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Abstract

The goal of this thesis is to develop a compact high-power solid-state oscillator capable of
superseding existing ultrafast technology based on low-power Ti:sapphire oscillators. Dif-
ferent applications such as extra- or intra-cavity XUV generation, seeding of high-energy
low-repetition-rate amplifier systems and femtosecond enhancement cavities can be dra-
matically influenced by the availability of such a reliable, compact femtosecond source.

We applied, for the first time, Kerr-lens mode-locking to a thin-disk Yb:YAG oscillator,
resulting in an unprecedented combination of an average power 45 W and pulse duration of
250 fs directly available from the oscillator with repetition rate of 40 MHz and a footprint
of only 1 × 0.4 m2. Even shorter emission-bandwidth-limited 200-fs pulses have been
generated with the reduced output coupler transmission of 5.5% at an average power of
17 W. Moreover, the oscillator was operating not only in the negative dispersion regime
common to solid-state oscillators but also in the positive dispersion regime, resulting in a
spectrum spanning a range of 20 nm, which is the broadest hitherto reported for Yb:YAG
material in high-power operation.

First attempts towards CE phase-stabilized high-power pulses from such an oscillator
are also described.

State-of-the-art XUV generation driven by high-power NIR femtosecond systems re-
quires methods of separating generated XUV from NIR radiation. Such a method has
been proposed and realized. It constitutes a glass substrate having a low-loss anti-reflection
coating for NIR wavelengths at grazing incidence of >70◦ and serving simultaneously as a
high reflector for radiation in the range of 1-100 nm with reflectivity >60%. The device
can be used for both extra- and intra-cavity XUV generation.



Zusammenfassung

Das Ziel dieser Arbeit ist die Entwicklung eines kompakten Hochleistungs-Laseroszillators
auf Festkörperbasis. Dieser soll in der Lage sein, die schon existierende ultraschnelle
Technologie der Oszillatoren mit niedriger Leistung, basierend auf Ti:Saphir, zu erset-
zen. Verschiedene Anwendungen, wie resonatorinterne und -externe Erzeugung von XUV-
Strahlung, das Seeden von Hochenergie-Verstärkersystemen mit niedrigen Repetitionsraten
und Femtosekunden-Überhöhungsresonatoren, können durch eine solche zuverlässige und
kompakte Quelle von Femtosekundenpulsen wesentlich effektiver werden.

Wir haben Kerrlinsen-Modenkopplung erstmalig auf einen Yb:YAG-Dünnscheibenoszill-
ator angewandt und eine bisher unerreichte Kombination von 45 W mittlerer Leistung
und 250 fs Pulsdauer bei 40 MHz Repetitionsrate direkt vom Oszillator erreicht. Die
Grundfläche des Lasers war nur 1× 0.4 m2. Noch kürzere, durch die Emissionsbandbreite
begrenzte Pulse mit 200 fs konnten mit reduzierter Auskopplertransmission von 5,5% bei
17 W mittlerer Leistung erzeugt werden. Darüber hinaus lief der Oszillator nicht nur im für
Festkörperoszillatoren üblichen Regime negativer Dispersion, sondern auch im Regime pos-
itiver Dispersion mit einem 20 nm breiten Spektrum - dem bisher breitesten für Yb:YAG
im Hochleistungsbetrieb.

Erste Anläufe zu CE-phasenstabilisierten Pulsen hoher Leistung aus einem derartigen
Oszillator werden ebenfalls beschrieben.

Moderne Ansätze zur XUV-Erzeugung mit NIR-Femtosekundensystemen als Treiber
erfordern Methoden zur Trennung der XUV- von der NIR-Strahlung. Eine solche Meth-
ode wurde vorgestellt und umgesetzt. Sie verwendet ein Glassubstrat mit Antireflektions-
beschichtung für NIR-Wellenlängen unter einem Grazing-Einfallswinkel von >70◦, das gle-
ichzeitig als hoch-reflektierender Spiegel für Strahlung im Bereich 1-100 nm mit einer Re-
flektivität >60% dient. Diese optische Komponente kann sowohl für resonatorexterne, wie
auch -interne XUV-Erzeugung genutzt werden.



Introduction

The invention of the optical maser [1, 2, 3] has had an enormous impact on our life and
technology. The laser made data storage (CDs) and the internet possible, and became a
golden standard in eye surgery, cancer treatment and diagnostics, brought unprecedented
precision and speeds in micromachining, paved the way for clean energy sources and more.
Even after more than 50 years it keeps developing, conquering and opening new applica-
tions. Laser physics, quantum electronics and photonics are fast expanding scientific areas
to which the laser gave birth.

Just to further illustrate this enormous progress: the invention of the first mode-locked
He-Ne laser in 1964 [4] with 2.5-ns pulse duration initiated developments which culminated
in <10-fs pulses (a few light cycles). This evolution took an intricate way: from the gas
laser to the solid-state laser [5], then to the liquid dye laser [6] and more recently to the all-
solid-state diode-pumped Ti:sapphire oscillator [7, 8]. The latter technology being robust,
compact and durable breathed new life into already exciting applications and opened up
fundamentally new directions in photon science. Ti:sapphire ultrafast technology is also
not the last step in this evolution and Yb thin-disk technology may very likely be on the
way to superseding it.

Motivation

Femtosecond lasers contributed to the observation of intermediate states of chemical re-
actions, thus making femtochemistry possible [9]. They enabled high-precision frequency
comb spectroscopy [10, 11] and even shorter attosecond pulses with durations down to 80
as [12, 13] could be generated. The latter gave birth to attosecond physics combining high-
field phenomena, extreme ultraviolet and X-ray ranges with a never before seen ability
to resolve electron dynamics and interactions on its attosecond time scale [14]. The most
common way of attosecond pulse generation is high-harmonic generation (HHG) in a noble
gas. For efficient generation of single attosecond pulses and utilizing phase matching one
needs few-cycle pulses. The latter, however, is not a necessary condition for XUV genera-
tion and longer pulse durations can be employed. In each case high intensities exceeding
1013 W/cm2 on the gas target are necessary. The routine method for generating high har-
monics is schematically shown in Fig.1(c). The pulses coming from the seed oscillator have
to be picked up at somewhat lower repetition rate (a few kHz), stretched, amplified and
compressed. The procedure is indeed even more complex, involving NOPA and hollow-core
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fibres for spectral broadening and consequent compression. The simple relation

Ep =
Pavg
frep

,

where Ep is the pulse energy, Pavg the average power and frep the repetition rate, indicates
that due to the low repetition rate even at a moderate power of several watts several mJ
can be reached. Due to the very low conversion efficiency (10−8-10−6) of the HHG process
and the low average power amplifier systems driving at kHz repetition rate, the resulting
average XUV power is well below the mW level. This fact restricts the field of HHG applica-
tions. High-resolution spectroscopy with XUV frequency combs [15, 16], pump-probe mea-
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Figure 1: Schematic of different approaches to drive high-field experiments. (a):
directly by oscillator, (b): inside the enhancement cavity, (c): by CPA system.

surements, photoelectron emission microscopy, photoelectron imaging spectroscopy, pump-
probe diffraction experiments with electrons and nanostructure characterization could sub-
stantially benefit from MHz-repetition-rate XUV sources. For many of these experiments
the output of the signal level is very low and data acquisition over many hours or days
is necessary when operated at ∼kHz repetition rate. A difference of three to four orders
can be gained by working at MHz repetition rate. Experiments such as electron diffraction
with fs time resolution can be enabled only in the single electron regime (because of the
space charge) and ultimately need MHz laser sources.

Another approach seen in Fig.1(b) is to use a passive femtosecond enhancement res-
onator for storage of radiation. By using this method, one can increase the power from a
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mode-locked seed oscillator by a large factor (10-104) inside the cavity. Extremely low-loss
optics and fine dispersion control of the cavity are needed. Moreover, the cavity has to be
kept in resonance with the seeding oscillator and mode-matched to it. Nevertheless, due to
the low XUV conversion efficiency an enhancement cavity recycles circulating pulses with
rather small influence on the enhancement factor and remains the most promising tool in
accessing HHG at MHz repetition rate.

The idea of utilizing the high average powers inside a laser oscillator cavity has become
a reality with recent progress in high-power femtosecond thin-disk lasers. Typically, the
output coupler transmission T of an oscillator amounts to only a few per cent. This means
that power stored inside the oscillator cavity is a factor ∼1/T higher than the output
power (see Fig.1(c)). On the other hand, the oscillator is a dynamic nonlinear system
which cannot simply be operated at arbitrarily high energies due to the instabilities of
mode-locking.

As can be seen, there is no unique and universal laser tool for HHG generation. All
schemes have their prospective application fields and niches. Yet for any of the schemes in
Fig.1 the oscillator continues to be the decisive element. An energy-upscaled seed oscillator
(>µJ) can eliminate the need for pre-amplification stages and thus simplify the system. A
lesser gain needed from the amplifier results in less gain narrowing and shorter pulses after
compression can be realized. The enhancement cavity combined with a high-energy table-
top compact oscillator becomes an attractive tool for XUV generation in many labs. The
constraints on the enhancement factor can be substantially lowered when seed oscillators
with higher pulse energies become available. Progress on the development of a Kerr-lens
thin-disk oscillator allows intra-cavity peak intensities similar to those of the first generation
of enhancement cavities [15].

Other decisive elements for XUV generation are an XUV/IR beam splitter and XUV
output coupler. With recent progress in power scaling of femtosecond high-power oscillators
[17, 18] and amplifiers [19, 20] XUV/IR beam splitters able to withstand high average
power and peak intensity are necessary. Also the generation of XUV inside the oscillator
or enhancement cavity (Fig.1(a,b)) demands that the element be able to outcouple XUV
light from resonator. Such an element and method have been proposed and realized in this
work.

Indeed the application area of thin-disk femtosecond oscillators is not restricted to only
XUV generation - many other wavelength ranges can be reached as well. THz radiation,
UV and VUV generation is possible by means of ultrafast high power thin-disk oscillators,
which in turn paves the way to other various and exciting applications.

State-of-the-art TD oscillators

Bulk oscillators are not power-scalable and their pulse-energies can only be increased by
lowering the repetition rate. Thus the development of Ti:Sa oscillators culminated in pulse
energies of >500 nJ [21] and more recently >650 nJ in commercial systems [22] with 50-fs
pulse duration. Ti:Sa oscillators generating sub-10 fs [23] and even sub-6 fs [24] with several
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nJ pulse energies were developed. The average power of Ti:Sa bulk oscillators remains in the
range of several watts. Other Yb bulk oscillators with different gain media could approach
the level of 10 W [25]. Fibre and innoslab amplifier systems [19, 20] are operating in a way
similar to that depicted in Fig.1(c), but at MHz repetition rate and corresponding power
levels approaching 1 kW. These systems continue to be fairly complex, bulky and expensive.
The power scalability of thin-disk technology makes it a promising candidate for developing
the next generation of femtosecond oscillators, yielding average output powers exceeding
140 W [26, 27], pulse energies of 40 µJ [26] and pulse durations of 700-1000 fs. The progress
in the development of thin-disk oscillators is depicted in Fig.2. Until recently, all thin-disk
oscillators had been mode-locked with semiconductor saturable absorber mirrors (SESAM).
Their moderate modulation depth, and finite relaxation time prevented the generation of
pulses shorter than 700 fs in Yb:YAG (see black dots in Fig.2). In contrast, nearly gain-
bandwidth-limited pulse generation from a thin-disk Yb:YAG oscillator is demonstrated
via KLM in this work (red dots in Fig.2). It will be shown further that pulses shorter than
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Figure 2: State-of-the-art in the development of TD oscillators. Red circles cor-
respond to the results presented in this work. The oscillators with power levels
below 10 W were omitted because bulk oscillators with average power levels in this
range were demonstrated [25], thus showing no need for the thin-disk geometry.
References and details can be found in Tab. 3.

200 fs can be generated even from Yb:YAG and even shorter in other Yb-doped thin-disk
oscillators. The many shortcomings originating from SESAM are simply not intrinsic to
the KLM method.
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Structure of the thesis

This thesis is focused on the development of high-power/energy thin-disk femtosecond
oscillator and the method for coupling out the XUV light which can be generated inside
this oscillator.

The first chapter describes the basics of soliton mode-locking as well as different factors
influencing pulse formation and propagation. The complex nonlinear Ginzburg-Landau
equation is introduced here as well as its relation to the nonlinear Schrödinger equation.
A qualitative explanation of soliton mode-locking in the regime of normal and anomalous
dispersion is given. The assumptions of the theoretical models are described. This chapter
serves as a theoretical basis for the experimentalist involved in oscillator development.

The second chapter introduces the thin-disk concept and its main features and advan-
tages, particularly its power scalability. Different gain media are considered for thin-disk
operation. Yb:YAG and Yb:Lu2O3 are discussed in more detail as the most prominent
ones. The influence of a thermal lens on the resonator stability and its misalignment sen-
sitivity as well as the possibility to increase considerably the mode areas over intracavity
optical elements are reported.

Chapter 3 describes the experimental work on oscillator mode-locking with a SESAM.
The SESAM parameters and structure are briefly introduced. Experiments with different
SESAMs and cavity configurations are shown, thus forming a complete picture of the
limitations and prospects of the SESAM approach.

Chapter 4 explains the basics of Kerr-lens mode-locking, the way to realize it in a thin-
disk oscillator and problems involved. Different oscillator configurations and parameters,
including the stability, are presented. Preliminary results on Kerr-lens mode-locking of
Yb:YAG with positive GDD and Yb:Lu2O3 with negative GDD are shown. The prospects
of energy scaling and pulse shortening as well as the advantages and disadvantages of Kerr-
lens mode-locking and SESAM-mode-locking are summarized at the end of the chapter.
Chapter 5 describes experiments on spectral broadening and temporal compression of the
output of the KLM oscillator developed and CE phase stabilization of this oscillator. The
spectral broadening was performed in photonic crystal fibre at full oscillator power. The
pulses compressed afterwards were used for CE frequency detection. Stability of the CE
phase was characterized and preliminary experiments on its locking were performed.

Chapter 6 deals with the problem of separating the XUV from the driving field and
coupling the XUV light out of the resonator. A detailed overview of different XUV output
coupling methods is presented. A novel method based on the idea of using grazing incidence
is realized experimentally and characterized in the XUV and infrared spectral regions. The
possibilities and prospects of using it in an enhancement cavity, inside a laser-oscillator
cavity or after a laser amplifier are discussed.

In conclusion, the experimental results are summarized and further prospective devel-
opments are discussed.

All data presented in this work are stored on the data archive server of our group (see
appendix 6.6).



Chapter 1

Basics of mode-locking

This chapter is devoted to the theoretical basics underlying the mode-locking of an oscil-
lator. Section 1.1 intuitively describes the concept of locking the oscillator modes and the
different regimes of ultrashort pulse formation. Section 1.2 shows the role of different effects
on pulse propagation and generation. Specifically, the basics of soliton mode-locking and
some important equations are formulated. Section 1.3 introduces the basic idea of pulse
formation in the positive dispersion regime and its advantages. Mode-locking instabilities
are analyzed in sec.1.4 and a short summary finalizes this chapter.

1.1 Locking the phases

Generally, the output power of an oscillator fluctuates as a consequence of the interference
of different longitudinal modes with random phase relations as depicted in Fig.1.1(a).
When the phases of the longitudinal modes become fixed, a single pulse can be generated
in the resonator depicted in Fig.1.1(b). The randomly fluctuating modes of a He-Ne laser
could be forced to oscillate with a fixed phase relationship via synchronous intracavity
modulation by an acousto-optical modulator (AOM) as a first demonstration of mode-
locking [4]. In the time domain, such a standing-wave AOM works as a shutter forming a
time-window for the circulating pulse. In the frequency domain, this corresponds to the
appearance of sidebands around the central optical frequency which have a fixed phase
relation to all other sidebands; in other words, they are locked. This technique is an
example of active mode-locking. Later it was found that a saturable absorber placed inside
a cavity can also serve as a shutter [5], discriminating against CW and favouring pulsed
operation. In that case there is no active modulator and intensity fluctuation modulates
itself via a saturable absorber. In contrast to the previous technique this case can be
classified as passive mode-locking. This manner of locking the cavity modes relies solely
on the intracavity-intensity dynamics and is passive in nature and is thus termed passive
as opposed to active mode-locking.

Depending on the gain dynamics and the response time of the active modulator or sat-
urable absorber, several scenarios of ultrashort pulse formation are possible. Figure 1.2(a)
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(a) (b)

Figure 1.1: (a): Output of a CW laser. The phases are randomly distributed, which results
in a noisy intensity output. (b): Output of a mode-locked laser. The phases of different
modes are locked, which results in a Fourier-limited pulse. The pictures are from [28].

shows the situation when a time-window is formed for pulse build-up both by dynamic
gain saturation (green) and a slow saturable absorber. This scenario can be realized exper-
imentally for dye lasers with another dye as saturable absorber [6]. Another situation in
Fig.1.2(b) corresponds to the combination of a gain medium, the dynamics of which can be
neglected on a short time scale, with a fast saturable absorber responsible for the formation
of the time-window with net gain. A solid-state gain medium mode-locked with a dye sat-
urable absorber or via KLM can be described in this way [5] for example. Mode-locking can
also be realized without a fast shutter and only with the help of intrinsically stable soliton
pulses (Fig.1.2(c)). This case describes mostly SESAM mode-locked solid-state gain-media
[29]. In all cases from Fig.1.2, when the contributions from nonlinearity and dispersion
become crucial for pulse formation light solitons can be formed. Depending on the the sign
of the intracavity dispersion, they can be categorized into the regimes of positive and nega-
tive dispersion and can both be described by the same complex nonlinear Ginzburg-Landau
equation 1.12. Thus, independently of the mode-locking technique, understanding soliton
pulse dynamics is important to gain insight into the different destabilizing mechanisms and
prospects for energy scaling and achieving ultrashort pulse durations.

1.2 Basic theory of ultrashort pulses

In the following, the effects influencing the generation and propagation of ultrashort
pulses are summarized. An ultrashort pulse travelling inside the resonator experiences
the combined action of gain, losses, self-phase modulation (SPM), self-amplitude modula-
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2.3 “Magic” modelocking

By the 1980s, modelocking theories were well established
by the leading work of Siegman [42, 43], New [62], and
Haus [63–65]. No additional efforts were considered to be
necessary. However the introduction of the new Ti:sapphire
laser material [4] changed this drastically. Once these crys-
tals became commercially available, new modelocking re-
sults were observed [3, 66] and presented at international
conferences in 1990 [67, 68]. These results could not be ex-
plained by the established modelocking theories.

The first result was built in analogy to the colliding pulse
modelocked (CPM) dye laser [69] replacing the dye gain el-
ement by the novel Ti:sapphire laser crystal and generated
pulses as short as 50 fs. However, based on the understand-
ing at that time, this laser should not have worked, since the
Ti:sapphire laser did not have the dynamic gain saturation
to critically sustain the pulse formation as in a CPM dye
laser [70] (Fig. 1a). Instead, the Ti:sapphire laser exhibits a
nearly constant gain saturation typically observed for solid-
state lasers with small gain cross sections (e.g. more than
1000 times smaller than dye lasers). Thus, for an expert it
was clear that the slow dye saturable absorber, with a re-
covery time in the nanosecond regime, could not support
sub-100-fs pulses with a Ti:sapphire laser as before with dye
lasers [71].

The second result was presented as a postdeadline pa-
per at CLEO [68] and reported on a surprising result of
a Ti:sapphire laser that apparently had no real saturable
absorber inside the laser but generated pulses as short as
60 fs. This second result—without any clearly visible sat-
urable absorber—had a major impact in the research com-
munity, was initially termed “magic modelocking” and
started a major research effort in passive modelocking of
solid-state lasers. Sibbett used a coupled-cavity modelock-
ing model, since they had to slightly misalign the cavity for
stable modelocking. His explanation assumed a coupled-
cavity modelocking mechanism based on the nonlinear cou-
pling between the fundamental and higher order transverse
modes [3].

Both lasers were not understood, and in the end their op-
eration was accepted to be based on KLM [61, 71] which
will be discussed in more details in Sect. 3.

2.4 Modelocking theories and long net gain windows

More than twenty years ago, modelocking theories were
well established for active modelocking [42, 43, 63]. In ad-
dition, passively modelocked dye lasers were fully explained
by a slow saturable absorber modelocking model for which
the dynamic gain saturation required a critical balance be-
tween gain and absorber saturation to open a net gain win-
dow that supports ultrashort pulses (Fig. 1a) [62]. It was al-
ways assumed that before and after the pulse the net gain

Fig. 1 Summary of the different modelocking techniques: (a) passive
modelocking with a slow saturable absorber and dynamic gain satura-
tion [62, 64], (b) passive modelocking with a fast saturable absorber
[65] and (c) passive modelocking with a slow saturable absorber with-
out dynamic gain saturation in the picosecond regime [73] and in the
femtosecond regime (referred to as soliton modelocking) [74–76]

window needs to be closed for stable modelocking. There-
fore, soon after the discovery of KLM it was assumed that
this modelocking process is based on a fast saturable ab-
sorber model (Fig. 1b) with a fast loss modulation inversely
proportional to the pulse intensity [72]. Therefore, even with
constant gain saturation the net gain window is only open
during the pulse duration.

Soon after the first demonstration of SESAM-modelock-
ed solid-state lasers, it became apparent that much shorter
pulses are typically generated with slow saturable absorbers
for which the recovery time is typically around 10 to 30
times longer than the pulse duration. This means that the
net gain window was open after the pulse (Fig. 1c) and it
was initially not clear how this would not destabilize the
pulse formation. It was quite surprising because on the trail-
ing edge of the pulse there is no shaping action of the ab-
sorber. There is even net gain, because the loss caused by
the absorber is very small for the trailing edge, assuming a
fully saturated absorber. Thus one might expect that this net
gain would either prevent the pulse from getting so short or
destabilize it by amplifying its trailing wing more and more.

In the femtosecond regime I considered soliton formation
to be responsible for stable pulse generation [77] but oth-
ers expected some additional faster mechanism inside the
SESAM. The problem was finally resolved once I moved
to ETH Zurich, where my group performed additional ex-
periments with an actively modelocked Nd:glass laser using
similar laser conditions as before with SESAM modelock-
ing. Again much shorter pulses were obtained than predicted
before and we could explain that result with soliton mode-
locking [78, 79] which was then extended to SESAM mod-
elocking [74–76].

In soliton modelocking soliton-like pulse shaping leads
to stable pulsing even in the presence of a considerable open
net gain window before and after the pulse. The pulse is
not any longer shaped dominantly by the saturable absorber
or the active loss modulation, but they are still essential for
pulse stability. Note that this regime of operation is signif-
icantly different from what had been previously discussed

Figure 1.2: Role of gain dynamics, response time of the active modulator and saturable
absorber. (a): Mode-locking with a slow saturable absorber and dynamic gain saturation.
(b): Mode-locking with a fast saturable absorber and without dynamic gain saturation.
(c): Mode-locking with a slow saturable absorber and without dynamic gain saturation.
The picture is from [30]

.

tion (SAM), dispersion and spectral filtering. This is displayed schematically in Fig.1.3.
A(z, τ) is the field envelope of the pulse, where z is the propagation distance and t is the
local time (around the centre of the pulse).

1.2.1 Gain and loss

The action of the gain and losses can be described as [31]

∂A

∂z
=
g0A(z, τ)

1 + E/Es
− `A(z, τ) = −σA(z, τ), (1.1)

where g0 is the unsaturated gain (small signal gain), E is the pulse energy and Es is the
saturation energy defined as Es = ~ω0S/σg (σg is the gain cross-section, S is the beam
area), ` is the linear power-independent loss. In Eq.1.1 the gain does not depend on the
time τ , thus steady-state gain saturation is considered here. This is a good approximation
for the case of a solid-state oscillator when the typical intracavity energy is much smaller
than the saturation energy, and especially for a TD oscillator when large spot sizes are used
on the disk. The situation when gain and linear losses are equal corresponds to σ = 0,
indicating marginal stability of the soliton. A value σ > 0 implies that only the soliton
experiences the amplification and serves as a stability condition for soliton mode-locking.

1.2.2 Spectral filtering

The spectrally dependent gain or loss works as a spectral filter and selects those frequencies
which lie within the filter bandwidth with the profile Φ(ω). In the frequency domain, it



1.2 Basic theory of ultrashort pulses 9
4 Will-be-set-by-IN-TECH

saturated gain 

 
unsaturated loss 

 

saturated net-loss 
 

 

spectral filtering 
 

self-amplitude 
modulation 

 

self-phase 
modulation 

 

dispersion 
 

Fig. 1. Schematic representation of principal factors contributing to the ultrashort pulse
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] ∈ [0, Trep] is the local or “reduced” time (t ∈ [0, NTrep] is the time, ω is the

frequency deviationmeasured from ω0, k(ω) is the wave number). An oscillator is a naturally
periodic systemwith the repetition time Trep ≡ Lcav/c (c is the light speed, Lcav is the oscillator
cavity length for a circular scheme of Fig. 1 or the double cavity length for a linear oscillator)
and the repetition (“cavity round-trip”) number N.

