for bulk and surface damage of
the rod by operating at lower intensities for a given peak power.
Furthermore, the combination of the large core diameter and the shorter
fiber length allows for enough spectral broadening to generate sub-100 fs
pulses in a simpler setup where no stretching of the seed laser pulses is
necessary. The setup is shown in Figure 7.5.

Pav = 16 W
frep = 10.6 MHz
τp = 1 ps
λ = 1030 nm
Seed Laser:
Yb:YAG SESAM
modelocked TDL

Yb-doped rod-type fiber
φcore = 100 µm
φclad = 285 µm
L = 36 cm
λ/2

Output

Compressor:
2X 1250 l/mm
transmission
gratings

Pp=120 W
λ = 976 nm
Pump Laser:

Figure 7.5: Second compression amplifier system: the 36-cm rod amplifier with a core
area of 4500 µm2 is seeded directly with the high-power TDL oscillator. The compressor
stage consists of a single pass through two transmission gratings.
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• Results
We launched the full seed laser power into the fiber (15 W). The
performance of the fiber amplifier is shown in Figure 7.6. The full power
of the pump was not used in order to avoid damage of the rod and/or selffocusing effects that were observed in the previous system. We therefore
limited the output power to approximately 40 W, corresponding to 3 MW
of peak power at the end of the rod. This value is to be compared to the
reported approximate critical self-focusing peak power of 4 MW.

Figure 7.6: Left: Measured output power slope of the fiber amplifier. Right: Observed
spectral broadening with no amplification (blue) and at full power (red). We also observe
some spectral shaping, probably due to the limited gain bandwidth of the fiber.

At an output power of 39.5 W, the optical-to-optical efficiency reaches
48.8%. The amplified beam was close to the diffraction-limit with a
measured M2 <1.2 at the maximum output power level and was linearly
polarized with a measured PER of 10 dB. The slight degradation of the PER
observed at these high peak powers compared to the previous system is
probably due to remaining mechanical stress from the fiber mount on the
rod, which can degrade the PM feature for the extremely large core areas
considered. Although the amplifier is not totally saturated at this power
level, we limited ourselves to this output power to avoid damage of the
rod. The 1-ps input pulses are slightly stretched to 1.5 ps at the maximum
power level due to dispersion in the fiber. The spectral broadening that
occurs with amplification is shown in Figure 7.6 (right). Without any
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amplification, propagation of the seed pulses already generates more than
20 nm of spectrum due to SPM. At the maximum output power we
observed over 35 nm of spectral broadening and some spectral shaping
probably due to the gain spectrum of the fiber, which makes the spectrum
asymmetric at higher output powers.
The compression stage consists of a single-pass two-grating compressor.
The gratings used are 1250 l/mm transmission gratings. In order to
compress the pulses at the maximum output power, the negative dispersion
needed is approximately -16 000 fs2, which corresponds to a grating
distance of approximately 1.3 mm in a double-pass configuration. At the
expense of some spatial chirp that can be neglected, the compression
scheme used was a one-pass two-grating compressor with a distance
between the gratings of 2.6 mm. In this case, the measured spectrum at full
power extends spatially over 170 µm. This can be neglected over a total
beam diameter of 1.9 mm. With this compression scheme we achieved a
compression efficiency of 86% at full power, and a resulting compressed
power of 34 W. The compressed pulses were characterized using an SHGFROG. The retrieved pulses can be seen in Figure 7.7 and are compared to
the transform-limited pulse of the measured spectrum and the simulated
pulses using the same software described for the first setup. The different
pulse parameters are summarized in Table 7.II.
The retrieved pulses had a duration of 65 fs (FWHM), with 65% of the
total amount of energy within the main pulse, resulting in 32 MW of peak
power. Although the pulse energy is significantly lower than the one
obtained in the previous setup, we obtain a similar peak power. This is
partly due to the shorter pulses obtained, but also to the better Strehl-ratio
of 81%, showing that we are closer to the transform-limited case. An even
better Strehl ratio could be obtained by carefully optimizing third-order
dispersion of the system. We can see in the top-right inset of Figure 7.7
that the retrieved spectrum and the independently measured spectrum
using an optical spectrum analyzer are in good agreement. Furthermore,
the retrieved pulses show a good agreement with our simulations. The
small difference observed could probably be explained by the spectral
asymmetry observed in the measured spectrum that is not present in the
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simulations, since the software does not take into account the gain
bandwidth of the rod.
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Figure 7.7: SHG-FROG characterization of the compressed pulses for the stretcher-free
system at the maximum compressed power of 34 W (retrieved, simulated and transformlimit of the independently measured spectrum). Top right inset: Measured FROG trace.
The FROG grid used was 256x256, and the retrieved error was 4.10−3. Top right inset:
measured spectrum at maximum output power.