2.1.1 Saturable gain and linear loss

The dissipative factors, which are generic for all types of oscillators, are the saturable gain
and the linear (i.e. power-independent) loss. The latter includes both intracavity and output
losses. In the simplest case, their common contribution into laser dynamics can be described
as

∂A (z, τ)
∂z

= −σA (z, τ) =
g0A (z, τ)
1+ E/Es

− �A (z, τ) , (3)

where g0 is the unsaturated gain defined by a pump (i.e. the gain coefficient for a small signal),

E ≡
∫ Trep

0 |A|2dτ is the intracavity field energy (|A|2 has a dimension of power), Es ≡ h̄ω0S
/

σg
is the gain saturation energy (σg is the gain cross-section and S is the laser beam area). Multiple
propagation of the pulse through an active medium during one cavity round-trip, as it takes
a place in a thin-disk oscillator (see Sec. 3) has to be taken into account by a corresponding
multiplier before E in (3). The power-independent (“linear”) loss coefficient is �.

Since an oscillator in a steady-state regime operates in the vicinity of lasing threshold (where
σ =0 by definition), one may expand σ (Kalashnikov et al. (2006)):

σ (E) ≈ δ

(
E
E∗ − 1

)
, (4)

where E∗ is the energy of continuous-wave operation corresponding to σ =0, and

δ ≡
(
dσ
/

dE
)∣∣

E=E∗ .
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Figure 1.3: Schematic of ultrashort pulse formation [31].

influences the pulse as follows:

∂A(z, ω)

∂z
= Φ(ω)A(z, ω). (1.2)

Assuming a Lorenzian shape of the Φ(ω) and the filter bandwidth Ω being much larger
than the corresponding bandwidth of the pulse 1/T

Ω� 1/T,

one can expand Φ(ω) in a Taylor series in the frequency domain and transfer it to the time
domain as [31]

∂A(z, ω)

∂z
≈ g(ω0)

[
1− 1

Ω

∂

∂τ
+

1

Ω2

∂2

∂τ 2
− higher order terms

]
A(z, τ). (1.3)

1.2.3 Action of self-amplitude modulation

Due to the mechanism of self-amplitude modulation the mode-locked regime is favoured
over CW operation. In chapters 3 and 4 two main mechanisms for introducing self-
amplitude modulation are described, namely SESAM and KLM. Both can be modelled
as some effective saturable absorber with a response function

∂A

∂z
= F(|A(z, τ)|2)A(z, τ). (1.4)
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An idealized perfectly saturable absorber has the response function shown in Fig.1.4 (blue
line), which depicts complete saturation of the absorber at increased power levels. The low
power loss `′ approaches zero in this case. Mathematically, it can be described as [31]

F(|A(z, τ)|2) = − `′

1 + κ|A(z, τ)|2 . (1.5)

This situation corresponds to hard-aperture KLM when a reduced beam size on the hard-
aperture reduces the losses and also to an idealized SESAM (without TPA). The red curve
in Fig.1.4 shows that a decrease of the saturable losses `′ changes into an increase of the
saturable losses at a certain value of the power. This can happen due to the nonlinearities
in the SESAM, in particular TPA and in the case of soft-aperture KLM when an increase
of the peak power tends to worsen the overlap of the beam with the pump spot. The
analytic model is [31]

F(|A(z, τ)|2) = −`′ + κ(1− ζ|A(z, τ)|2)|A(z, τ)|2, (1.6)

where κ is the inverse saturation power and ζ the coefficient of the self amplitude alteration.
Both self-amplitude modulation behaviours can be considered valid when the response time

8 Will-be-set-by-IN-TECH

Fig. 4. Idealized self-amplitude modulation functions F
(
|A (z, τ)|2

)
.

From this point of view, one may consider the soft and hard aperture mode-locking as (see
Fig. 4) i) “alternating” self-amplitude modulation for the former with

F
(
|A (z, τ)|2

)
≈ −�′ + κ

(
1− ζ|A (z, τ)|2

)
|A (z, τ)|2, (13)

where a loss saturation changes into a loss enhancement with the power growth; and ii)
perfectly saturable absorber for the latter with

F
(
|A (z, τ)|2

)
≈ − �′

1+ κ|A (z, τ)|2
, (14)

where the loss �′ vanishes asymptotically with the power growth.

Here �′ is the low-power saturable loss (i.e. unsaturated saturable loss) and it has not to be
confused with � (i.e. unsaturable loss). The �′-coefficient can be absorbed by σ (Eq. 3) (for
such “absorption”, the right-hand side of Eq. 14 has to be rewritten as

−�′ + �′κ|A|2
/(

1+ κ|A|2
)
). The κ-parameter is the self-amplitude modulation coefficient

(i.e. the inverse power of loss saturation), ζ is the coefficient of self-amplitude alteration.

Physical sense of the curves presented in Fig. 4 can be explained in the following way.
Self-focusing inside a nonlinear element is provided by the cubic nonlinearity therefore the
leading term in (12) is proportional to |A|2A. If a hard aperture is used, the beam squeezing
due to self-focusing leads to the monotonic decrease of the diffraction loss (Eq. (14) and the
blue curve in Fig. 4). If a soft aperture is used, the overlapping between the lasing and
pumping beams and, thereby, the gain increases initially with power. Then the overlapping
becomes complete and the gain reaches its maximum. Further growth of power worsens the
overlapping and the gain decreases with power (Eq. (13) and the red curve in Fig. 4).

Now let’s consider a SESAM as the self-amplitude modulator. As a rule, the nonlinear
properties of a semiconductor structure are complex. Despite this complexity, one may model
the nonlinear response of a SESAM by Eq. (12) if T � TE

r (TE
r is the decomposition time of

152 Waves in Fluids and Solids

Figure 1.4: Response functions of self-amplitude modulation [31].

of the saturable absorber is faster than the pulse duration. This is always true of the KLM
mechanism (see sec.4.1), but may, however, not be true of a SESAM and sub-ps pulse
durations (see sec.3.1). The oscillator described in sec.4.2 was mode-locked via hard-
aperture KLM together with the contribution from a soft-aperture. Thus ideally both
behaviours of self-amplitude modulation described by Eq.1.5 and Eq.1.6 should in that
case be included in the theoretical treatment.
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1.2.4 Self-phase modulation

The refractive index n of a material depends on the incident electric-field intensity I =
2n0ε0c|A(z, τ)|2 [32]:

n = n0 + n2I(τ), (1.7)

where n2 is the nonlinear refractive index. During propagation in a medium of length L a
pulse acquires the nonlinear phase

φNL =
2π

λ
n2I(τ)L =

4π

λ
n2L

P

S
= γ

P

S
, (1.8)

where S is the beam area. The time-dependent phase corresponds to a time-dependent
instantaneous frequency

ω(τ) = ω0 + δω(τ),

where

δω(τ) =
∂φNL
∂τ

.

The change in the instantaneous frequency is illustrated in Fig.1.5 for sech2 pulses propa-
gating in a medium with positive n2. The leading edge of the pulse is shifted to lower and7.5. Pulse Propagation and Temporal Solitons 377

FIGURE 7.5.1 (a) Time dependence of the incident pulse. (b) Change in instanta-
neous frequency of the transmitted pulse. (c) Experimental arrangement to observe
self-phase modulation.

pulse, which for the case of a smooth pulse is of the order of 1/τ0. We thus
expect self-phase modulation to be important whenever �φ

(max)
NL ≥ 2π .

Self-phase modulation of the sort just described was studied initially by
Brewer (1967), Shimizu (1967), and Cheung et al. (1968). Its use in mea-
suring the intensity-dependent refractive index of optical fibers has been de-
scribed by Kim et al. (1994).

7.5.2. Pulse Propagation Equation

Let us next consider the equations that govern the propagation of the pulse

Ẽ(z, t) = Ã(z, t)ei(k0z−ω0t) + c.c., (7.5.10)

where k0 = nlin(ω0)ω0/c, through a dispersive, nonlinear optical medium. In
particular, we seek an equation that describes how the pulse envelope function
Ã(z, t) propagates through the medium. We begin with the wave equation in

Figure 1.5: Self-phase modulation.(a): Incident pulse. (b): Change in the instan-
taneous frequency of the pulse. (c): The leading edge of the pulse is shifted to
lower and the trailing edge-to higher frequencies [33].

the trailing edge to higher frequencies, thus obtaining a positive chirp. For high nonlinear-
ities the frequency shift δω may exceed the pulse bandwidth and broaden the spectrum.
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This effect is called self-phase modulation and will be demonstrated experimentally in sec.
5.1. The contribution of self-phase modulation can be modelled according to [31]

∂A

∂z
= −i[γ + χ|A(z, τ)|2]|A(z, τ)|2A(z, τ). (1.9)

The term χ|A(z, τ)|4 serves as a correction for powers of higher order in |A|. It describes
the influence of self-focusing on the self-phase modulation, in other words the dependence
of γ on S.

1.2.5 Dispersion

Dispersion plays an important role in the generation of ultrashort pulses. The wave prop-
agation constant k(ω) of a pulse is frequency-dependent and can be expanded in a Taylor
series as

k(ω) = k(ω0) + k1(ω − ω0) +
1

2
k2(ω − ω0)

2 + higher order terms, (1.10)

where k(ω0) represents a phase shift, k1 = ∂k/∂ω = 1/υg is the inverse group velocity
and k2 = (∂/∂ω)(1/υg) is the group velocity dispersion. The latter multiplied by the
cavity length is the group delay dispersion (GDD) coefficient β ≡ Lcavk2. In dispersive
media, different parts of the optical spectrum propagate with different group velocities,
effectively spreading the pulse. A medium with normal dispersion delays the high-frequency
part of the spectrum with respect to the low-frequency part and causes a positive chirp.
By definition, the GDD coefficient β is positive in the case of normal dispersion and
negative for anomalous dispersion. Obviously, the broader the spectrum of an ultrashort
pulse the stronger the influence of higher-order terms. Dispersion compensation can be
accomplished by an arrangement consisting of prisms [34] , gratings [35] or dispersive
mirrors [36]. Discovery of the latter had a drastic impact on ultrashort pulse generation
due to the ability to control higher-order dispersions and due to its compactness. For more
details on the dispersive mirrors used in this work see [37] and sec.3.2. The coefficients k
and k1 can be included in the definition of the wave number and local time τ , respectively.
Thus, the influence of the GDD is described as

∂A

∂z
= iβ

∂2A(z, τ)

∂τ 2
+ higher order terms. (1.11)

1.2.6 Haus master equation

Due to the small changes experienced by the pulse during one round trip in the cavity
the different contributions formulated in equations 1.1, 1.3, 1.4, 1.9, 1.10 can be joined
together:

∂A(z, τ)

∂z
=
[
−σ(E)+

g(ω0)

Ω2

∂2

∂τ 2
+F(|A|2)

]
A(z, τ)+i

[
β
∂2

∂τ 2
−γ|A|2−χ|A|4

]
A(z, τ). (1.12)
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Equation 1.12 is the modified Haus master equation from [38] and can be treated as a
complex nonlinear Ginzburg-Landau equation for which exact solutions are known only
in a few cases [31]. Equation 1.12 can be considered an approximation of the small self-
amplitude modulation, by neglecting dissipative effects, gain and spectral filtering:

∂A(z, τ)

∂z
= iβ

∂2

∂τ 2
A(z, τ)− iγ|A|2A(z, τ) (1.13)

Equation 1.13 is a nonlinear Schrödinger (NLS) equation [39] which, in the case of negative
GDD, has an exact solution, a soliton pulse,

A(z, τ) =
√
P 0sech(τ/T ), (1.14)

where P0 is the peak power for a pulse of width T . The FWHM pulse duration 4τ is
related to T as 4τ = 2ln(1 + sqrt(2))T ≈ 1.76T [39]. Between the soliton energy E, pulse
width T and GDD value β there are the simple relations

T =
√
|β|/γP0, E = 2|β|/γT. (1.15)

These relations describe well the propagation of optical pulses in anomalous dispersion
fibres [39]. However, one has to be careful in applying them to the oscillator because of
the many strict approximations made to formulate the NLS equation 1.13 and the inability
to define a soliton stability range in terms of E and GDD. Due to instabilities the peak
power P0 cannot be higher than a certain threshold value Pth related to the pulse energy
as

E = 2
√
Pth|β|/γ. (1.16)

Thus an increase of the GDD stretches the pulses, which leads to reduced peak power at
higher pulse energies. In other words, one has to increase the GDD in order to increase
the pulse energy but has to pay for it with an increased pulse duration. In chapters 3 and
4 experiments on SESAM and Kerr-lens mode-locking in the regime of negative dispersion
are described and the aforementioned effects are illustrated.

1.2.7 Limits of the pulse duration

The question of the minimal achievable pulse duration from the oscillator within a certain
parameter range is difficult to answer. It strongly depends on the method of mode-locking
and the mode-locker characteristics. To answer this numerical simulations of Eq.1.12 are
needed. It is interesting that Eq. 1.12 does not set the gain bandwidth (spectral filtering)
as an ultimate upper limit for the minimal achievable pulse duration (in the regime of
negative dispersion). Thus, with a rather high SAM coefficient `′ it is possible to exploit
spectral broadening due to SPM in order to reduce the pulse duration. This was done in,
for example, [40, 41] with bulk KLM Yb:Lu2O3 and Ti:Sa oscillators, respectively. In the
case of high-power/energy operation, however, the emission-bandwidth-limited oscillator
performance is a reasonable and good goal to aim for.
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Spatial hole burning can also be a favourable factor for achieving minimum pulse du-
ration [42, 43] as a consequence of the effective flattening of the gain spectrum. Dispersion
management and Kelly sidebands (formation of dispersive waves) [44, 45] become very
important as soon as the generation of ultrashort pulses with only a few optical cycles is
aimed for.

1.3 Soliton mode-locking with positive dispersion

In the negative dispersion regime pulses are chirp-free. This is a natural consequence
of soliton mode-locking when SPM introduces a positive chirp and the negative GDD
compensates for this chirp. The balance between nonlinearity and dispersion forms the
soliton and keeps it stable. The complex nonlinear Ginzburg-Landau equation 1.12 can,
however, be solved for positive GDD (β > 0), leading to the chirped solution [38, 31]

A(z, τ) =
√
P 0sech(τ/T )(1+iψ), (1.17)

where ψ is the chirp, which means that the pulse is stretched ψ times in comparison with
the Schrödinger soliton 1.14. This has several important consequences:

• the peak power inside the oscillator is reduced by the factor ψ. ψ can be as high as
100

• as a result the GDD is approximately an order of magnitude smaller than that needed
in the regime of negative GDD [31]

• increase of the energy leads to a stronger chirp ψ

The physical explanation for the existence of the positive dispersion regime is as follows:
SPM (Eq.1.9) causes substantial spectral broadening and chirping. On the other hand,
spectral filtering (limited gain bandwidth, Eq.1.3) cuts off this spectrum at the edges and
consequently shortens the pulses. The interplay between those two factors supports a self-
sustained “chirped soliton”. For more details on the theoretical description of this regime
applied to oscillators see [31] and for experimental realization see sec.4.4.

1.4 Mode-locking instabilities

There are several types of mode-locking instabilities: the onset of multi-pulsing, Q-switched
mode-locking (QML), simultaneous lasing in CW and combinations of these. The example
of QML is shown in Fig.1.6. The pulse train is modulated at a somewhat low frequency
which is defined by the fluorescence lifetime of the gain medium and other oscillator pa-
rameters [46]. Not necessarily the pulse train should be strongly periodically modulated.
Generally, the envelope of the pulse train can be of a random shape with a randomly large
modulation amplitude. The origin of this instability lies in the fact that an increase of the
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Figure 1.6: Measured in experiment periodically modulated pulse train from
SESAM-ML oscillator in sec.3.4. Scale division is 50 µs.

peak power causes stronger absorber bleaching up to the point when the gain and absorber
become well saturated. QML was studied in detail in [47, 46] for SESAMs as slow saturable
absorbers:

E2 > EgainEabs`
′, (1.18)

where Egain and Eabs are the saturation energy of the gain medium and absorber, respec-
tively. The formula implies that the pulse energy squared should be larger than the product
of the saturation energies and the absorber modulation depth `′ in order to suppress QML.
It is worth noting that QML was considered in [47] as a “deviation” regime from the stable
steady-state ML. The onset of QML during oscillator start-up and its dynamics is beyond
the scope of this description. However, as was found experimentally (see sec.3.4) it is
this onset of QML which prevents moving to the regime of stable ML with a SESAM.
For clarity, Q-switched mode-locking will be separated into self-Q-switching, chaotic QML
and QML just in the frame of this work. The latter corresponds to the “classical case” of
strongly periodic modulation depicted in Fig.1.6. The description of self-Q-switching and
chaotic QML is given in experimental sec.3.4.

The QML instability for the case of KLM was also studied experimentally [48] and
theoretically [49], but mostly for Ti:Sa bulk oscillators with the rather short relaxation
time of <5 µs. The saturation behaviour of soft-aperture KLM in Fig.1.4 is most likely
the main reason for the suppression of QML in the experiments.

When the intracavity peak power increases, a single circulating pulse can break up into
two (double pulsing) and more pulses. This can happen when TPA, for instance, becomes
pronounced in SESAM or due to the excessive SPM which cannot be balanced by the
introduced GDD. This regime is illustrated in Fig.4.5. The soliton can also transfer its
excess energy into a dispersive wave or the continuum (CW). The latter scenario is shown
in Fig.3.14.
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1.5 Summary

The basics of soliton mode-locking are described. Factors such as SPM, dispersion, spectral
filtering and different mechanisms of self-amplitude modulation are responsible for the for-
mation of solitons and govern these according to the complex nonlinear Ginzburg-Landau
equation. This briefly introduced theoretical description together with the experimental
chapters 3 and 4 gives a more unified picture of soliton mode-locking and helps to under-
stand the main assumptions in the model.



Chapter 2

High-power thin-disk resonator and
gain medium

Progress in the development of laser diodes has attracted a lot of interest to Yb-doped gain
media over the last few decades. Such gain media are of a quasi-three-level nature, and have
a narrow absorption bandwidth, previously considered as undesirable, but then turned out
to be advantageous with the availability of powerful high-brightness pump diodes. Together
with the invention of the thin-disk concept [50] and routine growth of Yb:YAG crystals
[51] a new class of thin-disk solid-state diode-pumped lasers was established [52]. These
systems are truly power-scalable, have large mode areas over the optical elements and are
sensitive to misalignment.

Section 2.1 introduces the thin-disk geometry and its potential for power scaling.
Promising gain materials and their properties are briefly described in sec.2.2. Section 2.3
considers stability, influence of a thermal lens and misalignment sensitivity of high-power
resonators.

2.1 Thin-disk concept

To date, fibre and thin-disk lasers constitute the main part of high average power lasers
reaching multi-kW powers in the multimode CW regime [53, 54]. This outstanding per-
formance is a consequence of the good heat transport geometry. Fibres have a long and
small-diameter gain medium with a large ratio of surface to active volume. High nonlineari-
ties, on the other hand, prevent reaching high peak intensities due to the small light-guiding
region in such systems and call for more bulky amplifier configurations. In contrast, the
thin-disk geometry utilizes very thin (<200 µm) and large-diameter (>5 mm) laser crys-
tals mounted with solder or glue [55] to a water-cooled heat sink (Fig.2.1(a)). The ratio
of the disk diameter to the thickness is large, providing very efficient cooling and nearly
one-dimensional, heat flow along the beam axis (see Fig.2.1(a)). Consequently, this geom-
etry results in a low transversal thermal gradient, which in turn is a main prerequisite for
good beam quality. The back surface of the disk is HR-coated for both pump and laser
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wavelengths and the front surface is AR-coated also for both wavelengths. Obviously, the
pump absorption in the TD is low for reasonable crystal doping levels. Thus, a multi-pass
configuration with the disk placed in the focus of a parabolic mirror (Fig.2.1(b)) is stan-
dardly used. As demonstrated in Fig.2.1(b), the pump radiation is coupled into a fibre to
provide excellent homogenization, propagates through the collimating glass optics and is
then focused onto the disk by means of a parabolic mirror. The parabolic mirror together
with a roof-prisms allow many passes to be realized. Depending on the geometry, over 40
passes through the gain medium can be achieved with the pump absorption well above
90%.

diode  
laser collimating 

 optics 

disk on a heat sink 

parabolic 
mirror 

roof prism 

laser  
beam 

thin disk crystal 

Laser beam water 
cooling 

OC 

heat sink 

contact medium 

                                          (a)                                                                       (b) 
Figure 2.1: Schematic of the thin-disk (a) and multi-pass disk pumping geometry
(b) adopted from [56].

Apparently, the thinner the disks the better is the heat dissipation. The pump absorp-
tion can be kept constant by choosing a material with higher doping level and reducing
its thickness. Unfortunately, the doping level cannot be strongly increased because of the
concentration quenching and reduced thermal conductivity [57]. Thus, these two issues
should always be addressed in choosing a crystal for thin-disk operation.

Thin-disk and module in this work

For all experiments described in this thesis a thin-disk laser head TDM 1.0 from D+G
GmbH was used [58]. It is aligned for 24 passes of the pump beam through the gain
medium. Two similar Yb:YAG thin-disks soldered to CuW heat sinks with 7% at. doping
level were verified experimentally (see Tab.2.1)
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thin-disk sample TD 157 TD 159
Yb concentration, at. % 7 7
free aperture, mm 9 9
thickness, µm 215 215
Rx, m 5.6 5.9
Ry, m 6.4 6.5
treatment edge bev-

elled
edge bev-
elled

Table 2.1: The specifications of the two thin-disks used in this work (from D+G GmbH ).

2.1.1 Power scaling

The importance of the TD geometry lies in its “true power scalability”. The term power
scalability can be defined according to [43, 59]

Well-defined systematic scaling procedure which makes it possible to increase
substantially and repeatedly the output power without making the main prob-
lems more severe.

For instance, reduction of the quantum defect by pumping at the zero-phonon line and
applying cryogenic cooling leads to an increase of the output power of a laser system.
These measures do not, however, make the laser system “power-scalable”. In contrast, the
thin-disk geometry allows an increase of the output power by a factor N by applying N
times higher pump power to a

√
N times larger pump spot or, in other words, by enlarging

the pump spot on the disk in proportion to the pump power. This scaling procedure has
near-zero consequences on the thermal lens of the disk, thanks to the effective cooling
geometry. Certainly, this approach is valid in a relatively large power range and at some
point may become limited , e.g., due to amplified spontaneous emission or some practical
issues, e.g. misalignment sensitivity of the power-upscaled resonator. An increase of the
number of TDs in the resonator can also be considered a method of power scaling, but is
less practicable (just being costly).

Understanding of the power scaling principle is important as it will allow a deeper
insight into the limitations of mode-locked oscillators and afford promising prospects of
their future development.

2.2 Yb:YAG and Yb:Lu2O3

The range of different solid-state gain media for femtosecond operation is very broad. It
includes transition-metal-doped materials such as Ti:sapphire, Cr2+-doped crystals, rare
earth-doped Nd3+, Yb3+, Tm3+ crystals and many others [52]. The article [61] gives a
detailed overview of different gain media and their suitability for high-power TD operation.
According to this paper the general requirements for the “ideal” gain medium can be
summarized as follows:
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Figure 2.2: Emission and absorption spectrum of Yb:YAG (a, b)[60, 55] and
Yb:Lu2O3 (c,d) [51].

1. broad emission bandwidth 4λem for femtosecond operation

2. absorption wavelength range 4λabs suitable for pumping with laser diodes

3. small quantum defect q = 1− λabs/λem to minimize the heat load

4. absence of parasitic effects such as excited state absorption, up-conversion or cross-
relaxation

5. high emission and absorption cross-sections

6. high thermal conductivity

7. high doping concentrations

8. weak thermo-optical coefficient dn/dT
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9. good mechanical and thermo-mechanical properties

Other aspects such as the availability of crystals in large sizes, their optical quality and
anisotropic behaviour of thermo-optical and thermo-mechanical properties are also very
important. The laser gain media considered in this work are limited to those already
demonstrated in femtosecond operation and with output powers above 10 W (see Fig.2 and
Tab.3). These are experiments with Yb-doped garnet, sesquioxide and tungstate materials:
Yb:YAG; Yb:Lu2O3, Yb:LuScO3; Yb:KLu(WO4)2, Yb:KY(WO4)2. The main disadvantage
of the KY(WO4)2 and KLu(WO4)2 host crystals strong anisotropic thermo-optical and
thermo-mechanical properties. Yb:LuScO3 has a rather broad emission bandwidth of 22
nm [62] but unfortunately also a low thermal conductivity κLuScO3 <4 W/mK [62] and a
very difficult growth process which is related to the high melting temperature Tm=2450◦C.
This difficult growth limits the crystal quality and prevents production in large sizes. The
growth of Yb:Lu2O3 is as difficult as Yb:LuScO3, but it has better thermal conductivity
κLu2O3 >12 W/mK which changes only slightly with the doping level.

As can be seen, the constraints in obtaining high average power and femtosecond pulses
in the thin-disk geometry leave out Yb3+-doped crystals and two most promising materials
Yb:YAG and Yb:Lu2O3. So far Yb:YAG is the most widespread, well-established solid-
state laser material commercially available in excellent optical quality and large crystal
sizes. It has a broad absorption line at 940 nm, as well as a zero-phonon line at 969
nm (Fig.2.2(a)) suitable for pumping by wavelength-stabilized high-power diodes [63]. As
a consequence of its low quantum defect, absence of excited- state absorption and good
thermal conductivity Yb:YAG is mainly [64] chosen over all other materials in thin-disk
lasers. The only drawback of Yb:YAG is its relatively low emission bandwidth around
4λem,Y b:Y AG ≈9 nm (Fig.2.2(b)). Indeed, the bandwidth is only slightly narrower than
that for Yb:Lu2O3 with 4λem,Y b:Lu2O3 ≈ 13 nm. Both Yb:YAG and Yb:Lu2O3 were used
for the mode-locking experiments in this work (see sec.4.2 and sec.4.5) and have similar
properties, as can be seen in Tab.2.2. The best results were obtained with Yb:YAG.
Questions of the optical quality of the Yb:Lu2O3 crystals available proved to be one of the
limiting factors in the mode-locking experiments (see sec.4.5). A short summary of the
most important properties of these two materials is presented in Tab.2.2.