Pulse FWHM
Peak Power
Energy in the main
pulse
Strehl ratio

-500

Retrieved
65 fs
32 MW
65%
0.81

Transform-limit
62 fs
39.3 MW
79%
-

Simulated
64 fs
37.5 MW
72%
0.91

Table 7.II: Different pulse characteristics of the retrieved, simulated and transformlimited pulses.
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7.1.4 Discussion on further scaling of these systems
• Damage and self-focusing limits
The main limitations of the systems described in this Paragraph are due to
operation at high peak powers, close to intrinsic damage and self-focusing
thresholds. Many investigations on fiber damage have been carried out in
order to establish guidelines on how to avoid these detrimental effects
[158, 163]. However, threshold values are always strongly dependent on
experimental conditions such as pulse parameters, coupling conditions, and
doping concentration (which is of particular importance to fiber
amplifiers). We have summarized the different relevant operation
parameters of our two fiber amplifier systems (Table 7.III), which identify
the different mechanisms that currently limit further power scaling.
Peak power
(output of the
rod)
Peak intensity
(before endcap)
Peak intensity
(after end-cap)
Pulse fluence
(end of rod)
Observations

2200 µm2 core rod

4500 µm2 core rod

Critical threshold

~2.2 MW

~3 MW

~4 MW [158]

~2 kW/µm2
(= 2·1011 W/cm2)

~1.2 kW/µm2
(= 1.2·1011 W/cm2)

> 2 kW/µm2 [164]
(= 2·1011 W/cm2)

~40 W/µm2
(= 4·109 W/cm2)

~44 W/µm2
(= 4.4·109 W/cm2)

2.4.10-3 µJ/µm2

6.4.10-4 µJ/µm2

Damage

No Damage

1.9.10-2 µJ/µm2
[165]*

* Tests performed using bulk undoped fused silica
Table 7.III: Operation points at maximum output power and reported damage
parameters.

There are mainly three possible reasons for damage or beam degradation in
fiber systems operated at high peak power levels:
Self-focusing: The critical peak power threshold commonly used for
silica fibers is 4 MW [158].