2.3 Resonator design

The resonator design for high-power operation is challenging. Even though the TD con-
cept [50] eliminates the thermal lens of the gain media to some extent and TD CW lasers
in fundamental TEM00 operation with output powers exceeding 500 W [68] were demon-
strated, mode-locked operation was limited to the appreciably lower output powers of 150
W [17, 27]. The reason for this is the several additional elements necessary for soliton
mode-locking: mode-locker and chirped mirrors. The heat dissipated in SESAM (as a
mode-locker) and chirped mirrors causes pronounced thermal effects limiting the perfor-
mance of the mode-locked oscillator (see measurements in sec.3.1). The cavity should be
designed to tolerate these thermal lenses. In fact, there are more constraints on the cavity
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Characteristic Yb:YAG Yb:Lu2O3

emission wavelength, nm 1030 [55] 1033 [51]
emission bandwidth (FWHM),nm 8-9 [55, 65] 13 [51, 65]
emission crossection, 10−21cm2 20[60] 12[51]
absorption wavelength, nm 940; 969

[60]
976 [51]

absorption bandwidth (FWHM), nm 18; 2 [57] 2 [27]
absorption crossection, 10−21cm2 8 [57] 30[51]
fluorescence lifetime, ms 0.95[66] 0.82[67]
thermal conductivity un-doped, W/mK 9.5[57] 12.6 [51]
thermal conductivity Yb doped with 10 at. %, W/mK 6[57] 11[51]

Table 2.2: Different characteristics of Yb:YAG and Yb:Lu2O3 gain media.

design in mode-locked operation arising from high intracavity peak intensities. Such peak
intensities have to be avoided by designing a cavity with large mode areas on all intracav-
ity elements susceptible to damage. As will be shown further on, the two requirements to
tolerate several intracavity thermal lenses and have large mode areas along the intracavity
optics are in slight contradiction. Moreover, they can be fulfilled with just a certain trade-
off on the misalignment sensitivity of the designed resonator. The design of resonators for
mode-locked high power oscillators is subject to the following requirements:

• CW fundamental TEM00 operation at maximum pump (output) power with all intra-
cavity components necessary for mode-locked operation such as SESAM, dispersive
mirrors, Kerr medium, Brewster plate, AOM etc ;

• mode sizes on intracavity elements should be chosen such as to keep the intensity
below the damage threshold;

• small misalignment sensitivity

This section describes these requirements and trade-offs in more detail.

2.3.1 Cavity stability

Every element inside the cavity can be represented by its own ABCD matrix and the whole
cavity by multiplication of these matrix elements. It is convenient to introduce a complex
Gaussian beam parameter q, which describes the Gaussian beam as [69, 70]

1

q
=

1

R
+

iλ

πω2
. (2.1)

Thus, the real part in Eq.2.1 determines the radius of curvature R of the phase front
of the Gaussian beam and the imaginary part determines the beam radius ω (as 1/e2 of
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intensity drop) for a certain wavelength λ. Together with the known cavity transfer matrix

M =

(
A B
C D

)
the Gaussian beam changes as

qi+1 =
qiA+B

qiC +D
. (2.2)

By definition, the cavity is stable when a Gaussian beam reproduces itself after one round
trip qi = qi+1 = q. In this case Eq.2.2 can be simplified to a quadratic equation Cq2 +(D−
A)q − B = 0 i. The radia ω and R can be calculated after comparison with Eq.2.1. The
discriminant (D−A)2 + 4BC must be negative to keep q a complex number; this together
with det[M ] = 1 implies

(A+D)2

4
< 1. (2.3)

The relation serves as a definition for resonator stability. The matrix elements A,D should
be calculated to evaluate resonator stability. Values 0 and 1 in Eq.2.3 correspond to
marginal cavity stability. However, it may be unclear to the experimentalist at which
stability values the oscillator should operate: 1, 0.5 or even 0.01? This and the following
questions: “Can the stability edge of the cavity be reached in the experiment or will
the oscillator still lase near the edge?”, are reasonable. The answer lies in the treatment
of the cavity stability in close conjunction with the cavity misalignment. A less stable
cavity means it is most susceptible to misalignment and as long as constraints on the
cavity alignment stay realistic and can be satisfied by the overall mechanical stability
of the oscillator (precise and stable mirror mounts, vibration elimination and damping)
the stability edge can be reached. However, this situation is rather idealistic and does not
include the effect of the gain in the laser and is more valid for passive enhancement cavities.
A more realistic scenario is that the beam profile strongly changes at the stability edge
and causes poor overlap with the pump spot. Because of this, further approaching the
stability edge interrupts laser operation. Often weak cavity astigmatism becomes strongly
pronounced near the stability edge and the cavity becomes unstable at either the tangential
or sagittal ii plane. These issues are readily observable in the KLM oscillator, described in
sec.4.2.

An interesting issue is mode degeneracy at the stability edge, which allows one to mode-
lock higher transverse modes of the oscillator. This is discussed in sec.4.3.4 in the light of
mode quality degradation of the KLM thin-disk oscillator.

Originally, the cavity design specified here was calculated by means of the Winlase
commercial software, based on ABCD-matrix formalism. Later on, a more flexible and
advanced code for cavity calculations and misalignment characterization was developed by
Jonathan Brons. Figures 2.3(b) and 2.5(b) were calculated with this code.

iThe solutions of the equation provide q parameter expressed through the matrix elements.
iiThe tangential plane is parallel to an optical table and the sagittal plane is perpendicular.
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2.3.2 Influence of a thermal lens

Since the first developments on high-power solid-state CW lasers, thermal lens stands out as
the most crucial limitation on output power. This problem was partially solved by inventing
and realizing a TD concept. In fact, there are many other elements inside the cavity which
are not of TD geometry and therefore susceptible to thermal lensing. A thermal lens is
caused by the dependence of the material’s refractive index on temperature, by thermal
expansion of the material as well as by mechanical deformations of the whole structure
(e.g. heat sink) which supports the material [28]. The thermally induced temperature
profile can be of complex shape, but to the first order it is of parabolic profile, thus causing
a spherical thermal lens (see analogy to Kerr lens in sec.4.1). The compensation of the
spherical part can be performed by inserting a second lensiii of opposite sign [28], using
a deformable mirror [71, 72] or by implementing a telescope inside the cavity [73]. The

OC 

TD, end 
mirror 

R1 

R2 

R2 R1 
K 

OC HR or TD 

0.51m w3 

w1 

                                          (a)                                                                      (b) 

TD lens 

-2,0 -1,5 -1,0 -0,5 0,0 0,5 1,0 1,5
0

1000

2000

3000

4000

5000

6000

7000

8000
 1/C
 w1

 w3

pth (1/m)

1/
|C

| (
m

m
)

0,0

0,5

1,0

1,5

2,0

2,5

3,0

3,5

4,0

 M
od

e 
ra

di
us

 (m
m

)

Figure 2.3: (a): Simple resonator for CW TEM00 operation. The TD is placed
as a cavity end mirror to minimize wavefront distortions. RTD ∼6 m, R1=-4 m;
R2=4 m; (b): Misalignment sensitivity (1/C), mode radius on the TD (w3), mode
radius on the OC (w1) vs dioptric power of the TD. The region marked by orange
arrow corresponds to the expected TD thermal lens.

influence of the thermal lens on the resonator stability was addressed by Magni [74]. To
any complex cavity one can find the equivalent resonator. A thermal lens variation leads
to destabilization of the cavity and consequently several stability zones appear in this
analysis. In order to illustrate the above-mentioned, a CW cavity with only one element
exhibiting a thermal lens, the TD, is considered. As specified by the supplier (Tab.2.1) the
initial (unpumped) radius of curvature of the TD is ∼6 m . The change of focal power per
100 W pump power is 0.1 1/m. This value is approximate as it depends on the absolute

iiiin high power oscillator the use of transmissive optics is undesirable, therefore mirrors play role of
lenses
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Figure 2.4: Output power vs pump power for the resonator in Fig.2.3. Experi-
mental beam profile pictures are taken for different pump power levels.

pump power, the size of the pump spot and the output coupling rate. The disk head
was supplied with a collimating optics to provide a pump spot diameter of 3.2 mm. The
recommended pump power density for the TD is 4 kW/cm2, which corresponds to 400 W
maximum pump power. The fundamental mode diameter is chosen as 2.6 mm iv(70-80%
of the pump spot diameter) on the TD in order to support single transverse TEM00-mode
operation. In Fig.2.3 a simple CW cavity consisting of two curved mirrors is shown. Such
a cavity can be classified as a “convex-concave” type of cavity [28] and is known to support
large beam sizes over the whole length. The TD and OC are end mirrors. Placing the
TD as an end mirror has the advantage of affording the smallest possible accumulated
wavefront distortions; on the other hand, it provides rather small gain. The resonator in
Fig.2.3 is dynamically stable. The mode size depends on the TD thermal lens (or pump
power): as shown in Fig.2.3, at near-zero pump power the TD has a dioptric power of
-0.33 1/m and rather poor overlap of the fundamental mode with the pump spot. This
results in a slightly distorted mode (see beam profile at ≈100 W pump power in Fig.
2.4). Furthermore, with an increase in pump power the beam profile changes to ideal
fundamental shape with M2=1 (as the overlap of the fundamental mode and pump spot is
good enough) and slightly degrades (M2=1.1) at pump powers around 400 W. This slight
deterioration stems from exceeding 4 kW/cm2 and thus causing weak beam wavefront
distortions. The optical-to-optical efficiency is 45% at 400 W pump, which is a typical
value for CW TEM00 operation. This cavity can be modified into a configuration with the
TD as folding mirror as shown in Fig.2.3. The ABCD analysis of this cavity in Fig.2.5
shows two stability zones arising as a function of the TD thermal lens, which agrees with
the analysis presented in [74]. First, stability zone II is much narrower than that in Fig.2.3.
Thus the unpumped oscillator is located closer to the edge of stability zone II and pumping
(changing the curvature of the TD) brings it closer to the other stability edge. The beam

ivdefined as 1/e2 intensity drop
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waist w3 on the TD is nearly constant during this transition, which means good dynamic
stability of the resonator and support of TEM00 operation. Moreover, it was derived in
[74] that the width of the stability zone (I or II) scales as the inverse square of the mode
radius on the the thermal lens 1/w2

3. This means that the resonators with large mode sizes
on the TD are less dynamically stable.
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Figure 2.5: Modified version of the resonator in Fig.2.3. The TD is placed as a
folding cavity mirror. RTD ∼6 m, R1, -4 m; R2, 4 m . Two stability zones arise
as a function of the TD thermal lens (pump power).

2.3.3 Large beam sizes and misalignment

As was described in Sec.2.3.2 the increase of mode size comes at the expense of lower
dynamic stability of the resonator. However, there is a second drawback related to the
increased misalignment sensitivity. According to [74] the misalignment sensitivity can be
defined by the parameter 1/C, where C is the absolute value of the equivalent focal length
of the whole cavity. It is plain to see in Fig.2.5(b) that the misalignment sensitivity is
higher in zone II than in zone I. For our case the ratio of the misalignment sensitivities
in the centres of the two stability zones totals 5, but the misalignment diverges when
approaching the maximal pump powers (right orange line in Fig.2.5) and getting closer to
the edge of the zone II. The difference in misalignment sensitivity between the two zones
can be simply explained by the larger beam sizes in stability zone II. Larger beam sizes on
the mirrors unavoidably result in higher sensitivity to cavity alignment. Also the strong
divergence at the stability edge of zone II is clearly related to the simultaneous divergence
of the beam size on all mirrors. One could consider as the ultimate way of increasing the
spot sizes on all mirrors to work at the right edge of zone II but at the cost of resonator
mechanical stability. The resonator in Fig.2.5 was operated in the whole range of pump
powers and the difference in misalignment sensitivity was hardly noticeable.
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2.4 Summary

During the last decade multi-mode CW TD lasers have proved to be a scalable and reliable
tool for industrial applications. This was achieved with the Yb:YAG gain medium and
until now this material remains unbeaten even in mode-locked operation. However, TEM00

operation especially in the mode-locked regime is more demanding with regard to resonator
stability, strength of the TD thermal lens and the use of large beam areas. These constraints
on the resonator and disk quality should be carefully analyzed in order to build a stable
and reliable mode-locked oscillator.



Chapter 3

SESAM mode-locked thin-disk
oscillator

An introduction to the principle of SESAM and parameters such as saturation fluence,
relaxation time, TPA-related effects and surface quality both before and after mounting
is given in sec.3.1. A table summarizing the different SESAMs used in this work is also
presented there. Section 3.2 describes thermal effects in dispersive mirrors, which are also
crucial for the oscillator performance. This is followed by brief technical comments on the
laser design. Experimental results and simulations are presented in sec.3.4. They show
good agreement when TPA effects are included in the theoretical model. The SESAM
damage issues are also discussed there. The chapter closes with concluding comments.

3.1 SESAM

SESAMs are a specific case of semiconductor saturable absorbers (SA) [75, 76]. SESAM
appeared as a unification of a second cavity containing a multiple quantum well (MQW)
saturable absorber [77, 78] in the resonant passive mode-locking technique [79, 80]. In
the beginning the new monolithic construction representing a nonlinear mirror was called
antiresonant Fabry Perot saturable absorber (A-FPSA) [81]. Since then the SESAM has
become a widespread mode-locker in many oscillators, mainly those operated in the NIR
spectral range: Nd:YLF [81], Yb:YAG [82], Cr:YAG [83], Ti:Sa [84] etc. Here, the SESAMs
for 1 µm wavelength and > µJ pulse energies are emphasized.

3.1.1 SESAM design

The acronym A-FPSA well describes the structural principle of a SESAM. It consists
of the semiconductor Bragg mirror as a bottom reflector, typically comprising alternating
GaAs/AlAs layers and a top reflector consisting of a dielectric coating or just the GaAs/air
interface and in between these reflectors the semiconductor SA is embedded (Fig.3.1), which
can be a multiple QW, single-QW or bulk semiconductor. The SESAM structure shown
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in Fig.3.1 is a particular case of mode-locking of a 1030 nm oscillator and is based on the
works [80, 85]. In this SESAM saturable absorption occurs in the 8-nm-thick single QW of
InGaAs. In the Fig.3.1 the Bragg mirror consists of 30 alternating pairs of GaAs/AlAs in
order to provide a sufficiently high reflectivity of 99.9%.i Light penetrates into the structure
and excites carriers from the valence to the conduction band. The process saturates for
stronger light pulses because of band filling. The device can simply be used as a resonator
end mirror with no serious constraints on resonator design.

350 µm substrate GaAs 

73.7 nm GaAs 
87 nm AlAs 

30 pairs 

74.5nm GaAs 

74.5nm GaAs 
8 nm  In0.26Ga0.74As 

123 nm Ta2O5 

178 nm Si2O5 
top mirror 

spacer 

spacer 
quantum well 

Bragg mirror 

Figure 3.1: Single QW SESAM designed for 1030 nm central wavelength.

3.1.2 SESAM parameters and properties

Relaxation time

To date, both molecular beam epitaxy (MBE) and molecular chemical vapour deposition
(MOCVD) growth technologies were used for SESAM manufacturing [86]. Ion implantation
[87, 88] and low temperature (LT) growth [89] are known to reduce the relaxation lifetime
in semiconductor saturable absorbers. The two methods induce different types of defects
in the semiconductor crystal and decrease the carrier-capturing lifetime from ns down to
ps time scales. MBE-LT-grown SESAM are most common. All samples used in this work,
except for ANU1 (see Tab.3.1) were LT-MBE grown.

The whole SESAM structure is typically grown at around 550 ◦C; in contrast, the single
InGaAs QW (see Fig.3.1) is grown at lower temperatures, often starting at >200 ◦C. There
are two recombination time scales: initial, rapid relaxation happens within the conduction
band on a time scale <1 psii (often called thermalization) and the second recombination

iIt is interesting to compare this with a standard high-reflective dielectric mirror used inside the oscil-
lator. Such a mirror typically consists of SiO2/Ta2O5 layers , in which case just 15 alternating pairs are
enough to provide a reflectivity over 99.9%.

iidefined at 1/e of reflectivity drop
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Figure 3.2: Pump-probe measurement of the SESAM time response. (a): Sample
M4838; (b): Sample Batop1. See Tab.3.1

from the conduction to valence band occurs on a time scale >>1 ps. High defect con-
centrations lead to shorter relaxation times. In Fig.3.2 a pump probe measurementiii at
different saturation fluences for samples grown at different temperatures is shown. The
sample M4838 was grown at rather low temperature (250 ◦C) and the sample Batop1 at a
temperature >350◦C iv. We can see that the time response of M4838 is fairly short, <1 ps,
and the measurement limited because the pulse duration in the pump-probe setup was ∼1
ps. Such a short relaxation time can be explained by the large amount of defects; moreover
this sample was not annealed. In the measurements in Fig. 3.2(b) for the Batop1 sample
we can recognize two relaxation components: the first small spike, which appears at near
zero time delay, and the second component, which relaxes at time delays approaching 40
ps. This behaviour is clearer for low saturation fluences (green and blue curves in 3.2(b))
and smears out at high incident fluencesv.

The relaxation time of any SESAM is an important characteristic. Even though the
pulses in a soliton mode-locked oscillator can be substantially shorter than the relaxation
time of the mode-locker, it is always desirable to have the relaxation time as short as
possible for the suppression of instabilities and generation of emission-bandwidth-limited
pulses.

Absorbance and saturation fluence

In Fig.3.3 the nonlinear reflectivity measurement shows a change of the SESAM reflectivity
depending on the incident fluence. The fluence corresponding to a change of the reflectivity

iiiMeasurements of dynamic SESAM reflectivity and time response were made by Farina Schättiger and
Dominik Bauer [90].

ivThe exact value is not available.
vThe growing part in Fig.3.2 can be caused by the scattered light at high incident fluences.
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by 1/e of the maximal value is defined as saturation fluence Fsat. The maximum reflectivity
is often called modulation depth 4R. The difference between the absorption A of the
sample and the saturated absorption (modulation depth) corresponds to non-saturable
losses Rns, i.e. Rns = A − 4R. The measurement of all these parameters with good
precision is non-trivial and demands a femtosecond oscillator at the wavelength of interest;
for more details on such measurements see [91, 90]. Measurement of the static reflectivity
can, however, be done relatively easily with a high-resolution spectrophotometer able to
measure the absolute reflectivity. In Fig.3.4 the measurements for the M4838 sample are
shown. Upper curves correspond to the reflectivity of the calibrating dielectric mirror with
known R>99.98% and the lower curves correspond to the reflectivity of the SESAM. The
minimal size of the samples had to be 15×15 mm2. The accuracy of the measurements
is 0.2-0.3% and has statistical character: repositioning of the sample always results in
slightly different reflectivity values (see Fig.3.4). The absorption of the sample in Fig.3.4
is A ∼1.5%. Subtraction of the saturable losses from the absorption yields Rns∼1% non-
saturable losses.
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Figure 3.3: Change of the SESAM reflectivity at different incident fluences.

3.1.3 Two-photon absorption

The nonlinear saturable absorption plays a crucial role as mode-locking mechanism. The
real absorption and excitation of the carriers is a key process for the SESAM mode-locked
oscillator. As illustrated in Fig.3.3(b), the reflectivity not only saturates at some point, but
even decreases at higher fluences. This effect is called inverse saturable absorption (ISA).
Generally, it is a parasitic mechanism which does not allow an increase of the oscillator
pulse energy as this tends to destabilize the regime via the onset of multi-pulsing. The
ISA is directly related to TPA, which happens mainly in GaAs spacers and in end layers of
Bragg mirrors (see Fig.3.5). The light intensity is high in these parts of the structure and
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Figure 3.4: Absoulute reflectivity measurements of the sample M4838. The upper
lines correspond to the calibration measurement for the HR mirror. The lower
lines correspond to the SESAM reflectivity (measured in a Perkin Elmer Lambda
950 spectrophotometer). Different lines correspond to different sample positions.

the TPA coefficient of GaAs βGaAs=40 cm/GW [92] is substantially higher than that for
AlAs. Thus, the reduction of the field penetration depth into the structure and replacement
of GaAs with a different material can shift TPA to higher fluences. The first measure can be
accomplished by the deposition of a top dielectric coating, but at the expense of a reduced
modulation depth. One can keep the modulation depth constant by placing more QWs
into the structure, but at the expense of increased non-saturable losses [93, 94]. Replacing
GaAs by any other material with lower TPA index has not been demonstrated so far at 1
µm wavelength.

Nevertheless, it can be considered advantageous to have TPA for stabilizing the regime
against the onset of Q-switched ML instabilities [95, 96], see sec.3.4. These instabilities
are typically well suppressed in high-energy oscillators which, however, is due to high
saturation of the gain medium and absorber.

TPA can easily be seen in the experiment by looking at the beam spot on the SESAM
and monitoring the green TPA light. Sometimes even the onset of multiple pulses can be
indicated as a change of brightness in the green spot on the SESAM.

Later on, in sec.3.4.1 the influence of TPA on the maximal oscillator energy and minimal
pulse duration will be demonstrated both theoretically and experimentally.

3.1.4 SESAM surface and mounting techniques

SESAMs have saturable and non-saturable losses. Both types of losses contribute to heating
of the device. As one can see in Tab.3.1, non-saturable losses are approximately 30-40%
of the overall SESAM absorption and for the 250◦C-grown M4838 sample it is worse. For
instance, the specified absorption of Batop2 is 1% with a modulation depth of 4R=0.5%,
resulting in non-bleachable losses of Rns= 0.5%. Heating is an undesirable effect because
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Figure 3.5: Intensity field distribution in the SESAM structure (calculated in
Optilayer software).

it causes a thermal lens and may reduce the damage threshold of the semiconductor chip.
Therefore it is important to ensure effective heat removal. This can be done analogous to
the TD mounting [55]. The simplest technique which can be applied in-house is an epoxy
mounting. The typical thermal conductivity of epoxies is in the range of 1-2 W/(mK);
in rare cases a conductivity of 11 W/(mK)vi can be achieved. These values have to be
compared with the thermal conductivity of a GaAs wafer κGaAs= 55 W/(mK) in order to
understand that the main thermal resistance in the heat flow from the SESAM structure
to metal heat sink is caused by the epoxy layer, which in this case has to be as thin as
possible. Even though the epoxy mounting can be done in-house, achieving thin bonding
layers < 5µm in combination with good uniform contacting is very difficult. Such mounting
is technically difficult and has to be done under pressure with fast epoxy hardening [55].

The soldering technique can be considered as an alternative to epoxy mounting. Pre-
liminary metallization of the back surface of the chip has to be done. The soldering alloy
has a thermal conductivity as high as the heat sink and, being relatively thick, smoothes
surface defects mainly originating from the copper heat sink. Both epoxy-mounted and
soldered SESAMs were used in this work. Different SESAM samples were measured to
study the surface quality change after mounting to a heat sink. In Fig.3.6 (a-c) the inter-
ferometric surface measurementvii of a free standing SESAM sample is shown. From Fig.
3.6 (a) it can be seen that the surface is of convex shape, having a flatness deviation of
1.4 µm, which corresponds to a radius of curvature of R=3.2 m. Here, we do not take

viThis is Epo-Tek EK 1000 from Epoxy Technology.
viiThe measurements in Fig.3.6 were done by Mikhail Larionov.
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(a)                                        (b)                                           (c)

(d)                                        (e)                                           (f)
Figure 3.6: Interferometric measurement of M4838 before soldering (a-c) and
after soldering (d-f); (b,e): spherical part is subtracted; (c,f): spherical and astig-
matic parts are subtracted. Similar measurements were performed with soldered
SESAMs from Batop GmbH and showed similar surface deviations.

(a)                        (b)                            
Figure 3.7: Interferometric measurement of the Batop1 epoxy mounted sample.
The spherical part is subtracted in case (b).

into account the deviations in the corners of the sample which arise from the rectangular
shape of the sample. The SESAM has the astigmatic shape shown in Fig.3.6(b) after sub-
traction of the spherical part. Figure 3.6(c) shows the result of subtracting the spherical
and astigmatic parts, indicating a flatness deviation of ∼80 nm. Soldering increases the
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stress and leads to a stronger convex curvature R=1.7 m. It also increases astigmatism and
impairs the surface quality. The maximum flatness deviation after soldering is ∼190 nm
(see Fig.3.6(f)) for the astigmatism-subtracted case. Moreover, other measurements show
variations of the surface curvature and quality of different samples cleaved from the same
wafer. The thick-layer epoxy-mounted chips are of comparable quality to the soldered ones
and donut-like shape (Fig.3.7)viiiix. The usage of a simple copper heat sink with rough
polishing can be one reason for the bad surface quality after soldering. Other aspects of
mounting such as stiffness and expansion coefficients of the bounded materials and the
initial shape of the sample have to be considered additionally.

The surface flatness of the soldered SESAM of λ/5x (after subtraction of the spherical
and astigmatic parts) is worse than that for the mirrors λ/20xi and TD λ/10 [97]. Ideally,
every SESAM has to be measured before the experiment in order to evaluate the initial ra-
dius of curvature and the astigmatism. Astigmatism compensation measures are necessary.
A more advanced mounting technology in combination with a diamond heat spreader may
allow much better surface quality and thermal management, good enough for high-power
applications.

3.1.5 Thermal lens from a SESAM

Even though the SESAM can be properly mounted to a heat sink to improve thermal man-
agement, it does exhibit thermal effects which can be characterized by an interferometer
embedded into the cavity analogously to similar investigations performed for the TD [55].
This complex approach was not carried out due to its complexity and a lack of time. Gen-
erally, it was noticed that the epoxy-mounted SESAMs have worse thermal management
than the soldered ones. Therefore, only the soldered SESAMs were used for high-power
experiments with intracavity average power levels >500 W. Measures to compensate the
thermal lens were performed by means of the telescopic arrangement in Fig.3.9. It consists
of two mirrors with R1 and R2 (for most experiments R1=R2=0.3 m). The change of the
separation distance d between them leads to compensation of the thermal lens from the
SESAM. This telescopic arrangement was also used to pre-compensate the initial radius of
curvature of the SESAM, which varies from sample to sample. In the light of cavity sensi-
tivity to a thermal lens [74] and the power scaling concept [98], the thermal lens induced
by the SESAM in conjunction with the surface quality is of crucial importance for stable
operation and is one of the limitations in increasing the average output power.

viiiMore systematic investigation of the surface of epoxy-mounted chips was not performed.
ixThe measurements in Fig.3.7 were done by Dominik Bauer.
xλ is 1000 nm
xihigh-quality Layertec mirrors for instance.
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3.1.6 SESAMs in this work

Different SESAMs used in the experiments are now summarized.

SESAM M4838 M4838RTA M4936 M4937 ANU1 Batop1 Batop2
4R,% 0.5 0.6 0.7 0.7 <2 0.7 0.5
4Rns,% 1.5 – 0.5 0.5 – 0.3-0.5 0.3-0.5
Fsat, µJ/cm

2 160 30 40 50 – 30 120
F2,mJ/cm

2 ∞ ∞ 750 900 – 750 –
Top dielectric
coating

no no no no no protective yes

Growth tem-
perature Tg,

◦C
250 250 330 410 — – –

Fast relaxation
time, fs

<1ps <1ps – – – <1ps <0.5ps

Long relaxation
time, fs

<1ps <1ps >20ps >20ps – <20ps –

Manufacture WSI WSI WSI WSI ANU Batop Batop

Table 3.1: Summary of different SESAMs used in this work. ANU1 is MOCVD-grown
and ion-implanted, all others LT-MBE. The data for Batop2 are specified according to the
supplier.

3.2 Thermal effects in dispersive mirrors

Not only the TD and SESAM exhibit a thermal lens, high-dispersive (HD) mirrors are
also influenced by thermal effects. It can be observed in a simple CW cavity as in Fig.2.3
by replacing some of the HR mirrors with HD mirrors. In the worst case at intracavity
power levels >1 kW this may result in a different mode profile, slightly distorted mode and
beam-pointing drifts, indicating a slow and time-dependent misalignment of the cavity.
Different HD mirrors were experimentally studied and the presence of such effects was
verified. At GDD values typically higher than 1000 fs2 power-dependent effects start to
appear. These power-dependent effects cannot be identified completely as purely thermal
ones. In Fig.3.8 the surface temperature of different HD mirrors placed inside the cavity
was measured in CW operation with ∼0.8 kW intracavity power. The measurements
were done with an infrared camera (FLIR SC305) and indicate a certain temperature
rise. It can be seen in Fig.3.8(a-c) that samples HD64 (-1000 fs2), HD73 (-3000 fs2) and
Layertec (-1000 fs2) exhibit a similar temperature rise of 10-20 K. These mirrors show
no noticeable temperature-dependent effects during oscillator operation. The mirror HD
105 (-3000 fs2) has a pronounced temperature rise of 50 K and causes the mode and the
oscillator stability to deteriorate at high intracavity power >1 kW. Still it is difficult to
relate these observations to the mirror design (light penetration and resonant effects in the
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Figure 3.8: Surface temperature of different HD mirrors measured with infrared
camera (FLIR SC305) at CW intracavity power of ∼0.8 kW .

structure) [37, 99], overall layers thickness, amount of GDD and material properties. More
systematic studies and experiments have to be done to evaluate the main reason for the
high-power-dependent behaviour of the HD mirrors.

Water cooling of mirrors and the use of crystalline substrates such as sapphire or YAG,
which have better thermal conductivity than fused silica, can be considered to improve
the power-dependent behaviour of the HD mirrors. Ultimately, the implementation of a
power-scalable geometry similar to the TD may become necessary for multi-kW intracavity
power levels.

3.3 Technical aspects

The overall laser performance depends on many technical issues. High-intracavity-power
TD oscillators are sensitive to dust. Dust particles, when they appear on the mirror
surface, may cause damage during laser operation or, at least, will be burned in. In order
to avoid this the laser system has to be operated together with a flow box or placed in
an air-tight housing with small over-pressure. In both cases the housing has to dampen
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external acoustic noise and be tight enough to prevent air turbulence. There should be
no overheated or overcooled components inside the cavity in order to prevent air flow
between them. Water-cooled components normally induce vibrations. These vibrations
may originate from chiller vibrations and can easily be decoupled by means of longer and
softer water tubes. The flow fluctuations can be damped by special flow dampeners. The
temperature stability in the lab as well as the humidity may also be issues. As was found
in some experiments [100, 97, 101], the water-cooling concept of the TD is itself a source
of acoustic noise. Thus the flow should be reduced to a minimum in order to prevent
these vibrations. In this work a water flow on the TD of 0.5-0.8 l/min was used. The
simple and inexpensive housing construction for the laser is described in appendix 6.6.
The aspects described below are of great importance when more precise experiments such
as repetition rate synchronization [102] and CEP stabilization [11] have to be done with
the oscillator. The PhD student has to remember that saving time on such technical things
may afterwards result in useless oscillator performance (the author has proved this in an
experiment on himself).

3.4 Mode-locking experiments

In this section, a description of consequent efforts on oscillator mode-locking with different
SESAMs is given. Every subsection will be devoted to the specific SESAM type and
corresponding oscillator parameters. Our experimental setup, sketched in Fig.3.9, includes
a 220-µm thin-wedged Yb:YAG disk of 7% doping (TD157, see Tab.2.1). A disk head
is aligned for 24 passes of the pump beam through the gain medium with a pump spot
diameter of 3.2 mm. The Yb:YAG TD is used as one of the folding mirrors in a standing-
wave cavity pumped by fibre-coupled diodes centred at a wavelength of 940 nm. The cavity
is a convex−concave type designed for providing large mode sizes over its entire length,
in order to minimize nonlinear propagation effects in air and also the risk of damage to
optical components. As we can see in Fig.3.9, the average mode radius inside the cavity
is >1 mm, and the beam radius on the disk is ∼1.2 mm and 0.9 mm on the end mirror
incorporating a SESAM. The end part of the cavity contains a telescope for compensating
a thermal lens induced by the SESAM and for scaling the beam radius on it.

Q-switched mode-locking and self-Q-switching

Before going into the experimental results on mode-locking it is necessary to make a com-
ment on two terms: Q-switched mode-locking and self-Q-switchingxii. Both of them apply
to Q-switched-like instabilities and are very often used as synonyms in the literature. A
slight difference is made between them in this work. During the work on the SESAM
mode-locked oscillator several situations relating to Q-switched instabilities were observed.
Often the oscillator started to strongly Q-switch at low output powers and a further in-
crease of pump power resulted in damage to the SESAM. Q-switching was strongly chaotic,

xiiSometimes the term self-Q-switching also means passive Q-switching.
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Figure 3.9: Schematic of the SESAM mode-locked Yb:YAG disk oscillator. All
flat mirrors are HD mirrors with -1000 fs2 and -3000 fs2 per bounce; OC, an
output coupler with 5.5% or 9.3% transmission; R1, R2 concave mirrors with 0.3
m radius of curvature ; R3=-4 m; R4=4 m; BP, 1-mm-thick fused-silica Brewster
plate. The pulse repetition rate is 40 MHz. The oscillator is placed inside a box
of size 1×0.4 m2.
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Figure 3.10: Mode radius vs cavity length. Calculated for the concave TD with
RTD=25 m.

typically accompanied by high-frequency acoustic noise. This was in contrast to the typical
description of Q-switched mode-locking as a slowly modulated mode-locked pulse train. For
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Figure 3.11: Picture illustrates different instabilities arising during increasing of
the oscillator pump power. Self-Q-switching, when it happens, causes SESAM
damage.

clarity, this strong regime with early onset is hereafter called “self-Q-switching”. Moreover,
the author is not aware of any publication mentioning this regime as a strongly limiting
factor. Here, the term “self-Q-switching” should not be confused with passive Q-switching
when there is no mode-locking.

ML with M4838 and M4838RTA

As can be seen in Tab.3.1, the single QW of the M4838 sample was grown at a low
temperature of Tg=250◦C and had no post-annealing. Afterwards the wafer was cleaved
in to 8×8 mm2 size samples and epoxy-mounted to the copper heat sink. Insertion of this
SESAM into the cavity resulted in stable mode-locked operation with an output power
of 45 W with a 9% OC. The oscillator was not self-starting and had to be perturbed to
initiate mode-locking. Negligible self-Q-switching was observed during increasing of the
pump power up to Pmax<200 W. The corresponding spectrum and microwave beat signal
are shown in Fig.3.12. The net cavity GDD was ∼-14000 fs2. The thermal effects in the
chip were clearly a limiting factor for further power increase. Thus, both annealing of this
sample to decrease non-saturable losses and soldering to the copper heat sink to improve
heat dissipation were performed. This sample was marked as M4838RTA (see Tab.3.1).
However, an increase of the pump power with this sample caused self-Q-switching already
at output powers <10 W. A further increase of the pump power induced stronger self-Q-
switching and, finally, damage. The self-Q-switching threshold varied negligibly, depending
on the amount of GDD, cavity alignment and the spot size on the SESAM. Therefore this
mode of operation could not be avoided.

ML with M4936 and M4937

The samples M4936 and M4937 had single InGaAs QW grown at 330◦C and 410◦C, respec-
tively. The experiments with these samples always resulted in damage to them through
self-Q-switching. The deposition of a top dielectric coating on these samples improved the
situation and no self-Q-switching could be observed. The oscillator with samples having
two layers of Ta2O5 (128 nm) and SiO2 (178 nm) could be mode-locked. However, the di-
electric coating caused a decrease of the modulation depth and prevented us from reaching
higher pulse energy than that described in the previous experiment.
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Figure 3.12: (a): Optical spectrum and mode profile at 45 W output power; (b):
Microwave beat signal showing 50 dBm sideband suppression.

ML with ANU1

The ANU1 sample was MOCVD-grown and had three QWs, placed in the one antinode
of the field distribution. Different samples were available depending on the oxygen im-
plantation dose 1.8-2.4·1014 1/cm2. For more details on this SESAM type see [86]. The
performance of ANU1, epoxy-mounted to a heat sink, was poor due to the thermal prob-
lems, indicated by strong output beam deterioration. Moreover, it also exhibited self-Q-
switching. The deposition of a top dielectric coating (two layers Ta2O5, SiO2) eliminated
self-Q-switching, yet the problems with beam deterioration remained the same. No further
experiments were done with this type of SESAM.

ML with Batop1

Additionally, many other samples from Batop GmbH were tried out from four different
wafers with modulation depths <1% and fast relaxation component <1 ps. These samples
were damaged mainly due to self-Q-switching. A couple of them, however, resulted in
stable oscillator performance. Batop1 is one of these chips. A remarkable feature was the
strong irreproducibility of the self-Q-switching threshold in day-to-day operation. Damage
because of self-Q-switching and stable operation was occurring in the ratio 50/50. No
remarkable output power increase was achieved in relation to the previous results. It is
interesting to note that Batop1 was designed for a slightly longer wavelength 1040 nm
and thus had a saturation fluence of 30 µJ/cm2 at 1030 nm, which differs from that of 90
µJ/cm2 specified for 1040 nm.

Even samples from the same wafer, supposedly identical, behaved differently, thus evi-
dencing poor reproducibility.
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ML with Batop2

The most valuable results on SESAM mode-locking were achieved with the sample Batop2.
It has specifications similar to Batop1, but with a top dielectric coating (Tab.3.1). Un-
fortunately, details about coating and structure are not available. The oscillator running
with Batop2 showed no tendency to self-Q-switching and was often self-starting. This
self-starting brought the oscillator into the Q-switched mode-locked regime, and further
increase of the pump power resulted in stably mode-locked operation. The stable range for
pumping was rather narrow with powers between 210-230 W (see Fig.3.13). The system
has indeed a strong hysteresis: once mode-locked at 210 W the system keeps running stably
at a decreased pump power down to 170 W, where it starts to Q-switch. A further increase
in output power was accomplished by changing the distance d (Fig.3.9) in proportion to
the growing pump power. In order to reach higher output energies the GDD was increased
up to ∼-30.000 fs2 together with the pump power. Nevertheless, the soliton could not
be stabilized by the rather low modulation depth <0.5% of Batop2 and as a consequence
additional CW peaks (in Fig.3.14) appeared at higher output power. Integration of the
area under these peaks yields approximately 20-30% of the overall power. TPA could also
be a reason for this instability. An attempt to increase the mode diameter on the SESAM
from 1.8 mm to 2.5 mm by replacing mirrors R1 and R2 with different ones caused a
very strong sensitivity of the oscillator to the TD/SESAM thermal lens. A further output
power increase >120 W was pointless.
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Figure 3.13: Beam profile, output power and efficiency vs pump power.



3.4 Mode-locking experiments 43

1029 1030 1031 1032 1033 1034
0

5

10

15

20
 

 

In
tte

ns
ity

 (a
. u

.)

Wavelength (nm)

110W 
93W 
70W 

0 1 2 3 4 5
0

2

4

6

8

10

 

 

 

Time (ps)

In
te

ns
ity

 (a
.u

.)

measured
 sech2 fit

                                       (a)                                                               (b) 

Δλ≈1.5 nm 

Δτsech
2≈800fs 

Figure 3.14: Oscillator characteristics operating with Batop2 sample. (a): Optical
spectra; (b): AC trace.

3.4.1 Experiment and simulations

Analytical calculationsxiii were performed in order to understand the main causes pro-
hibiting a further energy increase. A variational approach [31] to the generalized complex
nonlinear Ginzburg-Landau equation (see sec.1.2) and experimental results are compared
in Fig.3.15xiv. Unsaturable loss and saturable gain, spectral filtering, GDD, SPM induced
by air, the plate and the laser disk, and perfectly saturable losses in the SESAM were taken
into account in these calculations. The TPA parameter was d=0.00025, where d=θ/ζ, θ is
the TPA coefficient (in W−1) and ζ is the inverse power of the loss saturation. Two cases
are considered: with influence of TPA in the SESAM and without it. The parameters
for the simulations were chosen to resemble Batop2 and respective results. Solid curves
correspond to the calculations with TPA, dashed to those without. The transmission of
the output coupler varied between the three values 3, 6 and 10%. Red and black squares
represent experimental data at 10% and 6% OC transmission, respectively. The curves
show marginal stability of the mode-locked regime; in other words, the area below the
curves corresponds to the unstable region. The analytical results including a TPA effect
fit much better to the values observed in the experiment. It is obvious that TPA strongly
reduces the maximum attainable energy of the system (compare solid and dashed curves
in Fig.3.15(a)) and increases the minimal attainable output pulse duration (compare solid
and dashed curves in Fig. 3.15(b)). Therefore the most critical limit for further energy
scaling can be identified to be TPA in the SESAM. As was already mentioned (sec.2.3), the
resonator stability zone shrinks at larger spot diameters (>1.8 mm) on the SESAM and
prevents pumping at higher powers, because of the thermal lensing in TD and SESAM.
Thus reduction of TPA via enlarging the spot size on the SESAM was not possible.

xiiiby Vladimir Kalashnikov
xivThe calculations were done by Vladimir Kalashnikov.
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Figure 3.15: (a): Intracavity pulse energy vs GDD; (b): Pulse duration vs GDD.
Solid curves correspond to the calculations with TPA, dashed to those without.
Red and black squares represent experimental data at 10% and 6% OC transmis-
sion, respectively.

Chaotic Q-switching

An interesting regime was observed with the Batop2 sample and GDD=-13.000 fs2 when
trying to reach intracavity energies higher than ∼14 µJ. The onset of multiple pulses
accompanied by chaotic-like Q-switched mode-locking occurred. This chaotic regime can
be a limiting factor in energy increase and is a very interesting subject for theoretical
investigations in itself. Numerical simulations performed for this case revealed similar
oscillator behaviour and showed that closely (∼ps) and far-separated solitons interact with
each other via dynamic gain saturation. Evidently, the latter had to be included in the
numerical simulations of the complex nonlinear Ginzburg-Landau equation.

In conclusion, experimental data and theoretical calculations agree well with each other
when TPA is included in the model.

3.4.2 SESAM damage

All optical intracavity components are subject to damage. The most sensitive elements are
SESAMs and HD mirrors. Two regimes of the oscillator should be distinguished: a pulse
build-up (starting regime) and a stable mode-locked regime. Mostly, all damage occurs
during the pulse build-up and is related to the instabilities accompanying this process
and to the correspondingly high-peak intensities. Sometimes, damage may occur when
stable operation of the oscillator is perturbed by dropping something on the optical table
or misaligning the cavity. Therefore, it is of crucial importance to optimize the starting
regime of the oscillator and keep the oscillator away from external perturbations. The
damage threshold should be addressed with a coefficient F2 characterizing the roll-over in
nonlinear SESAM reflectivity and the pulse duration at which this coefficient was measured.
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                             (a)                                                                        (b) 
Figure 3.16: (a): Chaotic modulation of the pulse train observed in the experi-
ment; (b): Numerical simulation qualitatively reproducing this regime.

Figure 3.17: The soldered sample Batop2 (from Batop GmbH) peppered with
plenty of damaged spots. The green color of the chip is due to the dielectric
coating.

Otherwise it is not clear which limitation will be most crucial: the onset of multiple pulses
or the SESAM damage. The damage threshold of the SESAM strongly depends on the
design and is subject to a certain trade-off. These issues together with SESAM degradation
were studied in detail in [94].

No degradation effects were noticed in this work as the oscillator was not operated for
a long time with one sample.

It was found in our work that most SESAMs were damaged via self-Q-switching without
the attaining an optimal operation point. This turned out to be the most serious limitation
to using the SESAMs.
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3.5 Summary

Many experiments were conducted with different SESAMs during this work. The semi-
conductor chips showed limited performance as regards surface quality, damage due to
the self-Q-switching, TPA, heating and corresponding thermal effects. Simultaneous high-
power (>1 kW intracavity), high-energy (>20 µJ) and short-pulse (<300 fs) operation
of the oscillator is limited due to the above-listed shortcomings. Serious technological
improvements are needed to overcome these shortcomings.

Nevertheless, the SESAM can serve as a starter [24] for KLM. The design of the starter
SESAM is much more flexible and there are fewer constraints on it.



Chapter 4

Kerr-lens mode-locked thin-disk
oscillator

So far, all femtosecond thin-disk oscillators have been mode-locked by means of SESAM.
The KLM technique has been proposed many times and simultaneously criticized as diffi-
cult to realize [103, 104, 30]i. Actually, the limitations caused by SESAMii were the most
motivating factor for experiments on the KLM TD oscillator. The main concerns and un-
certainties in initiating this work were the natural coupling between SPM and self-focusing
(the main mechanism for mode-locking), initiation of mode-locking and the influence of
the TD thermal lens. As will be shown in this chapter, these concerns are not detrimental
to successful mode-locking.

In sec.4.1 the basics of KLM are described, including self-focusing and state-of-the-art
KLM resonators and experiments. Section 4.2 is devoted to the experimental work on Kerr-
lens mode-locking of the TD Yb:YAG oscillator. The recipe to obtain KLM is presented
here and oscillator characteristics are described. Section 4.3 shows oscillator stability in
terms of output power, beam pointing and sensitivity to back reflections. Sections 4.4
and 4.5 briefly describe preliminary results on Kerr-lens mode-locking of Yb:YAG with
positive GDD and Yb:Lu2O3 with negative GDD. The conclusions and further prospective
developments are given in the last two sections.

4.1 Kerr-lens mode-locking

4.1.1 KLM basics

The refractive index n of a material depends on the incident electric field intensity I [32]

n = n0 + n2I, (4.1)

iThis criticism is not truly objective and is sometimes of advertising and promotional character.
iiat least, by the SESAMs available from Batop, ANU, Reflekron, WSI
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where n2 is the nonlinear refractive index proportional to the third-order optical suscepti-
bility χ(3) [32]:

n2 =
16π2χ(3)

n0c
(4.2)

and n0 is the linear refractive index, c is the velocity of light. Formula 4.1 shows that
light intensity modifies the refractive index, which, in turn, acts on the light, thus self-
action of optical waves is possible: self-focusing, self-phase modulation, self-diffraction
etc. In particular, self-focusing is important to understand the main principle of KLM. A
Gaussian intensity distribution causes an increase of the refractive index in the central part
of the beam in relation to its outer regions. The Gaussian beam then acquires a nonlinear
phase shift of

δϕKerr =
2π

λ
n2I0 exp [−2

r2

ω2
]l ≈ 2π

λ
n2I0[1− 2

r2

ω2
]l,

where I0 is the peak intensity on the axis, ω is the 1/e beam radius and l is the thickness
of the Kerr medium. To first order, this expression can be taken as a parabolic function
of r2

ω2 . By comparing it with the phase shift of a thin lens,

δϕLens =
2π

λ
n
r2

f
,

the expression for the focal length due to self-focusing yields

f =
ω2

2n2I0l
=

πω4

4n2Pl
, (4.3)

where P is the peak power.

Kerr medium 

Low intensity 

High intensity 

Figure 4.1: Basic principle of KLM. Self-focusing occurs for a high-intensity beam
(red) and reduces the losses due to a hard aperture (two black knifes) blocking
the low-intensity (CW) beam. This mechanism initiates mode-locking and acts
as an artificial saturable absorber.

The higher the light intensity the stronger the action of such a lens. The lens becomes
stronger for smaller beam radii ω and media with higher nonlinearity n2. Self-focusing
occurs for the high-intensity beam (red, Fig.4.1) and reduces losses due to the hard-aperture
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blocking the low-intensity (CW) beam. This mechanism initiates mode-locking and acts
as an artificial saturable absorber. Catastrophic run away damage can happen when a
critical power Pcr is reached and the length of medium exceeds the self-focusing length zsf
according to [33, p.331 ]:

Pcr =
π(0.61)2λ2

8n0n2

, zsf =
2n0ω

2
0

λ

1√
P/Pcr − 1

. (4.4)

The first oscillator working on the KLM principle was discovered by Spence et.al. [7]
and referred to as self-mode-locking or magic mode-locking. Piché [105] explained the
mode-locking mechanism on the basis of the self-focusing and only a few authors recog-
nized the potential of self-focusing effect for mode-locking before the invention of KLM
[106, 107]. Since that time KLM established itself as the method of choice for ultrashort-
pulse generation and numerous studies [8, 108] were done on resonator design, theoretical
numerical and analytical description of KLM and experiments on ultrashort pulse gener-
ation [109] . Mostly, experiments were performed with a Ti:Sa gain medium, which has
several outstanding features: extremely broad bandwidth and short relaxations lifetime
and high thermal conductivity [110].

4.1.2 KLM resonator

The cavity configuration used for most mode-locking experiments is the bow-tie illustrated
in Fig.4.2 or so-called X-shape cavity or the Z-shape cavity. These types of resonators were
analyzed in detail in [105, 111, 112, 113].

OC 

TD R1 

R2 

R2 R1 
K 

OC HR or TD 

Figure 4.2: Schematic of the X-shape resonator standardly used for low-power
bulk oscillators. The replacement of the HR mirror by a TD leads to a design
proposed in [114] for KLM realization in a thin-disk oscillator.

As one can see, the resonator configuration of the thin-disk oscillator in Fig.3.9 is more
complex in relation to that in Fig.4.2. First, in Fig.4.2 the Kerr medium simultaneously
serves as a gain medium. This is not only hard to realize but also unnecessary in the
TD configuration. It would strongly counteract the power-scaling concept, according to
which the pump power density should be kept constant by enlarging the mode area on
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the disk and proportionally increasing the pump power. Moreover, the disk is too thin
to exhibit reasonable self-focusing. There are a number of publications in which the gain
medium and Kerr medium were separated. These are the experiments on Kerr-lens mode-
locking of Nd:YAG [115] and Nd:YLF [116] lasers. Indeed, they also have bow-tie-type
cavities. This type of cavity is not used in the thin-disk configuration because of the small
mode diameters over the optical elements, which is typically below 1 mm. The simple and
convenient solution for KLM in the TD cavity was to implement a telescopic arrangement
inside the cavity, which, in first approximation, cab be considered as a 4f extension. This
resonator configuration is similar to that for a SESAM mode-locked case (see Fig.3.9 and
Fig.4.4) and shows average mode diameters >2 mm over the intracavity optical elements.