144 - Rod-type fiber amplifier compression setup

Pulse compression of modelocked thin-disk lasers
-

Surface damage: The manufacturer reported values in the order of
several hundred W/µm2 for the surface damage threshold peak
intensity of similar Yb-doped cores without an end-cap [164].
Bulk damage: Damage threshold values of bulk silica of 1.9 J/cm2
were measured at similar pulse parameters as the ones used in this
thesis [165].
In the case of the 55-cm rod with a core area of 2200 µm2, damage
was observed at the same intensity level in two different occasions. In both
cases, the damaged area was inside the rods and close to the interface
between the end-cap and the rod where the maximum intensity reaches
≈ 2 kW/µm2 (on the output side). The peak power of 2.2 MW does not
reach values where significant beam degradation due to self-focusing was
observed. This seems to indicate that the bulk damage threshold was
reached, even though the values are far from the reported bulk damage
thresholds [165]. However, the reported damage thresholds are for
undoped silica, which differs from our experiment. A more detailed
investigation is necessary to confirm these rod damage values.
Nevertheless, they represent a good reference point to avoid damage in
future experiments.
In the case of the 36-cm rod with a core area of 4500 µm2, neither
damage nor beam degradation was observed at an even higher peak power
of 3 MW. At this level, self-focusing does not seem to affect the beam
quality at the output of the amplifier. The corresponding maximum
intensity is 1.2 kW/µm2, which is 60% lower than the value where damage
was observed for the previous fiber. However, if we consider further
power scaling of this system, beam degradation due to self-focusing might
be apparent before surface or bulk damage are reached. Therefore, further
scaling of the compressed peak power in this stretcher-free configuration
requires an increase of the spectral broadening at this fixed maximum
output power level.
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• Possibilities for higher peak powers
Input power of the seed
In both compression systems presented here, we clearly benefit from the
initially high average and peak power of the oscillator, which directly
saturates the one-pass amplifier and generates sufficient spectral
broadening. We focus here on the second more compact stretcher-free
system, where no damage was observed in our experiment.
In Figure 7.8 (left) we simulated the influence of the average power of
the seed laser on the peak power of the compressed pulses for a constant
average output power and constant rod length. The output power is kept
constant by adapting the input pump power level. A higher input power
corresponds to a lower overall gain in the rod. We can see that the
compressed peak power is increased for a higher input average power. This
is due to the lower accumulated nonlinear phase required to reach a certain
pulse duration at the output, which leads to cleaner, more contrasted
pulses (corresponding to a better achievable Strehl ratio). Higher average
power from the modelocked TDL are clearly be beneficial, and the ideal
configuration would be passive broadening using an undoped rod-type
fiber. However, to-date, passive rod-type fibers are not commercially
available.
Fiber length
Another possibility would be to increase the peak power by increasing the
length of the rod. In Figure 7.8 (right), we simulated an increase of the
length of the rod at a fixed pump and input power. As we can see, an
increase of a factor of two in fiber length (from 300 mm to 600 mm)
results in an output power increase of approximately 10%. We experience
a higher benefit for the compressed peak power by more than a factor of
two, because of the additional SPM accumulated in the longer rod.
However, at the time of the experiment, only a 36-cm-long rod was
available. Furthermore, increasing the length of the rod rod might lead to
parasitic nonlinear effects such as Raman scattering.
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Figure 7.8: Simulations performed with home-programmed split-step Fourier propagation
software. Left: Compressed peak power as a function of the input average power for a
fixed average output power and fiber length. Right: Compressed peak power and average
output power as a function of the fiber length.

7.1.5 Summary and outlook
We presented two systems for pulse compression of medium-energy TDLs
and discussed the performance as well as the main limitations of these
systems. The results are summarized in Table 7.IV.
Length of fiber amplifier
Core diameter
Input average power (launched)
Input pulse duration
Maximum output average power
Output pulse duration
Output peak power
Compressed average power
Compressed pulse duration
Compressed energy
Compressed peak power
Strehl ratio
Limitation

System 1
55 cm
70 µm
12 W
1.9 ps
73 W
2.7 ps
2.2 MW
55 W
98 fs
5.2 µJ
32.7 MW
0.76
Damage

System 2
36 cm
100 µm
15 W
1 ps
39.5 W
1.5 ps
3 MW
34 W
65 fs
3.2 µJ
32 MW
0.81
-