4.1.3 Starting the KLM

One of the few drawbacks accompanying KLM is the difficult initiation of mode-locking.
Small random initial intensity fluctuations are too weak to make the self-focusing effect
pronounced. Thus, external cavity perturbation is necessary to induce stronger fluctuations
and initiate pulse build-up. It can be accomplished by moving one of the cavity mirrors or
placing one of the mirrors on a piezo transducer or shaker [117], or by using active mode-
locking [118, 116], semiconductor-doped glass structures [119] or SESAM [24] for initial
pulse build-up. In any case the oscillator has to operate near the stability edge. Exactly
at the stability edge the oscillator is most susceptible to intensity fluctuations. This is
typically accomplished by changing the distance between two focusing mirrors. In Fig.4.3iii
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Figure 4.3: Mode sizes on the disk and end mirror vs separation distance d for the
CW cavity. The inset shows a strongly astigmatic beam profile at the stability
edge corresponding to d∼312 mm.

the CW behaviour of the resonator at different stability edges is shown. Four stability
edges appear as a function of the separation distance d. The stability edge corresponding

iiiThe calculations were done by Jonathan Brons.
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to d∼312 mm was used in this work. The inset shows a strongly astigmatic CW beam
profile at the stability edge, which agrees well with calculations. In principle, measurement
of the beam profile at different cavity mirrors can be performed to derive the position with
respect to the stability edge in the KLM regime.

In some respect the starting problem is similar to the situation described in sec.3.4
for the SESAM mode-locked case when the mode-locker cannot be optimized for a whole
range of energies and peak powers. Some weak mode-locking mechanism is needed to cover
the low-energy range and pass on the baton to KLM for higher peak powers. Indeed, the
situation concerning start-up is not very critical and is a subject for optimization. For
example, self-starting stably mode-locked pure-KLM oscillators were demonstrated [111],
and even turn-key commercial stable self-starting systems with <10 fs pulse duration are
available [22]. It is worth noting that such an oscillator experiences a peak-power change
of six to seven orders of magnitude and, moreover, self-starts.

Weak SESAM

SESAM used to be the intracavity element most susceptible to damage in high-power
systems, typically via self-Q-switching or relaxation oscillation spikes during the pulse
buildup process, as described in sec.3.4. Moreover, it also exhibits TPA, which tends to
give rise to breakup into multi-pulsing and limits both the achievable intracavity pulse
energy and minimum pulse duration. However, the use of a SESAM as starter for mode-
locking strongly reduces constraints on the cavity design. In that case, it is no longer
necessary to keep the saturable absorption large and relaxation time very short to maintain
mode-locking. These considerations inspired us to design a SESAM more suitable to start
mode-locking. We applied a dielectric top coating on a SESAM with a similar structure to
that shown Fig.3.1. The top reflective dielectric coating consists of six alternating layers of
Ta2O5 (128 nm) and SiO2 (178 nm). The coating reduces the intensity level in the SESAM
by a factor of 9. As a consequence, the SESAM modulation depth drops by the same
factor to 4R<0.1% and the saturation fluence rises to Fsat >400 µJ/cm2, which leads to
reduced TPA and an increased damage threshold [94]. Because of the small modulation
depth, this SESAM alone cannot result in stable mode-locking. To our knowledge, such a
low-modulation-depth weak SESAM was used as KLM starter for the first time.

In the experiments described below we used an OC with transmission of 5.5% and a
weak SESAM as end mirror M. The experiment with OC transmission of 14% and HR as
end mirror will be treated separately.

The analytical or numerical calculations of the Kerr-lens influence in our resonator
can be very complex and, mostly, uncertain (or misleading) since exact values of some
parameters such as the value of the TD thermal lens and astigmatism are missing. This
together with very complex simulations of spatio-temporal dynamics of mode-locking could
result in a huge uncertainties of these simulations. Therefore, as a first approximation we
took the Kerr-lens as a thin lens Eq.4.3 and used simple ABCD calculations to model the
influence of the Kerr-lens. Such simulations gave a qualitative understanding of the cavity
behaviour at the stability edge and possible influence of the Kerr lens on it. The first steps
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towards KLM were done experimentally.

4.2 Kerr-lens mode-locking of Yb:YAG oscillator

Kerr-lens mode locking of an Yb:YAG bulk oscillator was already performed by S. Uemura
et. al and resulted in 35-fs pulses [120]. This remarkable performance came at the expense
of dramatically reduced output power and efficiency, achieved by spectral filtering that
shifted the central wavelength from 1030 nm toward 1060 nm (see Fig.2.2), limiting the
output power to 110 mW. Even so, this can be compared with results for a similar bulk
oscillator configuration mode-locked by a SESAM. In this case the shortest pulses were
about 340 fs and the output power 110 mW [121].

NDR 
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Figure 4.4: Schematic of the KLM Yb:YAG disk oscillator in the presence of
negative GDD. All flat mirrors are HD mirrors with -1000 fs2 and -3000 fs2 per
bounce; OC, an output coupler with 5.5% or 14% transmission; R1, R2 concave
mirrors with 0.3 m radius of curvature ; R3=-4 m; R4=4 m; K, Kerr medium; H,
hard aperture; M, weak SESAM or HR mirror. The pulse repetition rate is 40
MHz.

.

The experimental setup of the KLM TD oscillator in Fig.4.4 is similar to that shown in
Fig.3.9 for a SESAM mode-locked TD oscillator. The characteristic cavity dimensions and
disk were kept the same. Dispersion from all intracavity elements as well as the nonlinear
phase shift induced by the Kerr-medium are compensated for by the round-trip negative
GDD of approximately -22.000 fs2. All flat mirrors were HD mirrors with -1000 fs2 and -
3000 fs2 per bounce [37]. In order to provide high sensitivity of the Kerr effect, the oscillator
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is operated at the stability edge corresponding to the increased distance d between mirrors
R1 and R2. This stability edge can be used for both soft- and hard-aperture KLM.

4-mm SF 57

In the beginning lead-containing SF 57 glass, with a high nonlinear refractive index n2=4.1·10−19

m2/W was chosen as Kerr medium to enhance the self-focusing effect and identify the res-
onator configuration and alignment necessary to obtain KLM. Mirror R2 was mounted on
a precision micrometer stage. A gradual increase of the distance d resulted in a gradual
decrease of the output power and changed the beam profile to more astigmatic. Near the
stability edge the output power substantially drops because of the poor overlap with the
pump spot on the TD. This point serves as a reference near which Kerr lensing can be
obtained. The mode-locking could be started by pushing mirror R2 and carefully aligningFirst stepts with klm oscillator and sf57 4 mm glass 
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Figure 4.5: Oscillator characteristics operating with 4-mm-thick SF 57 glass plate
as Kerr medium. (a): Pulse train at 7 W output power; (b): Pulse train at 3 W
output power; (c): Optical spectra at 3 W and 7 W output power (measured with
Ocean Optics HR 4000); (d): Beam profile at 3 W and 7 W output power.

the position of the Kerr medium relatively to the focus (distance x in Fig. 4.4). The last
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alignment was not critical because a 4-mm-thick SF 57 plate can be placed in the focus
with a small uncertainty. The distance d had to be increased to ≈312 mm in order to bring
the cavity to the edge of the stability zone. It is clear that the beam radius of 50-100 µm
in the Kerr medium and the high nonlinearity of SF 57 glass cause very high SPM, which
cannot be balanced by the GDD of -22000 fs2 introduced in the cavity. Unavoidably, this
situation leads to unstable mode-locking with onset of multi-pulsing. Up to 10 pulses per
cavity round-trip could be detected with a fast photodiode at 7 W output power and 70 W
pump power (see Fig.4.5(a)). A 5.5% OC was chosen to decrease the lasing threshold and
keep the intracavity power relatively large for initial experiments. Decreasing the pump
power down to 50 W and 3 W output power reduces the amount of pulses down to 3 (see
Fig.4.5(b)). The spectral bandwidth, however, does not change appreciably and maintains
4λFWHM ≈1.5 nm (see Fig.4.5(c)). Pronounced CW spikes appear at reduced output
power. The thinner 1.8-mm plate of SF 57 glass was tried out as next step. It did not
change the situation drastically as strong multi-pulsing and optical spectra with similar
bandwidth were observed.

6.4-mm fused silica

Here, the 6.4-mm-thick fused silica plate with n2=2.5·10−20 m2/W [122] was taken. It
reduced the nonlinearity by almost an order of magnitude in realtion to the 4-mm-thick
SF 57 plate and simultaneously kept the plate thick in order to have no constraint on
the alignment relatively to the beam focus. This could slightly improve the situation. In

First stepts with klm oscillator and 6,4 mm glass First stepts with klm oscillator and sf57 4 mm glass 
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Figure 4.6: Oscillator characteristics operating with a 6.4-mm-thick fused silica
plate as Kerr medium. (a): Optical spectra at 3 W and 2 W output power; (b):
Autocorrelation trace measured at 2 W; (c): Beam profile at 3 W and 2 W output
power.

Fig.4.6(a) the optical spectrum became broader with4λFWHM ≈3 nm for the mode-locked
regime with onset of multiple pulses at 3 W and exhibited a pronounced CW component
and narrower width 4λFWHM ≈2 nm in the single-pulse regime. This regime is similar
to the SESAM mode-locked case and slightly outperforms it in terms of pulse duration.
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Again, this was accomplished by starting the oscillator in the multi-pulsing regime and
bringing it to the single-pulse regime by reducing the pump power.

3-mm fused silica

The thickness of the plate was further decreased down to 3 mm. KLM was achieved by
going to the stability edge and pushing the stage with mirror R2. Figure 4.7(a) shows
optical spectra (measured by Ando AQ6315) in the single- and multiple-pulse regimes
with corresponding output powers of 4.5 W and 8 W, respectively. Multiple pulses can be
recognized by the strong modulation of the spectrum. The decrease of the pump power
leads to stable single-pulse operation at 4.5 W output power. There are two noticeable
differences in comparison with previous regimes in the presence of strong nonlinearity.
First, the spectral bandwidth 4λFWHM ≈3 nm is much broader and accordingly pulses
are shorter (Fig.4.7(b)). Second, the difference in output power between the mode-locked
and CW regimes becomes more pronounced (see Fig.4.7(c)). This difference PML/PCW =
4.5W/1.5W = 3 indicates a large effective modulation depth of the KLM mechanism.
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Figure 4.7: Oscillator characteristics operating with 3-mm-thick fused silica plate
as Kerr medium. (a): Optical spectra at 8 W and 4.5 W output power (measured
by ANDO AQ6315); (b): Autocorrelation trace measured at 4.5 W; (c): Beam
profile in the CW and ML regimes. The noise in the blue trace is due to the long
integration time.

1-mm fused silica

The best performance was achieved with a 1-mm-thick fused silica plate as Kerr medium.
The oscillator was successfully operated with two different output couplers with 5.5% and
14% transmission. With the lower output coupling, we achieved 17 W of average power at
110 W of pump power, which corresponds to an optical-to-optical efficiency of 15%. Under
these conditions, we measured a pulse duration of 200 fs (assuming a sech2 pulse shape)
with a spectral width of 6 nm (FWHM) and time-bandwidth product of 0.34 (ideal 0.315)
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Figure 4.8: Oscillator characteristics operating with 1-mm-thick fused silica plate
as Kerr medium. (a): Optical spectrums at 17 W; (b): Autocorrelation trace at
17 W; (c): Beam profile in the CW and ML regimes.

; see Fig.4.8. Kelly sidebands are visible in the spectral wings. As can be seen the spectral
bandwidth 4λFWHM ≈6 nm approaches the emission-bandwidth limit of Yb:YAG (see
Fig.4.8 and Fig.2.2 ) and the difference in output power between the mode-locked and CW
regimes is now very pronounced (see Fig. 4.8(c)). This difference PML/PCW = 17W/2W =
8 indicates the large effective modulation depth of the KLM mechanism, which according
to the simulationsiv is 4RKLM=5%. With high output coupling, we could achieve stable
operation up to pump power levels of 180 W, resulting in an average output power of 45 W,
corresponding to 1.1-µJ pulses and 25% optical-to-optical efficiency. The autocorrelation
and spectral shapes are shown in Fig.4.9 with a pulse duration of 270 fs, a spectral width of
4.9 nm (FWHM) and the time-bandwidth product of 0.37 (ideal 0.315). In both operation
regimes, the intracavity pulse energy was approximately 8 µJ and the intracavity average
power was 320 W. The attempts to reach higher energy led to the onset of multipulsing
or CW background. Again, the strong hysteresis behaviour of the oscillator was utilized
to start and reach a stable operation regime. At high pump power levels of approximately
150 W for 5.5% OC and 220 W for 14% OC the oscillator self-started in multiple pulses or
with CW background; afterwards, the pump power was decreased to bring the oscillator
into stable single-pulse operation.

Q-switched mode-locking instabilities used to appear only during the alignment of the
oscillator. The suppression of these instabilities is very likely caused by saturation of the
KLM self-amplitude modulation (see Fig.1.4).

A small red shift of the spectrum relatively to the gain maximum at 1030 nm could be
observed. This shift amounts to 1-2.5 nm and is more pronounced for higher intracavity
peak powers. It can be explained by the action of radiation reabsorption in combination
with gain saturation and dispersion of the gain medium [123, 124]. Typically, the optimal
cavity alignment and mode-locking regime corresponded to a maximal red shift of the

ivPreliminary simulations were done by V. Kalashnikov.
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Figure 4.9: Oscillator characteristics operating with 1-mm-thick fused silica plate
and 14% OC. (a): Optical spectra at 46 W; (b): Autocorrelation trace at 46 W;
(c): Beam profile in CW and ML regime.

It is worth noting that the cavity in the CW regime is not sensitive to the alignment
of such a thin plate as long as its position x relatively to the focus is fixed. The light
refraction in the thin plate is weak, thus small misalignment from the Brewster angle due
to a plate exchange or due to a shift along the focus is not critical for the overall cavity
alignment.

1-mm fused silica, pure KLM, 5.5% OC

The above-described experiments were carried out with the weak SESAM as a starter
for mode-locking. In order to check the influence of a weak SESAM on the oscillator
performance, it was replaced (see position M in Fig.4.4) by an HR mirror. The first
experiment was carried out without a hard aperture inside the resonator and KLM was
realized due to the soft-aperture on the TD pump spot. This oscillator configuration
showed high sensitivity to the position d at the stability edge as well as difficult start-
up. Critical sensitivity to the alignment and difficult start-up were decisive factors for
not using this configuration for further experiments. An additional hard-aperture in the
form of a pinhole was added into the cavity between the focus and concave mirror R2 (see
Fig.4.4). The hard-aperture drastically reduced the alignment sensitivity of the oscillator
and simplified the starting procedure. The oscillator could easily be started by pushing
mirror R2 or self-started at increased pump power levels, as described for weak-SESAM-
assisted KLM. In the first experiments a simple 1-mm-thick copper plate with a drilled hole
>2 mm in diameter in it was used as a hard-aperture. Due to the high intracavity power
>300 W it quickly warmed up and caused an oscillator drift. In order to eliminate this
issue a water-cooled monolithic copper aperture (Fig.4.10(c)) was recently designed and
used in later experiments. This water-cooled aperture does not cause pronounced drift of
the oscillator, but it also hardly tolerates such oscillator drifts due to the TD thermal lens.
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Thus, several alignments may be necessary due to the oscillator warm-up. Once aligned,
the oscillator keeps running stably for the whole day. With the low output coupling ofHard aperture 
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Figure 4.10: Oscillator characteristics operating with 1-mm-thick fused silica
plate, 5.5% OC and hard-aperture. (a): Optical spectrums at 15 W; (b): Auto-
correlation trace at 15 W; (c): Water-cooled hard-aperture.

5.5% we achieved 15 W of average power. Under these conditions, we measured a pulse
duration of 190 fs (assuming a sech2 pulse shape) with a spectral width of 6.5 nm (FWHM)
in Fig.4.10(a), which is 10% broader than that reported for the SESAM-assisted case. This
pulse shortening by 10% is due to the combined action of the soft and hard apertures with
somewhat higher effective modulation depth. This argument can also be checked by the
absence of Kelly sidebands in the optical spectrum in Fig.4.10(a).

0.5-mm fused silica

Here, a test experiment was made by exchanging the 1-mm-thick plate for a 0.5-mm-thick
plate. The alignment relatively to the beam focus became more critical. The oscillator
was not self-starting as described before, but slight mirror perturbation was sufficient to
initiate KLM. The regime showed single-pulse operation with characteristics similar to
the case with the 1-mm plate. The main outcome of this experiment was to demonstrate
operation with a reduced SPM threshold and higher output power. Obviously, further
experiments on decreasing the thickness of the Kerr medium and/or increasing the beam
size in it should be continued in order to reach the maximum output energy at a minimum
threshold SPM value.

It is important to note that all experiments described in this work were performed with
the disk TD 157 (Tab.2.1). It could be run near the stability edge at pump powers >250 W
and experience the sudden change of the intracavity power due to the action of the Kerr
lens (see Fig.4.8), showing robust performance. Damage only occurred when the pump
power was unintentionally increased very rapidly v. The exchange for a new disk TD 159

vThe control box had maximum control voltage at the moment of turning on the pump diodes. The
maximum control voltage corresponds to a pump power of >500 W.
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(Tab.2.1) was done on the same day with no noticeable difference in oscillator performance.
This proves that the cavity is insensitive to the initial variation in radius of curvature of
the TD, as can be seen in the stability diagrams in Fig.2.5.

4.2.1 Damage to HD mirrors and Kerr medium

Unlike in the experiments with a pure SESAM mode-locked oscillator, damage of the
weak overcoated SESAM was not observed. There are two reasons for this: first, the
field penetration-depth into the SESAM structure is by a factor 9 less than for the usual
SESAM with no dielectric coating; second, the beam on the end mirror is enlarged near
the stability edge and consequently reduces the peak intensity on it. However, damage
to the HD mirrors and the Kerr medium was observed. This damage was only observed
during oscillator start-up and alignment. It was mostly caused both by the non-optimal
position x of the Kerr medium relatively to the focus and by moving the oscillator too
close to the stability edge via changing the distance d. It was noticed that HD mirrors
located closer to the output coupler and that those with higher GDD values were most
susceptible to damage. The beam diameter shrinks near the stability edge in the part of
the oscillator close to the output coupler and makes the optics in this part most susceptible
to damage during the oscillator start-up. As long as the oscillator is optimally aligned it
can be started and run with no damage to the optical elements.

4.2.2 Energy scaling of KLM

KLM as realized in our work allows energy/power scaling. The average power scaling is
supported by the TD concept and the cavity calculations show that spot sizes over 5 mm
on the TD are feasible. Energy scaling can be performed by increasing the mode size inside
the Kerr medium in proportion to the increase of the intracavity energy. This procedure
would keep the peak intensity and self-focusing parameters in the Kerr medium constant.
This can be accomplished in turn by exchanging the mirrors R1 and R2 for new ones
with larger radii of curvature. The mirrors R1, R2 separated by the distance d can be
considered as a telescopic 4f arrangement in first approximation. Consequently, exchanging
the mirrors will not influence the beam parameters on other critical cavity elements such
as the TD. Further optimization of KLM can be accomplished by changing the thickness
of the Kerr medium.

4.3 Oscillator stability

4.3.1 Beam pointing

The oscillator is operating in the stability zone II [74] with large mode sizes. Despite
this, the laser shows excellent beam pointing stability with <10 µrad r.m.s. deviation,
as can be derived from the measurements in Fig.4.11(b). Figure 4.11(a) shows the beam
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pointing drift during oscillator warm-up, which takes 10-30 minutes. Beam pointing fluctu-

                          (a)                                               (b) 
Figure 4.11: Beam pointing fluctuations of the mode-locked oscillator at 1 m
distance from the output coupler (measured with WinCam beam profiler). (a):
Beam pointing drift during oscillator warm-up; (b): Beam pointing fluctuations
after oscillator warm-up.

ations correspond to the level of commercial Ti:Sa oscillators, and so no active stabilization
schemes are needed for further experiments with this laser.

4.3.2 Intensity fluctuations

Many research applications such as CEP stabilization [125], spectrum broadening [126],
white light generation, repetition rate synchronization [102] and seeding of enhancement
cavities [16] call for unprecedented power stability of the oscillator, specifically on a short
time scale. All these experiments utilize nonlinear phenomena, thus any small intensity
fluctuations of a driving field can be transferred to the amplitude and phase noise of
the output signal. The oscillator intensity noise is typically caused by fluctuations of
the pump diodes and by external mechanical noise. The power spectral density of the
intensity fluctuations is shown in Fig.4.12. The main intensity noise lies within the 10
kHz bandwidth and has a small relaxation oscillation spike near 8 kHz. Corresponding
peak-to-peak intensity fluctuations are below 0.8% and are defined by the fluctuations of
the pump diodes. This result approaches the noise level of commercial Ti:Sa oscillators.
It is difficult to give an adequate comparison between the intensity noise of the SESAM
mode-locked TD oscillator and the KLM TD oscillator as the first one was mode-locked at
3 times higher intracavity pulse energies then the former, but with similar intracavity peak
powers of 40 MW. Generally the SESAM mode-locked oscillator had a stronger tendency
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Figure 4.12: One-sided intensity power spectral density (PSD) of intensity noise
from the free-running Yb:YAG TD KLM oscillator (black curve) and the noise of
the Agilent spectrum analyzer (red curve).
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Figure 4.13: The radio frequency spectra showing the repetition rate beat signal at
∼40 MHz. (a): KLM Yb:YAG TD oscillator; (b): SESAM mode-locked Yb:YAG
TD oscillator.

to Q-switched mode-locking, which was not observed in the KLM oscillator. The simplest
way of characterizing intensity fluctuations was to detect the repetition rate frequency with
an RF spectrum analyzer. As shown in Fig.4.13, the sidebands in the case of the SESAM
mode-locked oscillator are suppressed by 60 dBm and sidebands of the KLM oscillator
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are suppressed by 70-75 dBm. It is worth noting that suppression of the sidebands by 40
dBm was reported for a SESAM-ML active multi-pass oscillator [17, 127]. This shows a
remarkable superiority of KLM over SESAM mode-locking.

4.3.3 Sensitivity to back reflections

Typically, back reflections disturb the oscillator operation and can cause strong fluctuations
or interrupt mode-locking. Measures should be taken to avoid back reflections from all
intracavity elements, and so TD and OC should be wedged. Moreover, a Faraday isolator
may be necessary to prevent back reflections from the experimental setup outside the
cavity. The sensitivity of the oscillator to back reflections was tested by placing a plane-
parallel output coupler with 2% transmission having an AR coating <0.1% instead of the
wedged one. The oscillator could easily be mode-locked at 6 W output power by pushing
the translation stage with mirror R2 (see Fig.4.4); no pulse train modulation was noticed.
Moreover, the mode-locking could not be disturbed even by placing a HR mirror after
the output coupler and reflecting back all of the 6 W output power. Further experiments
with spectrum broadening in a fibre (see sec.5.1.1) and CE phase characterization were
performed without the Faraday isolator and with no influence on the oscillator performance.
The influence of back reflections on the self-starting oscillator behaviour [128] was not
studied.

4.3.4 Mode quality at the stability edge

One of the concerns with KLM oscillators can be the mode quality. As demonstrated
in Fig.4.8, the astigmatic shape of the mode near the stability edge in CW operation
changes to a TEM00 fundamental one in the mode-locked regime. This strongly depends
on the oscillator position at the stability edge (separation distance d in Fig.4.4). A first
contribution to mode quality deterioration can arise from the fact that self-focusing does
not push it far enough away from the stability edge, where the sagittal and tangential
planes do not overlap perfectly, so that the mode may still have an astigmatic shape. The
second reason can be a frequency degeneracy of higher transverse modes near the stability
edge [129, 130, 131]. Modes with an M2 parameter from 1.1 to 1.6 were observed, depending
on how close to the stability edge the oscillator was operating. The frequency degeneracy
near the stability edge combined with mirror damage (as a spatial filter) may result in
strong coupling of higher-order transverse modes. Fig.4.14 demonstrates the beam profile
in the CW regime near the cavity stability edge when one of the mirrors was damaged. Such
spatial filters as damaged spots or dust should be avoided in order to suppress the coupling
of higher transverse modes. The self-starting or easy-to-start oscillator regime indicates a
safe position at the stability edge which does not cause reasonable beam deterioration.

Some applications, may benefit much, for example, from the radially polarized donut-
like mode [132]. XUV generation inside the oscillator can be organized in a similar manner
to that proposed in [129] and transverse mode degeneracy can also be used as an XUV
outcoupling method.
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Figure 4.14: TEM04-like mode profile measured in CW regime for the cavity near
the stability edge when one of the mirrors was damaged.

4.4 Kerr-lens mode-locked Yb:YAG thin-disk chirped-

pulse oscillator

The regime of positive intracavity GDD has already demonstrated its potential for energy
scaling of long-cavity Ti:Sa oscillators [133], reaching pulse energies of >500 nJ [21] and
more recently >650 nJ in commercial systems [22]. This approach has also been applied
to SESAM mode-locked Yb:KYW and Yb:KLuW bulk [134] and thin-disk [135] oscillators
allowing a substantial increase of the intracavity pulse energy. Nevertheless, while consti-
tuting the standard operation regime of femtosecond fibre oscillators [136], positive GDD
is still an exception to the rule in bulk solid-state oscillators. As a follow-up of our work
on the Yb:YAG KLM TD oscillator in the negative GDD regime, here the operation of
such a system is described in the regime of positive intracavity GDD. The experimental
setup, sketched in Fig.4.15, is practically the same as the one in Fig.4.4 for the case of
the negative GDD regime. At first, pure KLM was tried by using a hard-aperture. How-
ever, all attempts to start this mode of operation proved unsuccessful (as opposed to the
system operated with negative GDD, where hard-aperture KLM could be readily started
(sec.4.2)). Therefore, the results reported here were achieved with soft-aperture KLM and
with the assistance of a weak SESAM employed merely for self-starting mode-locking.

As discussed in sec.1.3, positive intracavity GDD has several advantages over the neg-
ative one. The peak power inside the oscillator is drastically reduced owing to large pulse
chirp and remains constant with the energy scaling. As a result, the GDD needed to sta-
bilize a pulse is approximately an order of magnitude less than needed in negative GDD
regime. This is expected to allow shorter pulses (after extracavity compression) because
the Fourier limit is predicted to scale with the square root of the intracavity GDD [31].
Alternatively, at the same magnitude of GDD, the positive operation regime is expected
to allow higher maximum pulse energy than the negative GDD regime, since the energy
scaling in the presence of positive GDD is superior to that with negative GDD [31].

These benefits come at the expense of a more challenging start-up behaviour of the
mode-locking process. In practice, pulse formation with positive GDD can only be initiated
within a limited parameter window (of the SPM and GDD values). In contrast to negative-
GDD KLM, which tends to start in the multiple-pulse regime, positive intracavity GDD
tends to prefer the formation of a single pulse in the cavity. As compared with our KLM
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Figure 4.15: Schematic of the KLM mode-locked Yb:YAG disk oscillator in the
presence of positive GDD. All flat mirrors are HD mirrors with +250 fs2 and
+1000 fs2 per bounce; OC, an output coupler with 5.5% or 10% transmission;
R1, R2 concave mirrors with 0.3 m radius of curvature ; R3, -4 m; R4, 4 m;
BP, 6.4-or 9.5-mm-thick fused silica Brewster plate; M, weak SESAM. The pulse
repetition rate is 40 MHz.

Figure 4.16: Oscillator self-starting behaviour. (a): Pulse train during build-up
(black) and mode-locked pulse train (red); (b): Spectrum corresponding to the
pulse build-up.

disk laser operated originally with a net intracavity GDD of -22000 fs2 in sec.4.2, a positive
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GDD nearly an order of magnitude smaller was chosen while leaving other parameters of
the cavity unchanged. The round-trip GDD of +3500 fs2 was introduced by 4 bounces on
dispersive mirrors. This modification of the cavity did not allow mode-locking. Therefore,
subsequent increase of SPM inside the cavity was performed by replacing the 1-mm-thick
fused-silica nonlinear medium with one having a thickness of a quarter of an inch (6.4 mm).

4.4.1 Oscillator start-up

The pulse build-up process is rather hard and starts most likely from Q-switching. This
Q-switching often resulted in white light generation and occasionally damaged the Kerr
medium but never damaged any other optics in the cavity. The transit situation, when
the oscillator is close to the optimal point and tries to build up a pulse train, is shown in
Fig.4.16. A small pump power increase leads to a stable pulse train, depicted by the red
curve in Fig.4.16(a). The peak intensity is at least six times higher during the oscillator
start-up than for the stable situation (compare black and red traces). The optical spectrum
corresponding to the start-up situation is shown in Fig.4.16(b). It exhibits both a CW
component and small broad pedestal corresponding to the mode-locked pulse train. The
experiments were carried out with output couplers of 5.5% and 10% transmission and 6.4-
and 9.5-mm-thick fused-silica Kerr media. Generally, the tendency for softer self-start
and alignment flexibility were observed for the case of the 5.5% OC and 6.4-mm-thick
Kerr plate. It is worth noting that strong Q-switched mode-locking was also observed
several years ago and prevented us from mode-locking a thin-disk oscillator in the regime
of positive GDD with a SESAM only because of damage to the optical components.

4.4.2 Results

In this configuration, with an output coupling of 5.5%, 17 W of average power at 150
W of pump power was achieved, which corresponds to an optical-to-optical efficiency of
11%. Under these conditions, a pulse duration of 1.7 ps (assuming a sech2 pulse shape)
with a full spectral width of over 20 nm (see red spectrum in Fig.4.17) was measured.
The calculated Fourier limit is 150 fs. The pulses were compressed externally in an all-
dispersive mirror compressor (Fig.4.15) introducing -60.000 fs2 GDD at 20 bounces [37].
The resulting pulse duration after the compressor is 190 fs full-width at half-maximum
(assuming a sech2 pulse profile) with 11 W throughput (Fig.4.18). The relatively high loss
of 40% in the compressor is caused by clipping the beam on the mirrors and is related to
the limited amount of mirrors. The pedestal in the autocorrelation trace (Fig.4.18) may be
caused by the high-dispersive mirrors, which were designed for the range 1030±10 nm and
could be slightly shifted in the central wavelength because of coating deposition errors [37].
Depending on the mode-locking parameters, the spectrum can exhibit strong non-linear
chirp at the edges, a common feature of the positive dispersion regime. The autocorrelation
with pedestal may be due to an uncompensated non-linear chirp [137]. The spectral shapes
in Fig.4.17 have relatively smooth edges as a result of the narrow gain bandwidth and the
relatively large net loss, (see [31],[21]) and become more truncated with the growth of the
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Figure 4.18: The autocorrelation measurements before compressor (a) and after
compressor (b).

GDD. Also, there is an asymmetry of the spectra relatively to the emission bandwidth
maximum at ∼1030 nm. This can be explained by a similarly asymmetric shape of the
Yb:YAG gain (sec.2.2) and phase change in such a narrow-band gain medium [138].
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After the oscillator self-started it was slightly realigned to operate closer to the stability
edge by means of increasing the distance d (see Fig.4.15) and proportionally the pump
power. This optimization procedure typically provided an increase of the average power
by 30%; see blue, olive and black spectra in Fig.4.17, measured with 10% output coupler
transmission and 9.5-mm-thick Kerr plate. An extreme case is the red spectrum in Fig.4.17,
measured with 5.5% output coupling and a 6.4-mm-thick Kerr plate. In this case the output
power could be increased by 50%, from 12 W to 17 W. A slight increase of the pump power
by 3-5% with all other parameters fixed resulted in a tendency to instabilities and strong
Q-switching, similar to that in the build-up process (see Fig.4.16(a)). Decrease of the
pump power by the same amount always brought the laser back into the stable regime
(see Fig.4.16(b)). This was characterized by typical peak-to-peak amplitude fluctuations
of <3% within the 1-minute measurement time, a value significantly higher than that for
the negative GDD regime (see sec.4.3.2).

As was predicted in [31], a positive GDD regime in combination with soft-aperture
KLM can allow powerful energy scaling without the need for a substantial GDD increase
and comprising bandwidth. Nevertheless, we found experimentally that the energy growth
increasingly impedes the ability of the laser to self-start and requires an increase of the
GDD level for self-starting KLM. It is this GDD growth required for self-starting that in
fact results in spectral narrowing (Fig.4.17). This behaviour is similar to the one reported
in [139]. The oscillator could substantially benefit from the ability to tune the GDD inside
the cavity and use this ’knob’ to implement a hysteresis in the energy vs GDD coordinates.
This was realized by means of two prisms [140]. Our attempts to initiate mode-locking
at an increased GDD level >+10000 fs2 were not successful. Further power scaling of the
oscillator with positive GDD was limited by the inability to start mode-locking.

4.4.3 Conclusion

Even though the difficult mode-locking initiation can be explained qualitatively by the long
chirped pulses, being especially critical for KLM, the details and theoretical investigation of
the starting mechanism remains one of the most intriguing and non-investigated issues for
energy-scalable oscillators. This work provides strong motivation for theoretical research
on the starting mechanism, specifically in the presence of positive GDD. 0.4-µJ pulses with
an average power of 17 W and a pulse duration of 190 fs were demonstrated. This result is
realized with nearly an order smaller GDD compared with the regime of negative GDD (in
sec.4.2). Power scaling with GDD and output coupling up to 30 W demonstrated, however,
approaching GDD levels similar to the negative dispersion regime (Fig.4.17). Inability to
start the oscillator at increased GDD levels was found to be the limiting factor in further
energy scaling. An additional starting mechanism such as regenerative mode-locking [118]
or SESAM [24] with an increased modulation depth offers the potential for scaling the
pulse energy and the power of KLM disk lasers to unprecedented values.
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4.5 Kerr-lens mode-locking of Yb:Lu2O3 oscillator

The generation of near emission-bandwidth-limited pulses from Yb:YAG prompted exper-
iments on Kerr-lens mode-locking of the more-broadband gain medium Yb:Lu2O3. The
designed resonator was of convex-concave type similar to the resonator described in sec.4.2
with an identical focusing arrangement consisting of R1 =R2 =300 mm concave mirrors
and having similar misalignment sensitivity. The pump head was aligned for 24 passes,
providing a pump spot 2.8 mm in diameter on the Yb:Lu2O3 disk. The initial (unpumped)
disk curvature was ∼2 m. We used VBG-stabilized pump diodes lasing at 976 nm with a
FWHM emission bandwidth of ∼2 nm for efficient pumping (see Fig.2.2).

4.5.1 Technical obstacles

Four disks were available for these experiments (from the group of Prof. Huber). All of
them were soldered to metal heat sinks. Two disks with a large diameter of 10 mm were
from the same boule and two smaller-diameter disks were from a different boule, grown at
a somewhat earlier time.

Yb:Lu2O3 disks with 10-mm diameter

Preliminary diagnosticvi of the 10-mm disks in a microscope with cross-polarizers showed
crystal inhomogeneities for both disks. In Fig.4.19 both Yb:Lu2O3 disks are shown for
comparison. One of the disks was edge-bevelled after soldering . This resulted in small

                
homogeneous region 

                                 (a)                                                                                    (b) 
Figure 4.19: Cross-polarized microscope images of two 10-mm-diameter Yb:Lu2O3

disks.

viThe pictures were made by Mikhail Larionov.
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damage of the disk near the edge. This disk was destroyed under moderate pumping of
below 50 W.

The second large disk was tested in a multi-mode CW cavity and showed no lasing. Just
replacing the output coupler by an HR mirror could allow lasing in the multi-mode regime,
which at least indicates high losses introduced by the disk. Moreover, partial darkening
of the pump spot was observed. In particular, at increased pump powers (>100 W) part
of the pump spot became dark, which completely distorted the laser performance. The
disk could withstand up to 200-W pump power, exhibiting this darkening effect. Better
performance could not be reached by changing the pump spot position on the disk.

Yb:Lu2O3 disks with 4-mm diameter

The disks 4 mm in diameter showed substantially better performance in comparison with
the larger disks. Thus, in the multi-mode regime the optical-to-optical efficiency of 50%
could easily be reached while pumping with 200 W. Nevertheless, another technical problem
appeared: the pump spot diameter on the disk could not be reduced below 2.8 mm. This is
due to the relatively large 1-mm-diameter coupling fibre of the pump diodes and constraints
on the size of the collimating optics. Moreover, the disks had parts of the solder at the
edges, which absorbed fluorescence light and heated up the disk. The temperature rise over
50 ◦C between the pump spot and the disk edges is plainly visible in Fig.4.20. Operation

                         (a)                                                                        (b) 
Figure 4.20: The temperature gradient of 4-mm-diameter Yb:Lu2O3 disks under
the 100 W pump with no lasing. (a): 1 % at. disk; (b): Zoomed pump spot
region of 3 % at. disk.

of both disks under these conditions is risky, because it may lead to disk damage and
induces strong thermal disk distortions, which degrade the oscillator performance in the
fundamental mode regime.
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4.5.2 Results

A 1-mm-thick glass plate was chosen as Kerr medium and introduced a round-trip disper-
sion of -10000 fs2. By gradually increasing the distance d between mirrors R1 and R2, the
resonator was brought to the stability edge. A hard-aperture was installed between mirror
R2 and the focus. No SESAM was used for this experiment in order to completely elim-
inate uncertainties from its curvature and thermal lens. By pushing mirror R1 mounted
to the translation stage the oscillator could be routinely mode-locked. The oscillator was
running with rather poor mode quality and strong beam pointing fluctuations were induced
by the strong thermal aberrations in the disk. Neither the CW nor the ML regime showed
much difference in terms of these fluctuations. In this mode of operation an output power
of 7.5 W could be achieved with 3.5% OC and ∼ 130 W pump power . The pulses are
rather long with ∼430 fs duration.
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Figure 4.21: Yb:Lu2O3 oscillator characteristics operating with 1-mm-thick fused-
silica plate, 3.5% OC and hard-aperture. (a): Optical spectrum at 7.5 W with
CW component; (b): Autocorrelation trace at 7.5 W.

4.5.3 Conclusion

The preliminary results on the mode-locking of the Yb:Lu2O3 oscillator are rather moder-
ate. Nevertheless, KLM could be realized even with the strong thermal problems from the
disk and consequently poor mode quality and large beam pointing fluctuations. Histori-
cally, this is the second thin-disk oscillator, mode-locked via a Kerr lens. Decreasing the
pump spot size on the disk or working with larger disk diameters will dramatically improve
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the situation. The reproducibility of the KLM approach and robustness is main outcome
of this experiment.

4.6 Comparison of KLM and SESAM-ML techniques

The advantages and disadvantages of both the SESAM and KLM techniques are summa-
rized here. The objectivity of this summary is supported by the use of both techniques in
the identical Yb:YAG oscillator setup.

SESAM KLM
- dependent on wavelength + independent of wavelength

- real absorber with saturable and
non-saturable losses

+ artificial absorber, Kerr medium
doesn’t warm up

- TPA + TPA-free
- finite relaxation time (<1 ps) + ultrashort relaxation time <10 fs
- moderate modulation depth for high
power operation (< 2%)

+ modulation depth (> 5%)

- degradation + no degradation
- low damage threshold + high damage threshold
- difficult growth, characterization,
poor reproducibility

+ no growth, no characterization

- expensive + cheap
+ slight constraints on the cavity de-
sign

- serious constraints on the cavity de-
sign

+ often self-starting - often not self-starting
+ low nonlinearity - high nonlinearity due to SPM in the

Kerr medium

Table 4.1: Table summarizing the advantages and disadvantages of KLM and SESAM-ML.

4.7 Further steps

Pulse shortening

Ways of shortening the pulse duration from the thin-disk KLM oscillator can be accom-
plished conventionally by using a broader Yb-doped gain medium such as Yb:Lu2O3,
Yb:KYW, Yb:LuScO3 Yb:CALGO, and/or by increasing the modulation depth of the
KLM mechanism and thus generating pulses beyond the emission bandwidth limit. This



4.7 Further steps 72

scenario is fully supported by the theoretical description. One could consider the realiza-
tion of a Ti:Sa thin-disk geometry as it becomes possible with the availability of compact
high-average-power green pump sources [141].

Slight suppression of the gain maximum can be applied to flatten the gain spectrum
for the purpose of reaching an effectively broader gain bandwidth. Proper multi-layer
coating design of an HR mirror may provide such a discriminationvii around the wavelength
corresponding to the gain maximum. This suppression should not be as strong as in [120]
in order to work close to the gain maximum.

The effective gain bandwidth is always truncated by losses in the resonator (see sec.1.2.7).
Reduction of these losses, mainly due to the output coupler, helps to exploit the whole
emission bandwidth of the gain medium. On the other hand, it unavoidably reduces the
output power and increases the intracavity peak power. However, this is even beneficial to
intracavity-based nonlinear experiments such as XUV generation [142].

Energy scaling

Cryogenic cooling can be applied to increase the gain and reduce thermal effects (sec.2.3.2)
in the TD [143]. This approach has the strong drawback of reducing the emission band-
width [144] and thus increasing the minimal achievable pulse duration.

Zero-phonon-line pumping can be used to reduce the quantum defect. The progress in
the manufacturing of volume Bragg gratings [63] makes high-power pump sources (>800 W)
commercially available [145]. For instance, the Yb:YAG zero-phonon-line is centred around
969 nm and has4λFWHM ≈2 nm. Pumping at this wavelength reduces the quantum defect
by 30% viii in comparison with a pumping wavelength of 940 nm. Thus, roughly, 30% less
heat is deposited in the Yb:YAG gain medium.

The active multi-pass cavity [127] in combination with KLM can be a good approach
for further energy scaling. First, it substantially increases the gain and allows high output
coupling rates to be used, thus decreasing the intracavity peak power and consequently
constrains on all optical elements. Second, the intrinsic advantages of the KLM mechanism
(see Tab.4.1) support energy scaling.

Solving the problems with the start-up of the positive dispersion regime opens a route
to unprecedentedly high energies.

The access to several-100-µJ energies in sub-200-fs pulses directly from the oscillator is
feasible with a combination of the above-listed conditions in the positive dispersion regime.

viiprivate discussion with V. Pervak
viii

4q =
969nm− 940nm

1030nm− 940nm
= 0.32



Chapter 5

Towards ultrashort CE phase stable
pulses

As discussed in sec.2.2, the most promising gain media for thin-disk operation are Yb:YAG
and Yb:Lu2O3 with the corresponding gain bandwidths of 4λFWHM,Y AG ≈9 nm and
4λFWHM,Lu2O3 ≈13 nm. Even the realization of gain-bandwidth-limited operation of an
Yb:Lu2O3 oscillator hardly accesses the sub-100-fs regime. Methods of external pulse short-
ening are inevitably needed in order to reach shorter pulses. Such methods have existed for
a long time now and are based on, for instance, the action of SPM on the pulse spectrum
during propagation in a medium with a certain Kerr-nonlinearity.

The generation of short highly energetic pulses from a TD-based laser setup allows
many applications [108]. The range of research application drastically increases when
these pulses can be shortened to several cycles and be CEP-stabilized.

This chapteri is structured as follows: the basics of spectral broadening in a fibre,
state-of-the-art experiments on it and results with the KLM TD oscillator are given in
sec.5.1. Then, in sec.5.2 the setup for CE phase measurements and a discussion of the
arising difficulties are presented. Finally, origins of CE phase noise, preliminary results on
stabilization via control of the diode current and further steps are described in sec.5.3.

5.1 Spectral broadening in fibre

In sec.1.2, devoted to soliton mode-locking, the influence of SPM on the spectrum was
described. The nonlinear Schrödinger equation 1.13 governs the propagation of pulses
inside a medium with some nonlinearity γ [W−1km−1], losses and group velocity dispersion
(GVD) β2 [ps2/km]. Depending on β2 and γ, a pulse can evolve differently, and so it is
convenient to introduce two parameters: dispersion length LD and nonlinear length LNL
[39]:

iThe results described in this chapter were obtained in close collaboration with Fabian Lücking.
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LD =
τ 2

|β2|
, LNL =

1

γP0

. (5.1)

These parameters can be compared with the propagation length L to show over what length
scale dispersive and nonlinear effects are important. The optimal propagation wavelength
zopt and compression ratio tin/tcompressed can also be defined via these two parameters [146].

SPM-induced spectral broadening requires high intensities over a long pulse propagation
distance. This can be satisfied by propagating the light through a fibre for which Photonic
Crystal Fibres (PCF) [147, 148] are excellent candidates. They provide large core sizes
exceeding a diameter of 35 µm and simultaneously support a single transverse mode and
a large spectral range. To date, many experiments on spectral broadening in PCFs have
been performed with high-repetition-rate laser systems [149, 150, 151, 152, 126]. The PCFs
utilized in these works are typically under 10 cm in length and have core diameters <35
µm, while the pulse energies stay below 1 µJ. Among those experiments with Yb-laser
systems the Yb-fibre CPA system used in work [151] is closest to our oscillator. It delivers
270-fs pulses with 65 W average power at 78 MHz repetition rate. Spectral broadening of
this output was performed in a PCF, 35 µm in diameter and 6 cm in length and resulted
in a 57-W throughput with 27-fs pulses. This work thus gives at least a hint about the
upper limit in pulse duration that can be reached with the oscillator.

5.1.1 One-stage compression at 40 MHz

KLM TD oscillator 
250 fs, 40 MHz  

PCF 

compressed pulses 
focusing lens collimating lens 

λ/2 TFP 

Figure 5.1: Schematic of the setup for spectral broadening in PCF. λ/2: half-wave
plate, TFP: thin-film polarizer, PCF: photonic crystal fibre.

The Yb:YAG KLM oscillator, described in sec.4.2, is used and provides on a daily
basis 45 W of output power and 250-fs pulses at 40 MHz repetition rate. A half-wave
plate and thin-film polarizer are placed directly after the oscillator to allow continuous
power attenuation. The beam is focused into the fibre via a lens with focal distance
f=30 mm and collimated by an achromatic lens (AC254, Thorlabs) with f=30 mm. The
large-mode-area (LMA) PCF, LMA 25 and LMA 35 with 25-µm and 35-µm core diameter
(NKT Photonics), were used for spectral broadening. The fibres are placed in a V-groove
aluminium plate, fixed to a precise 3D translation stage. It is worth noting that no Faraday
isolator was placed in between the oscillator and fibre. First, the maximal achievable
spectral broadening as well as maximal power which can be coupled into the 6-cm-long
LMA 25 fibre, were evaluated. A coupling efficiency of 80-85 % was observed up to 30 W
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of incident power before damage to the fibre occurred. It is interesting that this damage
was not instantaneous and occurred after approximately one minute of operation. This
may be assigned to the influence of thermal effects or cumulative effects in the fibre. At
a lower incident power of 25 W the fibre could be used for many minutes with no sign
of damage. The spectral broadening corresponding to this power level is shown in Fig.
5.2(a). The spectrum spans the range 925-1140 nm and shows a periodic modulation
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Figure 5.2: Spectral broadening achieved with 25 W and 45 W input power for
LMA 25 and LMA 35 fibres (a) and corresponding Fourier transforms (b).

characteristic for SPM. The Fourier transform limit of this spectrum on the assumption
of a flat phase in Fig.5.2(b) is 17 fs. In order to increase the coupling energy a 4.5-cm-
long LMA 35 fibre with larger core diameter was chosen. It was possible to couple in the
whole power of 45 W available from the oscillator with a coupling efficiency of 90-92%,
limited by the light reflection at the facets of the fibre. Such high efficiency was possible
due to the larger core diameter and excellent mode quality (M2=1.1) of the oscillator. No
damage or degradation was noticed after several minutes of operation. It is good to note
that the oscillator with pulse energy Ep=1.1 µJ and pulse duration τ=250 fs has a peak
power of P=3.9 MW, which is as high as the critical peak power for self-focusing in fused
silica Pcr=4.3 MW (see Eq.4.4). Thus it is still possible to launch the whole pulse energy
into the fibre and work near the point of critical self-focusing. This spectral broadening
corresponding to the maximal power level is shown in Fig.5.2. The spectrum spans a
slightly narrower range than that achieved with the LMA 25, which can be attributed
to the shorter fibre length and accuracy of the measurements (measured with a single-
mode fibre and Ando AQ6315). The Fourier transform-limit of this spectrum corresponds
to 19 fs. Further investigations on degradation or fibre damage at maximal input power
or optimization of the length with regard to the maximal achievable spectral broadening
were not performed, because the dispersive mirrors available at the time of the experiment
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supported only bandwidths from 980 to 1080 nm, as shown in Fig.5.3. Thus the optimal
spectral broadening which fits to the bandwidth of these mirrors was obtained at ∼ 17-
19 W input power. Compression of these pulses was accomplished by 6 bounces on two
mirrors CM 39ii with GDD=-500 fs2 and without compensation of higher-order dispersion,
as shown in Fig.5.3. Autocorrelation measurement yields 60 fs, which on the assumption
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Figure 5.3: Theoretical GDD and reflectivity vs wavelength of CM 39 dispersive
mirrors used for pulse compression experiments.

of sech2 pulses and the corresponding deconvolution factor of 0.65 results in 40-fs pulse
duration. This value is slightly larger than suggested by the spectral Fourier transform of
32 fs, which can be explained by a non-optimized compressor. In particular, neither fine
tuning of the GDD nor careful alignment of the incident angles on the dispersive mirrors
was done. The nonlinear part of the chirp could also contribute. Coupling of higher
powers into the fibre resulted in a broader spectrum and the appearance of a pronounced
pedestal in the autocorrelation measurement. The pulse duration of 40 fs was short enough
to perform further experiments on CE phase detection. It is interesting to estimate the
characteristic nonlinear and dispersion lengths LNL and LD for this case. From [153] the
nonlinear coefficient γ=0.7 W−1km−1 and the dispersion coefficient β2=0.29 ps2/kmiii can
be taken. Substituting these values and oscillator parameters in Eq.5.1 yields LNL=0.4 mm
and LD=2.2 m. By comparing these length scales with the length of our fibre (60 mm), it
can be concluded that nonlinear effects predominate and dispersive effects can reasonably
be neglected.

The experiments on spectral broadening with the thin-disk laser in [149, 154] showed
a certain degradation of polarization which can be attributed to nonlinear polarization
rotation in the fibre or its slight asymmetry. In contrast, spectral broadening with a Ti:S
oscillator showed no degradation of the polarization extinction ratio [154]. Measurement

iidesigned and manufactured by V. Pervak
iiithe coefficients defined for the LMA 25 fibre
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Figure 5.4: Spectral broadening obtained in LMA 35 fibre with 19 W (a) and cor-
responding autocorrelation measurement (with APE Pulse Check autocorrelator)
(b). Inset shows Fourier transform of the left spectrum.

of the polarization after spectral broadening was not carried out in this experiment and is
a subject for further work.