Table 7.IV: Summary of the results obtained with the two rod-type fiber amplifier
systems.
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For both experiments, we used an Yb:YAG TDL seed with 16 W of
average power, a pulse repetition rate of 10.6 MHz and a laser wavelength
of 1030 nm. The resulting pulse energy is 1.6 µJ in 1-ps long pulses.
The first compression system consists of a 55-cm-long polarizationmaintaining rod-type fiber amplifier with a core size diameter of 70 µm.
We used the minimum stretching factor of the input pulses to avoid
damage of the rod. We obtained, in this case, 55 W of compressed average
power in 98-fs pulses, corresponding to a peak power of 32.7 MW and a
pulse energy of 5.2 µJ. The main limitation of this system was damage
observed at the highest average output power, which seems to indicate
operation close to the bulk damage threshold of silica.
In the second compression setup, we used a shorter rod-type fiber (36
cm) with a larger core diameter of 100 µm, leading to a core area 2 times
larger than for the 55-cm rod. This allowed us to directly seed the
amplifier without stretching the input pulses. With this setup we achieved
34 W of compressed average power and pulses with a duration of 65-fs,
leading to 32 MW of peak power. The larger core size allowed us to use a
simpler stretcher-free configuration, where damage could be avoided at
similar peak power levels in the rod. Nevertheless, self-focusing may be
apparent in this case before damage can occur, which is one of the reasons
why we limited the amplifier output average power to < 40 W. Stretching
the input pulses to generate a lower peak power at the output facet of the
fiber would represent an alternative to safely increase the output average
power. However, this would be at the expense of simplicity of the setup,
and of the quality of the compressed pulses.
In both amplifiers a compromise in peak power in the rod had to be
made. In order to reach a high compression factor, significant peak power
in the fiber was needed. The maximum applicable peak power is set by
damage and/or self-focusing. Furthermore, the goal was to achieve high
pulse energies (typically > 3 µJ) after compression in the simplest possible
configuration. Therefore the stretcher-free approach was preferred.
In both cases, we achieved peak power levels > 30 MW at several µJ
pulse energy. The high-power SESAM modelocked TDL used as a seed for
both amplifiers allowed for simple setups where the oscillator directly

148 - Rod-type fiber amplifier compression setup

Pulse compression of modelocked thin-disk lasers
saturates the main amplifier and generates enough spectral broadening to
support sub-100 fs pulses.
One could think of operating such an amplifier system in the parabolic
regime where the obtained chirp due to the spectral broadening is quasilinear and the quality of the compressed pulses is higher. However, for the
picosecond source and sech2-shaped seed pulses this would require the use
of long fibers, and parasitic nonlinear effects such as Stimulated Raman
scattering (SRS) might degrade the convergence to the parabolic regime
[166]. In this case, the use of a TDL as a seed with shorter pulses would be
beneficial. Furthermore, the gain bandwidth limitation makes the
compression schemes in this amplifying regime more challenging [167,
168].
Another approach would consist of extending the work on passive
LMA fiber compression, with passive large mode area rod-type fibers
directly seeded by higher peak power seeds. However, this would require
stretched pulses of approximately 3 ps in order to avoid self-focusing. This
larger stretching ratio makes compression to clean pulses with sub-100-fs
challenging. Furthermore, in the past years, passive rod-type fiber
development did not receive the same attention as rod-type fiber
amplifiers, which limits their commercial availability.
Although high peak powers were obtained with the approach
demonstrated in this Paragraph, the limitations of these systems seem to
indicate that further peak power scaling to sub-50 fs pulses and/or higher
energies require other compression schemes such as compression in gasfilled HC-PCFs.
7.2