5.1.2 Two-stage fibre compression: vision

Let us assume that the spectrum in Fig.5.2(a) is compressible down to 20 fs, which is
slightly above its Fourier limit in Fig.5.2(b). The overall losses of the compressor designed
to support this bandwidth can be as low as 5-10%. Together with fibre transmission
losses of 10% the whole setup will be able to deliver 0.9 µJ and 20 fs, which correspond
to ∼40-MW peak power. With further optimization even the sub-15 fs range can be
accessed. Additionally, one could consider the realizing a second spectral broadening stage
by implementing the concept of chirped-pulse compression introduced in [126]. Pulses of
55 fs and 0.36 µJ were compressed down to 14.5 fs by positively chirping them before the
fibre [126] and thus reducing the peak power below critical. The most attractive outcome
was found in chirp transfer. In particular, only the 9th part of the positive GDD needed for
chirping had to be compensated by the negative GDD in the compressor [154]. This value
was almost constant in the range from 55 fs up to positively chirped 250-fs pulses. It can
be partially explained by assuming that the chirp spreads over a large spectral bandwidth
and thus has smaller GDD values to compensate. In practice, these findings greatly reduce
demands on the amount of GDD in a compressor (second compressor in this case). It is
worth thinking about the optimal value of pulse duration after the first-stage compressor in
order to achieve few-cycle pulses in a second stage and still have low overall losses (<20%)
in both compressors. The more complex and time-consuming alignment can be assigned
to drawbacks of such a two-stage spectral broadening approach. Preliminary experiments
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made by Fabian Lücking showed promising results on accessing close to octave-spanning
spectral broadening after the second stage.

5.1.3 Fibre damage

The experiments on fibre compression down to 40 fs with 19-W input power showed ex-
cellent output stability and reproducibility on a daily basis. No fibre degradation was
observed, at least during the several weeks of experimentation. However, investigation of
the long-term stability of the LMA 35 fibre under maximum power was not carried out. It
is instructive to summarize the measures, which should be taken to avoid fibre damage.

• remove the plastic coating

• avoid strong focusing on the facet of the fibre

• avoid fibre misalignment due to thermal effects

• keep the peak power below the self-focusing threshold

• avoid fibre contamination by dust or liquids

• use end caps and tapered fibres (not used in this work)

5.1.4 Further steps

Pulse energies of thin-disk oscillators [17, 85], fibre and innoslab amplifier laser systems
[19, 20] approach 100-µJ level at MHz repetition rate. Due to self-focusing solid-core PCFs
are limited to approximately 4 MW in peak power, thus only several µJ with sub-ps pulse
duration can be compressed with these fibres. Chirped pulse compression can be considered
as a way to increase this limit, but strong chirping of the input pulses to several picoseconds
is rather undesirable because of the constraints on the compressor optics. The best solution
lies in implementing spectral broadening in hollow-core PCF filled with a noble gas at high
pressure [155]. Of particular interest are, kagomé PCF with pressure-tunable dispersion,
tolerating high guided intensities over 1014 W/cm2. The proof-of-principle experiments on
spectral broadening with a kagomé fibre and the TD oscillator were performed in [156]. A
detailed analysis with simulations for input energies >10 µJ can be found in review paper
[157]. The handling of high average powers in fibres may also be a limiting factor analogous
to the thermal instabilities observed in CPA fibre lasers [155].

Optimization of the maximal spectral broadening, polarization properties and imple-
mentation of the two-stage compression is subject to further work. The kagomé-based fibre
compression is considered as a promising candidate in the near future for experiments with
an energy-upscaled version of the described KLM Yb:YAG oscillator.
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5.2 CE phase measurement and stabilization

It is interesting to remember the experiment of Gohle et. al in [15] in 2005 when femtosec-
ond pulses from a Ti:S oscillator were externally enhanced in a passive cavity up to 28 fs
and 38 W. As shown earlier, our system has very similar characteristics, but with output
directly from the oscillator and with fibre broadening in only one stage. To make it more
usable for attosecond and frequency metrology CE phase stabilization is needed.

5.2.1 CE phase and CE frequency

As shown in Fig.5.5, the pulse train generated by a mode-locked oscillator corresponds
to equidistantly-spaced frequency components which are in phase (locked) and form a
frequency comb. In the time domain the difference between the maximum of the envelope
and the closest carrier maximum corresponds to the carrier envelope phase4ϕ as shown in
Fig.5.5. Moreover the free-running oscillator exhibits a change of the CE phase 4ϕ from

Figure 5.5: Pulse train emitted by a mode-locked oscillator (top) and frequency
comb with a frequency offset ωCE. Picture taken from [158].

pulse to pulse. This change becomes very important when pulses approach the few-cycle
regime and their electric field starts to depend distinctly on the CE phase. Strong field
experiments such as HHG [108] need to have a controllable and stable CE phase with only
minimal fluctuations in order to maximize the electric field on the target. In the frequency
domain a shift of the whole comb corresponds to the carrier envelope offset frequency fCEO,
which can be expressed via 4ϕ as

fCEO = fr
4ϕ
2π

.
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Moreover, stabilization of fCEO fixes the position of the whole comb in frequency space:

fn = nfr + fCEO,

where fn and fr are one of the comb lines and the repetition rate of the oscillator, respec-
tively. This relation links optical frequency fn to radio frequencies fr and fCEO. The latter
has a drastic impact on frequency metrology [11]. Determination of fCEO, however, is not as
trivial as the measurement of fr, which can simply be done with a photodiode and frequency
counter. fCEO frequency measurement can be accomplished by having an octave-spanning
spectrum from the oscillator and heterodyning modes obtained via nonlinear frequency
conversion. In particular, taking a high-frequency component at f2n = 2nfr+fCEO and het-
erodyning it with a second-harmonic low-frequency fn component, i.e. 2fn = 2nfr+2fCEO
yields

2fn − f2n = 2nfr + 2fCEO − 2nfr − fCEO = fCEO. (5.2)

This scheme was implemented for the first time in [10, 159] by generating octave-spanning
spectra with 100-fs pulses in a small-core PCF [160] or in a short piece of a telecom single-
mode fibre seeded by a sub-10-fs Ti:S oscillator [161]. The details on this scheme will be
presented further on by considering the specific case of our TD oscillator.

5.2.2 Generation of one-octave spectrum

In contrast to spectral broadening experiments shown at the beginning of this chapter
when PCF with large core diameters and positive dispersion are used, the use of small
core diameter <3 µm PCF with negative (or zero) dispersion at the central wavelength of
the launched soliton allows one to generate a supercontinuum (see review [162]) with only
small input energy (thanks to the high intensities over a long propagation distance). This
generation process is highly nonlinear and causes soliton fission [162]. The supercontinuum
spectrum can maintain coherence for short seeding pulse durations (typically <100 fs) and
thus enable detection of fCEO as in Eq.5.2. The spectrum generated in our lab in PCF
(SC-3.7-975, NKT photonics) with 3.7-µm core diameter by launching <13 nJ and 40 fs
pulses is shown in Fig.5.6. The spectrum covers more than one octave and even broader
spectra could be generated by sending slightly higher pulse energies. One of the serious
drawbacks of such an approach to generate a continuum is the very alignment-sensitive
focusing into the small-core PCF, thus limiting long-term CE phase stability. It is worth
noting that the longer the initial pulses are, the longer is the fibre necessary to generate
the continuum, which leads to excessive noise.

Octave-spanning spectrum in bulk crystals

White-light generation in bulk materials can be considered as an interesting alternative
to supercontinuum generation in PCF with reduced constraints on laser beam pointing.
Moreover, the spectrum generated in bulk crystals can be compressed temporally (in con-
trast to the spectrum in Fig.5.6 after the PCF), which in turn can allow realization of a
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Figure 5.6: An octave spanning spectrum broadened in PCF (SC-3.7-975, NKT
photonics) by seeding it with <500 mW, 40 fs pulses.
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Figure 5.7: White-light generation in YAG crystal. Spectral dips at 1030 and
1300 nm are due to filtering by the HR mirror.

compact NOPA fully based [150, 102] on a TD oscillator. A comprehensive overview of
white-light generation in different laser host crystals is presented in [163]. Here, the prelim-
inary experiment on white light generated in a YAG crystal is described. The compressed
oscillator output of <6 W and 40 fs was focused into a 4-mm-thick YAG crystal by means
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of a 100-mm lens. These parameters corresponded to the approximate threshold value for
white-light generation. An HR mirror was placed right after the crystal to filter out most of
the radiation centred at 1030 nm. The spectrum measured after this HR mirror is shown
in Fig.5.7 and indicates spectral broadening over two octaves. The dips near 1030 and
1300 nm are caused by the filtering action of the HR mirror. This preliminary experiment
shows great potential for using a continuum generated in bulk YAG for both derivation of
a beat note fCEO and generation of a seed pulse for NOPA. On the other hand, the low
conversion efficiency and necessity of tight focusing can be considered as drawbacks. For
these reasons and a better understanding of PCF-based continuum generation, the latter
was chosen for further experiments.

5.2.3 CE phase measurement

Heterodyning of two spectral components f2n and 2fn of an octave-spanning frequency comb
implies their spatial and temporal overlapping. This can be accomplished by means of a so-
called f-2f interferometer [161, 10] as depicted in Fig.5.8. Fibre broadening in the first stage

KLM TD oscillator 
250 fs, 40 MHz  

PCF 
large core 

compressed pulses 
35-40 fs 

<600 mW 
          

focusing lens collimating lens 

λ/2 TFP 

PCF 
small core 

λ/2 

PPLN SHG 

filter 

f -2f 

APD 

S1 

S2 

S3 

wedge 

Figure 5.8: The setup for CE offset frequency measurement.

provides pulses as short as 40 fs at up to an output power of 40 W. Afterwards this power
can be attenuated continuously in the range 300-700 mW by an arrangement consisting of
a wedge and a half-wave plate. The beam is then focused into a 3.7-µm-diameter-core PCF
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by an aspheric lens with focal distance f=8 mm (C240TM, Thorlabs) and collimated by a
lens with f=4.5 mm (C230TM, Thorlabs). An input power of ∼500 mW, corresponding to
∼13 nJ, is typically enough to generate over one-octave-broad spectra as shown in Fig.5.6.
The collimated beam is sent through a prism sequence, which allow separation of infrared
and visible (red) portions of the continuum [164]. These portions are separately reflected
back by two mirrors S1 and S2. The delay introduced by the mirror S1 is <2 mm and is
necessary to compensate for the delay introduced by the PCF during continuum generation.
Retroreflection is done with a slight misalignment in the vertical direction in order to
hit mirror S3 and direct the beam to the frequency-doubling stage. The latter consists
of a periodically-poled lithium niobate crystal (PPLN) placed between the focusing and
collimating lenses. PPLN (Covesion 1375-1) is optimized to frequency-double the infrared
part of the spectrum near ∼1375 nm. The generated ∼687-nm light is band-passed (filter
FB680-10-1) and detected by an avalanche photodiode (APD 210, Menlosystems). A
measured beat signal is shown in Fig.5.9. Two things are noticeable: the good signal-to-
noise ratio (SNR)>35 dBm and the pronounced fluctuations of fCEO within the ∼2MHz
range. However, the signal stays stable in amplitude for several hours, with no need to
align either the first or the second stage with PCF.

                                  (a)                                                                                (b) 

fceo fr-fceo 

fr 

fceo fr-fceo 

fr 

Figure 5.9: Beat signal measured at 100 kHz (a) and 10 kHz (b) resolution band-
width. Picture (a) shows CE frequency fluctuations within the ∼2MHz bandwidth
with SNR>35 dBm.

5.3 CE phase noise and stabilization

The physical origin of CE phase variations from pulse to pulse can be understood by con-
sidering the difference between the group- υg and phase- υp velocities of pulses propagating
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through a medium of length L [165]:

4 ϕ = 2πfcL(
1

υp
− 1

υg
) = 2πL(

dn

dλ
)|λ0 . (5.3)

The difference in the CE phase shift in Eq.5.3 is only due to the material dispersion n(λ)
and can be classified as a linear contribution. Nonlinear contributions due to the Kerr
and Raman effects are not only possible but are frequently used in stabilization of the
CE phase [10, 166]. A change of the pump current varies the intracavity peak power,
which in turn influences the CE phase shift. In order to estimate the demands on the CE
phase stabilization scheme, the CE phase sensitivity to the variation of the pump current
was investigated for our oscillator. The oscillator shows a high pump sensitivity of ∼4
W/40 MHz at 200-W pump power. Thus fCEO can span the whole range from 0 to fr (40
MHz) when the pump power is changed by <2%. In contrast to the experiments with Ti:S
oscillators, there is no need for an additional fCEO coarse-tuning mechanism as has been
done with, for example, a couple of wedges [161]. On the other hand, such high sensitivity
means a strong dependence of CE phase on pump power fluctuations. According to the
specification of the supplier the power fluctuations of the pump diodes are ∼1% peak-to-
peak value. Thus, one origin of the CE phase fluctuations can clearly be identified as the
noise of pump diodes. The second source of noise is likely to be the TD cooling geometry
(see chapter 2.1), which implies high water flow hitting the 1-mm-thick CuW heat sink to
which the TD is mounted. As was noted in chapter 3.3, this has an impact on the oscillator
intensity stability and thus the cooling flow was minimized to 0.5 l/min, which is 4 times
less than recommended by manufacture. Both noise of the pump diodes and acoustic noise
induced by the active cooling are the most likely contributions to the fCEO jitter. This
technical noise lies typically at <100 kHz. The radio frequency spectrum in Fig.4.13(a) is
in agreement with this estimation. The pump diodes available for the experiment, however,
had an amplitude response bandwidth <1 kHz as preliminary measurements show. There
are other mechanisms leading to the extra noise: temperature and air flow fluctuations and
proximity to the QML threshold.

5.3.1 CE phase-locking

There are different schemes of CE phase stabilization involving the intra- or extra-cavity
use of an AOM or EOM [10] for power modulation of an oscillator, the swivel-piezo-method
for an oscillator containing a prism pair [159] and the use of an extra-cavity AO frequency
shifter [167, 168]. Another way of stabilizing the CE phase is to control the current of
the laser diodes via a phase-locked loop (PLL) [125, 169]. Even though the modulation
bandwidth of our pump diodes is rather narrow, a proof-of-principle experiment on the
stabilization of fCEO was performed. Details of the locking scheme are not described here
as this scheme is rather standard and utilizes a large-range digital phase detector and PI
controller (LB1005, Precision Photonics). The error signal from the PI controller was fed
to the modulation input of the pump diodes. The fCEO was tuned to stay close to 10 MHz
frequency, then this signal was band-passed, amplified and sent to one of the inputs of the
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phase detector. The reference signal was obtained from a stable RF generator and fed to
the second input of the phase detector. Only negligible locking of the CE frequency could
be achieved. This locking mainly indicated the fact that fCEO can be pulled towards the
reference frequency by the PLL and stay near that frequency, but however showing similar
fluctuations to those for the free-running case (see Fig.5.9).

In order to understand the reason for such a poor lock, one has to make a systematic
and precise measurement of the frequency-dependent amplitude and phase response of the
diode laser power, the oscillator output power and the fCEO to modulation of the diode
current. In [125] these characteristics were measured for an Yb:KYW SESAM-ML bulk
oscillator at 160 MHz. It is interesting that the amplitude response showed a roll-off at
∼20-30 kHz. The fluorescence lifetime of Yb:KYW is ∼0.3 ms, which is 3 times less than
that for Yb:YAG (see Tab.2.2). As follows from this rough comparison, the modulation
bandwidth, limited by the gain dynamics should be in the range 7-10 kHz for our oscillator.
Very likely the phase response of the pump diodes used limits the bandwidth well below
1 kHz. It is worth noting that CE frequency was recently measured from a low-power
SESAM-ML Yb:Lu2O3 TD oscillator in [170] . However, extracting any details about the
CE frequency noise and its origins is not possible from [170].

5.4 Further steps

Spectral broadening and compression of 250 fs, 1.1 µJ pulses from the TD oscillator re-
sulted in 40-fs pulses, limited by the bandwidth of the available chirped mirrors. Spectral
broadening with a corresponding Fourier limit of 19 fs was achieved at full power through-
put of 40 W. Further compression experiments and optimization should result in ∼15-fs
pulses at around 30 W average power. Two-stage spectral broadening in PCF together
with chirped pulse compression [126] seems a promising way of reaching sub-10-fs (3-cycle)
pulses.

The fCEO beat signal from a KLM TD oscillator was derived for the first time. Pre-
liminary experiments on stabilization and characterization of fCEO show that eliminating
noise from the pump diodes as well as acoustic noise from the active TD cooling should
allow CE phase-locking with at least sub-radian stability.



Chapter 6

XUV output coupler and XUV/IR
grazing-incidence beam splitter

As discussed in the introduction chapter, several scenarios for driving nonlinear processes
are possible: directly by an oscillator, inside an oscillator or inside a passive resonator
and directly by amplified oscillator output. In most cases the XUV and the driving field
have to be coupled out from a resonator and/or separated for further experiments. Sepa-
ration/outcoupling of the XUV and driving field inside the enhancement cavity is the most
demanding and richest in constraints among these different approaches. Finding a solution
for this problem at extreme conditions allows one to transfer this solution to other XUV-
generation approaches, but with strongly relaxed constraints. Such a solution is found in
a so-called grazing-incidence plate (GIP).

State-of-the-art femtosecond enhancement cavities and demands on an XUV output
coupler are presented in sec.6.1 and 6.2, respectively. An overview of different XUV output
couplers is introduced in sec.6.3. Section 6.4 describes in detail the concept, technical
realization and characterization in the XUV and NIR ranges of GIP. It also includes a
discussion of the advantages and disadvantages of the GIP. The applicability of GIP for
intra- and extra-cavity XUV experiments is shown in sec.6.5. A brief conclusion summarizes
this chapter.

6.1 Femtosecond enhancement cavity

The use of a high-finesse optical cavity for coherent storage of radiation is a commonly
used technique for efficient frequency conversion of CW lasers [171]. This technique was
recently extended to mode-locked lasers [172] and has now become widespread in research
groups throughout the world [15, 173]. By using the enhancement cavity approach, one
can greatly increase the power from a seed mode-locked laser oscillator inside the cavity
(the enhancement factor is typically 10-104). The conditions necessary to realize a large
enhancement factor and high average power include the use of high-damage-threshold,
thermally-stable intracavity optics with extremely low losses, as well as very fine dispersion
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control of the cavity. Clearly the enhancement cavity has to be kept in resonance with a
seeding oscillator and mode-matched to it. This is accomplished via several feedback loops
which control both the resonator length and CE phase [174].

The first generation of enhancement cavities relied on Ti:sapphire lasers as seeding
source, resulting in circulating intracavity pulses of 28 and 60-fs duration and 38 and
480-W average power, respectively [15, 173]. Recent development and power scaling of
enhancement cavities with Yb-based fibre amplifiers [19] as seeding source approached the
7-kW level for a cavity with an XUV output coupler in it [175, 176] and more than 18 kW
for the empty cavity [177]. More advanced cavity designs were proposed to avoid current
limitations in further power scaling [178]. At the moment, intracavity-based high-harmonic
generation is the most promising way of approaching power-scalable compact and coherent
XUV MHz-repetition-rate sources. However, not only can a passive enhancement cavity be
considered for increasing the laser power. The possibility of utilizing high average powers
inside the laser oscillator cavity has become a reality with recent progress in high-power
femtosecond thin-disk lasers. Typically, the output coupler transmission T of an oscillator
amounts to only a few per cent. This means that power stored inside the oscillator cavity
is a factor 1/T higher than the output power. Very recently, a first proof-of-principle
experiment on XUV generation inside a Ti:Sa oscillator was realized by Seres et. al [142].

6.2 Demands on the XUV output coupler

When XUV radiation is generated inside the cavity, its output coupling immediately
presents a challenge. XUV light is generated collinearly with the driving fundamental
laser beam (see Fig.6.1) and can easily be absorbed even by 1-µm-thick condensed matter,
e. g. by the multilayer structure of a mirror, which typically exhibits very poor reflectance
of the order of ∼10−4 at normal incidence [179].

In the following, the necessary conditions for an intracavity XUV output coupler are
summarized:

a) High XUV reflectivity. All XUV light power generated inside the cavity should ideally
be coupled out.

b) Broad range of XUV reflectance. All generated harmonics of the fundamental of DF
should be coupled out collinearly.

c) Losses introduced by the OC for the DF should be low.

d) The dispersion introduced by the OC should be small. Nonlinear effects introducing
intensity-dependent GDD should be small.

e) Low thermal lensing. High thermal conductivity and low thermal expansion, low
thermo-optical coefficient are necessary to avoid power-dependent resonator stability
behaviour.
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f) High damage threshold.

Moreover, damage and degradation of different XUV output couplers under UV/XUV
irradiation was observed in [180, 175].

6.3 Overview of existing XUV output couplers and

methods

6.3.1 Brewster plate

The simplest XUV OC demonstrated so far consists of a plate of material with good optical
quality that is transparent to the DF and is placed at the Brewster angle of incidence inside
the enhancement cavity between the focus and concave mirror, see Fig.6.1. In this case
losses of the p-polarized DF are nearly zero. Due to the difference of the refractive indices
of XUV and DF, a small reflection of XUV occurs at the surface of the plate. The reflection
of sapphire and fused silica plates, used in the previous experiments [15, 173, 181], for p-
polarized XUV light at the Brewster angle for the DF is shown in Fig.6.2. The optical
constants for these calculations were taken from [182].

DF 

XUV+DF 

XUV 

x 

α 

R2 
R1 

HHG focus 1 

Figure 6.1: Brewster plate (1) inside the ring enhancement cavity (shown, only
2 concave mirrors R1, R2 of the cavity). In this case α is equal to the Brewster
angle affording lowest losses for the circulating DF of p-polarized light. In one
of the foci of the cavity (HHG focus), a gas medium (usually a jet) is placed
for generating harmonics of DF. Then, XUV and DF co-propagate towards the
Brewster plate, where XUV becomes partially reflected out of the cavity, whereas
DF propagates through the plate without losses and beam distortion.

The maximal reflectivity at the wavelength 50 nm amounts to 17% (sapphire) and 10%
(fused silica) and strongly decreases for shorter and longer wavelengths, thereby limiting
the bandwidth of the OC. Indeed the choice of materials that are transparent at near-1-
µm wavelength is large. In [183] over 37 such materials were listed and only 18 materials
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Figure 6.2: The reflectivity of sapphire (black curve) and fused silica (red curve)
plates for p-polarized XUV radiation at the Brewster angle of incidence for 1-µm
radiation.

had data on their refractive index (complex and real parts) for 60-nm wavelength, as
tabulated in the book [182]. These materials and their reflectivity for p-polarized radiation
at the Brewster angle are summarized in Table 6.1. It is a difficult task to find optical
materials fulfilling the above conditions a)-f). Materials used in optical applications are
usually not sufficiently characterized in the XUV and near-infrared wavelength ranges. To
our knowledge, there is no complete data set of material characteristics in the XUV and
NIR spectral ranges. The solution implemented is therefore rather a compromise between
the XUV reflectivity and the acceptable optical, thermal and nonlinear properties of the
Brewster plate material.

Some of the materials listed in Tab.6.1 were experimentally verified in the enhance-
ment cavity. These are MgO, crystalline SiO2 and fused SiO2, mono- and polycrystalline
diamondi, Al2O3. The best results with a circulating intracavity power of 12 kW (with
no gas jet) were achieved with a fused silica plate due to the low absorption, thermo-
optical coefficient and low nonlinearities of this material. However, damage was observed
after several minutes. It is necessary to notice that the free-standing SiO2 Brewster plates
were mechanically clamped to the holder thus providing large heat resistance between the
plate and holder. Also no water cooling was applied to the plate. More details on the
experimental setup and outcome of these experiments can be found in dissertation [184].

One of the main limitations of the Brewster plate method is the low XUV outcoupling
efficiency and its relatively narrow bandwidth (conditions a) and b)). On the other hand,
this method for coupling out XUV is easy to implement.

ifrom Element Six
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Material n0(1.03 µm) k(1.03µm) n0(60nm) 
20.7eV 

k (60nm) 
20.7eV 

Rp (60nm), 
% 

Rp (13nm), 
% 

Si3N4 (noncryst) 2   0.617 0.647 29.5   

SiO2 (fused) 1.45 10-6-10-5 0.862 0.497 7 0.04 

SiO2 (cryst) 1.53   0.79 0.656 12.6   
SiC 2.58 10-4-10-5 0.348 0.481 63   
LiF 1.387 10-7-10-8 1.14 0.73 5 0.015 
GaP 3.12 10-7-10-5   0.195     
ZnS (cubic) 2.29 310-6 0.783 0.26 25 0.3 
As2S3 (vitreous) 2.48 2.4*10-7         
InP 3.297 ~10-4     41.5   

GaAs 3.49 ~10-4 1.058 
0.162;0.245;
0.164 12   

C (diamond) 2.39 10-7-10-6 0.5 1.13 46.3   
CdTe 2.849 ~10-4         
NaCl 1.532 10-11-10-9 0.88 0.3 5   
KCl 1.48 10-11-10-10 1.07 0.449 2.4 0.0012 
ALON 
(9Al2O3*5AlN) 1.776           
MgAl2O4 1.704           

Al2O3 1.755   0.805 0.725 15.6 0.4 

Y2O3 1.902   1.041 0.542 7   
MgO 1.7229 ~10-8 0.659 0.723 23   

MgF2 1.37   
1.003 
(ne=0.894) 

0.607 
(ne=0.612) 5   

CaF2 1.428   1.074 0.335 1   
ZnSe 2.489   0.84 0.15 25.6 0.4 
KBr 1.544 10-6-10-9 0.97 0.34 3   
CsI 1.756         0.2 

Table 6.1: Summary of different IR-transparent materials, and their complex
refractive index n=n0+i·k at 1 µm and 60 nm, as tabulated in [182]. Rp (60 nm)
and Rp (13 nm) reflectivity for p-polarized light at Brewster angle (for DF) for
60 nm and 13 nm wavelengths, respectively.