Gas-filled
hollow-core
compression setup

photonic-crystal

fiber

The damage limitations of solid core fibers can be overcome by spectral
broadening inside a gas-filled HC-PCF [160]. This technology offers a
combination of long effective interaction length and small mode areas,
which has resulted in several major breakthroughs in low-power nonlinear
optics [169-171]. Furthermore, it offers the additional advantage of
choosing different gases as the nonlinear medium.
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Kagome-type HC-PCFs [172] are particularly promising since they
exhibit a more than ten times lower field overlap with the surrounding
silica structure [171]. In contrast to photonic bandgap-type fibers, the
guiding mechanism is based on inhibited coupling between the core and
cladding modes [171] and not the bandgap-effect. This type of fiber is
immune to core-mode and surface-mode coupling [173], which represents
one of the major sources of optical overlap with the silica surrounding the
fiber core. Furthermore, typical core sizes of Kagome-type HC-PCF are
larger than 30 µm. Since the damage threshold scales with the inverse of
the optical overlap on one hand and with the modal effective area on the
other, guidance of very high pulse energies and peak power levels becomes
feasible [10, 161, 162]. In addition, Kagome-type HC-PCFs are
advantageous because they exhibit very low dispersion and an ultrabroad
guiding bandwidth, which are two particularly important features for
applications with ultrashort laser pulses [171]. These advantages were
recently confirmed by the demonstration of HHG inside a Kagome-PCF at
peak intensities above 1014 W/cm2 and peak powers of approximately
300 MW [10].
In this section, we present first proof-of-principle experiments that
show the suitability of Kagome-type HC-PCF for pulse compression of µJclass pulse energies using Xenon as the nonlinear medium. We temporally
compressed a TDL generating 860 fs down to 48 fs with an average output
power of 4.2 W at 3.9 MHz. After compression, we obtained a pulse
energy of 1.1 µJ and over 10 MW of peak power, enhancing the input peak
power by a factor of 5.
7.2.1 Experimental setup
The pulse compression experiments were driven by an Yb:YAG TDL
similar to the system used in the previous section for amplification and
compression in rod-type fiber amplifiers. Its cavity length was extended
with a passive multi-pass cell [174] to achieve lower repetition rate and
higher pulse energy. The system delivered up to 8 W of average power at
3.91 MHz. Out of these 8 W, 7.3 W of average power were available to
launch into the HC-PCF, resulting in a pulse energy of 2 µJ and a pulse
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duration of 860 fs at the input of the fiber. The experimental setup for the
compression experiments is presented in Figure 7.9.
The Kagome-type fiber used in our experiment consists a 7-cell, 3ring hypocycloid-core Kagome-cladding HC-PCF designed for operation at
1030 nm. Figure 7.9 (bottom middle) shows two near field images of this
fiber. The fiber hypocycloid-shaped core has a diameter of 41 µm for the
inner circumscribing circle and 48 µm for the outer one. The pitch is
13 µm, and the fiber outer diameter is 175 µm. We measured a mode field
diameter of 30 µm for the input beam. The ideal fiber design has a perfect
6-folded symmetry without any distortion in the core structure, which
should avoid detrimental depolarization effects.
Kagome-type HC-PCF
Gas
Chamber

φ oute

Pav = 8 W
frep = 3.9 MHz
τp = 800 fs
λ = 1030 nm

r

Seed Laser:
Yb:YAG SESAM
modelocked TDL

r

φ inne

Output
Compressor:
2X 1250 l/mm
transmission
gratings

φinner = 41 µm
φouter = 48 µm

L = 3.85 m

Figure 7.9: Experimental setup of the Kagome-type HC-PCF compression stage. Insets: 7cell 3-ring hypocycloid-core Kagome-cladding HC-PCF used in these experiments: (left)
image of the whole fiber (right) zoom into the hypocycloid-core Kagome HC-PCF
exhibiting a core of 41/48 µm and a pitch of 13 µm.

The output of the laser was launched into the Kagome fiber with a set
of lenses to ensure optimal mode matching to the fundamental mode of the
fiber. The theoretical coupling efficiency for Kagome fibers is 94%,
corresponding to the overlap between a TEM00 mode and the fundamental
mode guided by the fiber (HE11). In this experiment, we measured an
approximate coupling efficiency of 86% using a short piece of fiber.
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Furthermore, the losses in the fiber at 1030 nm were measured to be
283 dB/km, using a cutback measurement from 15 m to 5 m with a
supercontinuum source. A gas chamber was placed on the back of the fiber
using the same sealing technique as the one described in reference [175].
With this chamber, different gases can be injected into the fiber with
adjustable pressure, and a stationary gradient of pressure over time can be
achieved [176]. The input face was left open in order to avoid stress on the
fiber structure, which could result in a reduced damage threshold [10,
175]. The fiber was coiled with a radius of approximately 50 cm.
7.2.2 Experimental results
In a preliminary experiment, we verified that no significant SPM was
generated in air when the full power of the laser was launched into the
fiber. This confirms a very low overlap of the field with the surrounding
silica structure, and a good coupling into the fundamental mode. In
addition, we measured the depolarization losses of this fiber and measured
a PER of 9 dB over the 2.8 m length of fiber used for the compression
experiment, which was independent of the power launched into the fiber.
The small depolarization observed is probably due to residual stress in the
coiled fiber and an imperfect mode matching to the fundamental mode of
the fiber. As a result of these depolarization losses and the regular losses in
the fiber, the resulting polarized power transmission through the 2.8 m of
fiber was 63%.
In order to generate enough nonlinearity to spectrally broaden the
spectrum of our TDL, we used Xenon, a single-atom gas with a
significantly higher nonlinear refractive index than air (for Xenon,
n2 = 8.1 10-23 m2/W/bar at 800 nm [146]; for air, n2=2.9 10-23 m2/W/bar
at 800 nm [146]). Figure 7.10 shows the spectral broadening occurring on
the main polarization of the output of the fiber when 15 bar of Xenon are
applied on the chamber. The measured spectrum shows good agreement
with the simulated spectrum using a split-step Fourier propagation
software. In this case the polarized output power was 4.8 W,
corresponding to a transmission of 63%. The output spectrum is 58 nm
broad (FWHM).
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Figure 7.10: Spectral broadening observed after the Xenon-filled HC-PCF. The
measurement shows good agreement with the simulated spectral broadening.

We compressed the pulses using a single stage compressor that
consists of two diffractive gratings [177] with 1250 lines/mm used in a
single-pass configuration. The compression efficiency through these two
gratings is 89%, leading to 4.2 W of compressed average power. Figure
7.11 (top left inset) shows an SHG-FROG measurement of the pulses after
the compression stage. The reconstructed intensity profile shows a pulse
duration of 48 fs (FWHM). Based on this reconstruction, the peak power is
10 MW. The spectrum after the compressor was measured with an
independent optical spectrum analyzer and shows good agreement with the
spectrum retrieved by the FROG algorithm. The Fourier transform of the
spectrum measured with the spectrum analyzer indicates a pulse duration
of 44 fs (Figure 7.11, green), whereas the retrieved pulse has a FHWM of
48 fs (Figure 7.11, red). The peak power of the transform-limited pulse is
20 MW, i.e. double than that of the compressed pulse. This indicates that
further optimization of our compression stage could potentially lead to
higher peak powers, for example by including compensation of third-order
dispersion.
Although higher peak power could have been achieved with an
optimized compression setup, we achieved a large compression factor of
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≈ 18. We compressed 860 fs sech2 pulses down to sub-50 fs pulses at an
average power of 4.2 W. The pulse energy was 1.1 µJ, corresponding to a
peak power of 10 MW. The overall compression efficiency of the system in
terms of average power was 56%. In spite of the large residual energy in
the wings of the pulse, the peak power could be increased by a factor of 5.
The transform limit of the obtained broadened spectrum suggests that an
increase of the peak power by nearly a factor of two could be obtained by
optimizing our compression stage.
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Figure 7.11: SHG-FROG characterization of the compressed pulses (retrieved, simulated
and transform-limit of the independently measured spectrum). Top left inset: Measured
FROG trace with a grid of 256x256. Top right inset: measured and retrieved spectrum.

7.3

Conclusion and outlook

In this Chapter, we presented two systems for compression of modelocked
TDLs to the sub-100 fs range.
In the first Paragraph, we presented two systems based on rod-type
fiber amplifiers that combined spectral broadening and amplification to
higher average power levels of a medium-energy TDL. In both systems, we
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achieved large peak power enhancement >10, reaching pulse durations
< 100 fs and peak powers > 30 MW. These systems proved useful to
enhance the peak power of a standard medium-power TDL using
commercially available rod-type-fibers. However, they were limited by
operation close to the damage and self-focusing threshold of fused silica.
Although a small improvement of the output peak power can be achieved
up to some extent, these systems are ultimately limited by the necessary
compromise between staying below the self-focusing/damage of silica and
the desired large compression factor. In fact, much higher pulse energies
could be guided by stretching the input pulses, but spectral broadening
would lead in this case to uncompressible features that limit the achievable
peak power.
These limitations can be overcome by using gas-filled HC-PCFs. In
particular, Kagome-type HC-PCFs promise to be scalable to much higher
pulse energies and peak powers, due to the extremely low field overlap
between the propagating mode and the surrounding silica structure, which
results in fibers with low losses and high damage and self-focusing
thresholds. During the time frame of this thesis, we realized the first proofof-principle experiments of pulse compression based on this type of fibers.
In the latest results, we temporally compressed a TDL generating 860 fs
down to 48 fs with an average output power of 4.2 W at 3.9 MHz in a
Xenon-filled Kagome-type HC-PCF. This resulted in an enhancement of
the peak power of this source by a factor >5 and a reduction of its pulse
duration by a factor of 18.
Another promising approach that is currently being investigated, but
that lies outside of the scope of this thesis, is to compress the pulses by
using optical parametric chirped pulse amplification (OPCPA) schemes
[76, 178]. This disk lasers are ideal pump systems for such parametric
amplification schemes, where in theory the amplification process takes
place with no deposited heat. However, OPCPA at hundreds of watts of
average power with high efficiency has never been demonstrated, and the
challenges of such schemes still remain to be investigated.
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Chapter 8 - Conclusion
During the timeframe of this thesis, different limits of modelocked TDLs
were explored. As a result, cutting-edge ultrafast sources were developed
that will open the door to exciting applications, for example, in strongfield physics. In addition to these future experiments, we expect to further
push the limits of modelocked TDLs in the near future.
An important number of the results that we presented in this thesis
were achieved thanks to an extensive study on damage limits and crucial
parameters of SESAMs for high-power oscillators. As a result of this
investigation, SESAMs with ideal parameters and high-damage thresholds
were achieved that enabled us to push the technology to these new
frontiers.
The first important achievement was the demonstration of TDLs with
nearly bandwidth-limited pulses that reach pulse durations as short as 96 fs.
Although in these preliminary experiments we achieve moderate output
powers (5 W), we expect further power scaling to the 100-W level to be
within reach, in particular with the improved SESAM designs developed
during this thesis, and given the latest power scaling results obtained by
operating the oscillator in a vacuum environment. Furthermore, these
results seem to indicate that promising materials with significantly larger
emission bandwidths than the ones used in this experiment should yield
even shorter pulses at high average powers. This opens the door to highly
nonlinear optics experiments driven directly by table-top oscillators, at
high repetition rates and with high efficiency. Another promising possibility
that is opened by these results is to exploit the high intracavity peak powers
inside TDLs to drive highly nonlinear experiments.
The record short pulses demonstrated in the context of this work
enabled us to perform the first CEO frequency measurement of a
modelocked TDL. The detection of this characteristic frequency is the first
crucial step towards full stabilization of this type of laser source. This seems
to indicate that modelocked TDLs will be ideal unamplified high-power
frequency combs, which are of interest in applications such as spectroscopy
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or metrology.
In addition to pushing the pulse duration limits of TDLs, we extended
the frontiers in terms of average power of ultrafast oscillators. Previous to
the experiments presented in this thesis, the nonlinearity of air was
recognized as one of the main contributions to the total phase shift
experienced by the pulses within one round trip in the cavity. At high peak
power, this phase shift can become too large and destabilize the
modelocking mechanism. In this experiment, we reduced the influence of
the nonlinearity of the ambient environment by operating the oscillator in a
medium-vacuum environment. In this way, we could achieve 275 W of
average power and a pulse energy of 16.9 µJ at a pulse duration of 583 fs.
In the near future, we expect to further increase the pulse energy of our
laser by further reducing the repetition rate of the laser. Currently, the
main limitation to higher average powers appears to be thermal effects that
occur in the dispersive mirrors. Future thermally improved mirror designs
that are currently being investigated will allow us to reach higher average
powers.
In order to use this system for future experiments, pulse compression
will be the next key step. Several approaches appear suitable for pulse
compression at this energy and average power level. HC-PCFs appear as
one of the most promising approaches to reach sub-50 fs pulse durations at
hundreds of MWs of peak power, which should be sufficient, for example,
for initial HHG experiments.
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