6.3.2 Wedge on mirror OC

A thin wedge optically contacted to an HR mirror can be used to separate the DF from the
XUV radiation [185]. The device works at the Brewster angle for p-polarized light. The
XUV radiation is reflected at the vacuum/wedge interface and the DF propagates through
the wedge and becomes reflected by the HR mirror. The small angle of the wedge causes
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separation of XUV and DF. This method has improved the heat conduction properties in
comparison with a free-standing Brewster plate. The realization of this method analogously
to the thin-disk geometry can make it a truly power-scalable concept. Criteria a) and b)
are, however, not met by this approach.

6.3.3 Diffraction grating

An alternative idea consists of an XUV grating etched into the top layer of a highly
reflective dielectric coating. The structure acts as a relief grating for XUV light and
does not affect the parameters of the DF beam, thus allowing one to avoid any material
inside the enhancement cavity and to use only highly reflective optics. The XUV output
coupling efficiency in this case is comparable to the Brewster plate method, achieving 10%
for 70 nm wavelength [186]. In a relatively narrow wavelength range, the efficiency can be
increased by up to 20% by fabricating a blazed XUV grating [187]. With this technique,
the maximum intra-cavity power level is limited to 7 kW with a gas jet and to 10 kW
with no gas jet [175]. The damage mechanism can be related to the localized electric
field enhancement of the DF at the grating structure, leading to parasitic losses [187] and
UV/XUV irradiation-related issues. The spatially dispersed harmonics may make such an
XUV OC unsuitable for generation of attosecond pulses. This method thus does not meet
the criteria a),b) and f).

6.3.4 Coupling through a hole in a concave mirror

Another method is to drill a small hole into a concave mirror right after the focus (mirror
R2 in Fig.6.1). XUV light has a smaller divergence in comparison with the DF and can thus
be coupled out through this hole. The aperture clips the harmonics of lower orders, thus
decreasing the XUV bandwidth of outcoupled high harmonics from the long-wavelength
side. The hole also introduces losses to the DF and decreases the enhancement factor of the
cavity. Very recently, this method was applied to couple out harmonics up to 47th order
(∼22 nm) [176] from an enhancement cavity. The power of the coupled out harmonics has
yet not been measured.

To couple out longer wavelengths (>∼60 nm) it is therefore beneficial to operate the
cavity with a relatively large opening (hole) in the mirror. This is possible at higher-
order transverse modes (e.g. TEM01), having minimal DF at the optical axis in the area
of the hole. Even then, the higher-order harmonics generated by higher-order transverse
fundamental radiation will a) be of poor efficiency due to the lower intensity in the focus
in comparison with the TEM00 mode and b) exhibit a complex spatial profile which may
not be applicable for future experiments. So far, this method has shown poor performance
in experiment [188].

Another approach called “intracavity mode tailoring” was developed in [129] to avoid
these shortcomings. This method uses the degeneracy of several cavity modes to create a
beam profile with negligible losses on the opening and reach high peak intensity near the
focus (the field maximum is not located in the focus). The distance between mirrors R1
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and R2 has to be carefully tuned to reach the proper degeneracy. The transverse profile
of the generated harmonics and the conversion efficiency are not yet clear for this method.

6.3.5 Non-collinear HHG

This output coupling method utilizes a completely different HHG scheme. The technique
allows generating high harmonics in a direction which is non-collinear with the driving
beam [189]. In this case, two circulating DF pulses inside the cavity overlap temporally
and spatially in a gas jet. The XUV light generated is directed along the angle bisector of
the two driving beams. The process of non-collinear HHG is poorly investigated and may
result in conversion efficiencies much lower than those of a standard HHG with a single
fundamental beam. Moreover, the output coupling efficiency of this method is limited by
the cavity design [189]. Implementation of this method presents a major challenge.

Among the methods proposed for output-coupling the Brewster plate, diffraction grat-
ing and very recently coupling through an opening [176] are hitherto the only approaches
implemented in enhancement cavities to couple out XUV light.

6.4 Grazing-incidence coated plate (GIP) as an XUV

output coupler

The idea of an efficient and broadband XUV OC is similar to the Brewster plate output-
coupling method: the plate introduces the lowest possible losses for DF and some reflection
for XUV. In contrast to the Brewster plate, however AR coating of both sides of the plate
is proposed for the grazing incidence of the DF (Fig.6.3(a)). At large angle of incidence
(>75◦), XUV light has drastically increased reflectivity, as follows from the Fresnel equa-
tions. This effect can be used to enhance the XUV reflectivity by fabricating a low-loss
AR coating for the DF (usually infrared radiation) at both sides of the plate, as shown
in Fig.6.3(a). Typically, fused silica is used as low-refractive-index material in multilayer
anti-reflection coatings. This material is well studied in both the XUV and near-infrared
wavelength ranges. The optical constants of different types of fused silica were measured
and tabulated in [182]. Fused silica can be chosen as top-layer-material of the AR coating
of the GIP. In Fig.6.4 , the XUV reflectivity spectra are shown for different grazing inci-
dence angles. At angles of incidence larger than 75◦ and with s-polarized light, the XUV
output coupling has reasonable reflectivity (∼15%) even at a wavelength of 15 nm. For
the feasible angle of 85◦, the reflectivity at 5 nm is expected to be as high as 33%.

6.4.1 Technical realization of the GIP

Typically, anti-reflection coatings are designed for normal incidence and suppress only a
few per cent of the reflectance (4% in the case of fused silica) at the material-air interface.
In this thesis an AR coating specifically designed for a large angle of incidence is considered.
In [190, 191, 192] the authors empirically predict a residual reflectance from the AR coating
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Figure 6.3: (a): Schematic of the GIP. HH: high harmonics, DF: driving field. (b):
Reflectivity of the s-polarized 1030-nm wavelength from fused silica at different
angles of incidence.
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Figure 6.4: Calculated spectral reflectivity of SiO2 for s-polarized XUV radiation
at angles of incidence 75◦, 80◦, 85◦. The optical constants were taken from [182].

in the cases where total optical thickness and dispersion of the materials and substrates
are known. To our knowledge, there is no empirical expression describing the residual
reflectance at an angle >75◦, and so numerical calculations are needed. In addition, the
acceptable angle bandwidth narrows at a large angle of incidence. According to Fig.6.3(b),
suppression of the reflectance of 50% of the incident light is necessary at angles of incidence
around 75-80◦ in order to achieve a low-loss anti-reflective coating. This is the key criterion
in fabricating the proposed anti-reflection coating. Another criterion is low sensitivity of
the residual reflection of the DF to variations of the incidence angle (the accepted angle of
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incidence). From the principle of operation, any multilayer coating has an angle-dependent
reflection. Due to the divergence of the DF beam incident on the GIP (see Fig.6.1), the
angles of incidence are different for the central part of DF and its periphery. In the case of
a typical cavity, this difference can be as high as 1◦ (The ROC of R2 and R1 is 150 mm).

6.4.2 Fabrication and characterization of the AR coating

For the GIP presented here, the structure of the anti-reflection coating consists of alter-
nating SiO2 and Nb2O5 layers. These materials have the largest difference of the refractive
indices, and so they were chosen as the optimum choice to achieve low residual reflectivity
at grazing incidence. The coating was designedii with the commercial software package
Optilayer for a 75◦ angle of incidence at the central wavelength 1030 nm. The simulated
spectral transmission of the coating is shown in Fig.6.5 for different angles of incidence.
One can see that the losses for the bandwidth-limited sech2-shaped 100-fs pulse corre-
sponding to an 11-nm bandwidth spectrum are below 0.2%. It should be pointed out
that a robust design of AR coating consisting of only 3 pairs of SiO2 and Nb2O5 lay-
ers was chosen in order to reduce the manufacturing time and hence the corresponding
accumulated errors. More complex multilayer structures with broader bandwidth and in-
creased acceptance angle of incidence are possible. To cross-check this statement, an AR
coating for 87◦ angle of incidence and s-polarized light was designed with total (calcu-
lated) losses below 0.1%. This design consists of 30 alternating SiO2 and Nb2O5 layers. A
magnetron-sputtered (Helios machine, Leybold Optics) AR coating on a high-quality fused
silica substrate was produced and experimental measurements of its residual reflection for
DF were performed. The transmission spectrum was measured with a spectrophotometer
(Perkin Elmer, Lambda 950) at 0◦ angle of incidence and shows good agreement with the
calculated transmission curve. At grazing incidence the laser beam passes a polarizing
cubic beam splitter and impinges on the 6-mm-thick GIP in order to achieve a good po-
larization extinction ratio (see Fig.6.6). The residual reflected DF power from both sides
of the GIP is measured with a power meter and amounts to <20 mW of average power
for 10 W of incident power. Therefore, the residual reflection from both sides of the GIP
is less than 0.2% and is in good agreement with the calculations (Fig. 6.5). In order to
check the sensitivity of the AR coating to beam divergence, the beam was focused with a
75-mm lens to measure the residual reflection once again. The reflected power remained
the same as in the previous test experiment, thus demonstrating the insensitivity of the
coating to beam divergence in the range of the radius of curvature chosen for the mirrors.
Indeed, the main part of the measured losses was coming from one side of the AR-coated
substrate. This side was coated in a second run after filling the deposition chamber with
air and rotating the substrate.

iiThe design of the AR coatings was done by Vladimir Pervak.
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Figure 6.5: Transmission of the designed AR coating for different angles of inci-
dence. The AR coating was optimized for 75◦. The transmission is shown for one
side of the two-side coated substrate. The shaded areas correspond to the spec-
tral width of 1 ps and 100 fs pulses and show the general tendency of the reduced
average reflection for shorter pulses. The inset shows a multilayer structure of the
AR coating.
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Figure 6.6: Schematic of the setup for the measurements of residual losses of the
GIP.

6.4.3 XUV reflectivity measurements

The reflectivity values expected at such short wavelengths can be reduced because of surface
irregularities which approach the scale of the XUV wavelength. The lowest roughness of a
fused silica substrate from Layertec GmbH, for instance, is equal to 0.15 nm and, due to the
coating procedure, the roughness can be substantially increased at the upper layer of the
GIP surface. Surface imperfections cause scattering of XUV light and result in reduced
XUV reflectivity. The GIP coating realized was measured at PTB Bessy to check the
influence of coating imperfections and chemical composition on the reflectivity in the XUV
range. Figure 6.7 shows a comparison of the measured and calculated XUV reflectivity of
s-polarized radiation in the range from 1 nm to 30 nm at 75◦ and 80◦ angles of incidence. In
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the region from 26 nm to 30 nm the measured reflectivity is around 10% higher. This may
be explained by the different chemical compositions of the materials tabulated in [182].
Additionally, the measured angle reflectivity at 13 nm wavelength shown in Fig.6.8 is in
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Figure 6.7: Comparison between the measured XUV reflectivity and that calcu-
lated at 75◦, 80◦ angles of incidence.

excellent agreement with calculations based on tabulated optical constants. The difference
between the measured reflectivity at 30 nm wavelength and that calculated is pronounced
especially at small angles of incidence and vanishes at large angles of incidence.

The GIP approach allows XUV light to be coupled out in an ultrabroad spectral range.
At 80◦ angle of incidence, the spectral range from 13 nm to at least 120 nm is covered
with an efficiency of more than 40% (see Fig.6.4). For comparison, the Brewster plate
method shows >10% efficiency in the range 30 to 80 nm (Fig.6.2). Due to the large angle
of incidence and s-polarized XUV radiation the reflection spectrum of the GIP can be
extended even further into the VUV range and beyond.

6.4.4 Limitations and extension of GIP to other spectral ranges

The implementation of a GIP inside an enhancement cavity (or laser resonator) is straight-
forward. It can be placed between a focus and a concave mirror in a standard symmetric
or asymmetric cavity configuration similar to that shown in Fig.6.1. An asymmetric cavity
configuration (for instance, radius of curvature of the first concave mirror 100 mm and of
the second one 200 mm) allows one to extend the distance x between the focus and the
concave mirror in order to be able to place the GIP closer to the mirror, thus increasing the
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Figure 6.8: Measured and calculated reflectivity of SiO2 for s-polarized 13 nm and
30 nm XUV radiation.

spot size on it and decreasing the probability of damage. Such an asymmetric configuration
leads to a negligible increase of the beam divergence not influencing the transmission of
the GIP. However the phase front distortions induced by the plate can be stronger closer
to the concave mirror. Additionally, due to the large angle of incidence, the size of the
beam on the GIP (in the plane of the beam in Fig. 6.1) will be even larger. For example,
for a 2-mm beam at an angle of 85◦ the beam size on the GIP will be as large as 23 mm.
Technologically, it is a nontrivial task to make it both thin (thus suppressing nonlinear
effects) and of high optical quality. However, the technology of coating very thin (<70
µm) crystals [97] is routinely used in thin-disk laser technology and allows high optical
quality to be achieved.

The damage threshold of the AR coating has to be addressed as one of the main
limitations of power scaling with GIP. An AR coating has a higher damage threshold in
comparison with a high reflectance coating containing many layers and approaches the
damage threshold of the bulk material. This fact has been observed in our labs. The
specific value of the AR damage threshold is a subject for further investigation. The
grazing angle of incidence increases the effective interaction area at the GIP surface and
as a consequence reduces the peak intensity at the sample, leading to a higher damage
threshold.

The GIP provides a possibility of controlling the dispersion via the AR coating. A
specially designed AR coating can provide noticeable negative group delay dispersion in
transmission, similarly to dispersive mirrors [36]. The nonlinear phase of the circulating
pulse in the cavity as well as material dispersion can be compensated by a properly designed



6.5 GIP for intra- and extra-cavity experiments 98

AR coating. In general, nonlinear effects are a common limitation for all bulk output
couplers, which has been investigated in detail [193]. In a GIP, the main contribution to
the nonlinear phase is the substrate, due to its thickness in comparison with the AR coating.
Not only nonlinear but also thermal effects in a substrate may limit power scaling. The
influence of the thermal effects can be suppressed to some extent in a thin and efficiently
cooled GIP. Fused silica as a typical substrate material was chosen for the first proof-of-
principle realization of a GIP. Other prospective materials such as crystalline quartz, CaF2

and glasses with low absorption (Suprasil 3002) can be used to reduce thermal lensing and
nonlinear phase distortions.

The theoretically designed AR coating has a residual reflection of around 40% for the
p-polarized DF light and has no reflection for the s-polarized light, thus making GIP a
polarizer. Polarization sensitivity is a necessary condition for the Hänsch-Couillaud method
of locking an enhancement cavity to the seeding oscillator [194]. The XUV radiation
generated polarized parallel to the linearly polarized DF, in our case s-polarized. Delivering
the outcoupled XUV beam to the experiment involves further XUV optics, which in general
have better reflectivity for s-polarization. In order to realize an enhancement factor of
around 100, the residual GIP losses for the DF have to be of the order of 0.05%. Numerical
calculations show that this value is attainable and an advanced GIP can be manufactured
with modern coating technologies.

As mentioned above, the reflection spectrum of a GIP can cover VUV, UV and other
spectral ranges. The reflection of these spectral components should be considered not
only from the upper AR layer of the GIP, as was done for XUV, but from the whole AR
multilayer structure. In our specific case, the upper layer of fused silica starts to become
transparent at around 150 nm. Above this wavelength interference between reflections
from different alternating layers cannot be neglected. Unfortunately, in this specifically
described case there is a lack of knowledge about the optical constants of Nb2O5 below
400 nm. It is worth noting here that by replacing the alternating material Nb2O5 with
Ta2O5 (the optical constants of this material are known in the spectral range from 150
nm to 8000 nm) the design shown in Fig.6.5, has >50% reflectivity in the ranges 135-140,
142-152, 155-175, 185-215, 240-290, 300-315, 380-480, 500-600, 1200-1700 and 2000-3300
nm, and smooth reflectivity >30% in the whole range 3500-8000 nm. By varying designs
and materials one can expect other broadband and smooth ranges with high reflectivity.
New UV-VIS-MIR components can be generated inside the enhancement (or oscillator)
cavity by using nonlinear crystals instead of a gas medium.

6.5 GIP for intra- and extra-cavity experiments

Energy scaling of thin-disk oscillators [17, 85], and fibre and innoslab amplifier laser systems
[19, 20] approaches >kW power levels. XUV generation with these systems [195] requires
XUV/DF beam splitters able to withstand such high average power. A GIP is well suited
to such experiments. Due to the reduced demands on losses of the DF more complex AR
coatings with angles of incidence >80◦ can be realized relatively simply.
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Very recently, a proof-of-principle experiment on XUV generation inside an oscillator
was realized by Seres et. al [142]. In that experiment a Ti:Sa oscillator with a pulse duration
of 17 fs and intracavity power of 10 W was used to reach harmonics down to 30-40 nm.
It makes sense to compare this experiment with experiments on XUV generation inside a
femtosecond cavity (first and last generation cavities) and intracavity parameters of power-
scalable thin-disk oscillators. These data are summarized in Tab.6.2. The parameters of
these systems are very different and therefore it is difficult to make valid assumptions on
the conversion efficiency and XUV output power for the case of XUV generation inside TD
oscillators. However from Tab.6.2 it is clear that strong focusing down to diameter of 14
µm is necessary to reach peak intensities of the order of 5·1013 W/cm2 for XUV generation
inside TD oscillators. For more details on possible conversion efficiencies and scaling laws
see [174, 196]. High intracavity average powers (>1 kW) and pulse shortening due to KLM
makes TD oscillators a very attractive alternative to enhancement cavities.

Setup fsEc [15] fsEc
[175]

Ti:Sa
osc.
[142]

TD osc.
[85]

TD osc.
[27]

TD
osc.[this
work [18]]

λdriving [nm] 800 1070 790 1030 1034 1030
PIC [W] 38 6500 10 450 1570 310
frep [MHz] 114 154 9.4 60 60 40
τ [fs] 28 120 17 790 740 200
ω0 [µm] 5 17.5 <7 13 <7 7
Ip [W/cm2] 5·1013 7·1013 8·1013 5·1013 5·1013 5·1013

Table 6.2: Summary of different setups for intracavity XUV generation. The three left
columns correspond to realized systems with XUV generation. No XUV generation was
demonstrated for the systems in the three right columns. Hypothetical parameters are
placed in the coloured cells. fsEc, femtosecond enhancement cavity; TD osc, thin-disk
oscillator; PIC , intracavity average power; ω0 beam, radius in the focus; Ip peak intensity
in the focus.

6.6 Summary

The extension of the Brewster plate previously used as an XUV output coupler inside an
enhancement cavity is described. The proposed GIP, or grazing-incidence coated plate,
has low losses for the fundamental light circulating inside the cavity and serves as a highly
efficient, extremely broadband output coupler for XUV. Potentially, the short-wavelength
reflectivity of the GIP can reach the keV range. Due to several advantages the GIP concept
allows further power/energy increase inside the enhancement (or oscillator) cavity. Further
steps becoming feasible with this concept and can cover the VUV-UV spectral ranges and
far beyond to mid-infrared. A GIP can be designed for either s- or p-polarization. Owing
to its polarization properties, a GIP can be used not only as a dichroic beam splitter but
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also as a beam combiner or a filter. A GIP is ideally suited to XUV outcoupling and
separation inside or outside laser resonators.



Conclusion

Femtosecond oscillators serve as important instruments in many experiments and are es-
sential elements for amplifier and enhancement cavity systems. The development of such
oscillators is of crucial interest. The results presented in chapters 3-6 demonstrate reason-
able progress in the development of femtosecond high-power lasers. Kerr-lens mode-locked
thin-disk Yb:YAG oscillators can lead to many interesting applications in science and tech-
nology. Some of which are highlighted in the thesis.

In Chapter 3 an Yb:YAG thin-disk oscillator mode-locked via a SESAM is presented.
Many different SESAMs were investigated experimentally, among which only a few samples
could be used and all others were damaged due to self-Q-switching. These efforts culmi-
nated in the development of an oscillator with 100 W output power, 800 fs pulse duration
and 2.5 µJ pulse energy. At this energy level the appearance of CW components in the
spectrum was observed. To overcome this limitation an experiment on mode-locking this
oscillator in the regime of positive dispersion was carried out, but due to damage to the
SESAM no mode-locking could be obtained. The aforementioned experimental efforts lead
to the conclusion that SESAMs are limited regarding damage due to the self-Q-switching,
surface quality, TPA, heating and the corresponding thermal effects. Simultaneous oper-
ation of the oscillator with high power (> 1 kW intracavity), high energy (>20 µJ) and
short pulses (<300 fs) is limited due to the above-listed shortcomings. Major technological
improvements are needed to overcome these obstacles.

Chapter 4 describes the experimental steps in the first realization of KLM in the thin-
disk oscillators, motivated by the limitations of SESAM mode- locking. The experimental
results of the oscillator operating with 0.5-,1-, 3-, 6-mm-thick fused silica as Kerr medium
are presented. The best performance was reached with the 1-mm-thick Kerr plate and
total GDD of -22000 fs2. The oscillator was successfully operated with two different output
couplers of 5.5% and 14% transmission. With 5.5% transmission 200 fs pulse duration and
0.4 µJ pulse energy with 17 W of average power at 15% optical-to-optical efficiency was
achieved. With higher output coupling the parameters were 250 fs, 1.1 µJ, 45 W and 25%
efficiency. These results were obtained with a weak SESAM having a negligible modulation
depth 4R<0.1% and thermal effects. The chip was developed in the frame of this work.
Pure hard-aperture KLM was also realized with similar parameters and a somewhat shorter
pulse duration of 190 fs. Peak-to-peak intensity fluctuations of the oscillator are below 0.8%
and are defined by the fluctuations of the pump diodes. The laser shows excellent beam
pointing stability with <10 µrad and is insensitive to back reflections. This oscillator
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configuration was also operated in the positive dispersion regime with the weak SESAM as
starter. The average power of 17 W and pulse duration of 1.7 ps with a full spectral width
of over 20 nm could be reached at an output-coupling transmission of 5.5%. The pulses
were externally compressed down to 190 fs. These parameters were obtained at nearly an
order of magnitude lower GDD in comparison with the negative dispersion regime. It was
found in experiment that the oscillator could not be started at the positive GDD exceeding
10000 fs2.

The Yb:YAG thin-disk oscillator was mode-locked via SESAM and pure KLM in the
negative and positive dispersion regimes with practically the same resonator configuration.
This allows one to make an adequate comparison of those regimes with each other and
with the theoretical model presented in Chapter 1.

In Chapter 5 spectral fibre-broadening and compression of 250-fs, 1.1-µJ pulses from the
TD oscillator is presented. The sub-40-fs pulses obtained were limited by the bandwidth
of the available chirped compressor mirrors. Spectral broadening with a corresponding
Fourier limit of 19 fs was achieved at the full power throughput of 40 W. The compressed
output was used to detect the fCEO beat signal, which was stable in amplitude for hours and
exhibited fluctuations within a 2 MHz range. Preliminary experiments on the stabilization
of fCEO via feedback control of the pump diodes show that eliminating noise from the pump
diodes as well as acoustic noise from the active TD cooling should enable CE phase-locking
with at least sub-radian stability, making high-field experiments possible.

In Chapter 6 a novel method of coupling XUV light out of the cavity and separating
it from the driving field is realized. It consists of a glass substrate having a low-loss anti-
reflection coating for the wavelength 1030 nm at grazing incidence of 75◦ and simultaneously
serving as a high reflector for radiation in the range of 1-100 nm with reflectivity > 60%.
The device can be used for both extra- and intra-cavity XUV generation experiments.

The power scalability of KLM thin-disk oscillators is supported by the energy scaling
laws in the regime of positive or negative dispersion, by the power scalability of the thin-
disk concept and the absence of absorption or parasitic intensity-dependent effects in a
Kerr medium. The combination of the thin-disk concept and Kerr-lens mode-locking has
proved its potential in this work and will very likely be a basis for the next generation of
all solid-state diode-pumped thin-disk oscillators.

This work was focused on the development of two main prerequisites for creating a
compact XUV source: an oscillator with high intracavity intensity and average power
as well as a device able to efficiently couple out the generated XUV radiation. This
combination justifies the title of this thesis and should allow compact thin-disk-based XUV
sources in the near future.



Summary of different TD oscillators

Gain medium Mode
locker

Pulse
dura-
tion
(fs)

Average
power(W)

Pulse
energy(µJ)

Repetition
rate(MHz)

Ref.

Yb:YAG SESAM 1120 145 41 3.5 [17]
SESAM 1040 108 30.7 3.5 [26]
SESAM 928 76 25.9 2.93 [127]
SESAM 810 60 1.7 34.3 [197]
SESAM 796 63 5.1 12.3 [198]
SESAM 791 45 11.3 4 [85]
SESAM 730 16.2 0.5 34.6 [82]
SESAM 705 80 1.4 57 [199]
KLM 270 45 1.1 40 [18]
KLM 200 17 0.4 40 [18]

Yb:Lu2O3 SESAM 738 141 2.4 60 [27]
SESAM 535 63 0.8 81 [200]
SESAM 523 24 0.4 65 [201]
SESAM 370 20.5 0.3 65 [201]
SESAM 329 40 0.5 81 [200]

Yb:LuScO3 SESAM 235 23 0.3 70 [93]
Yb:KLu(WO4)2 SESAM 440 21.3 0.6 34.7 [135]
Yb:KY(WO4)2 SESAM;

spectral
filtering

240 22 0.9 25 [202]

Table 3: Summary of different thin-disk oscillators with output power above 10 W.



Laser housing

The complete oscillator housing can be assembled from components available from Bosch-
Rexroth GmbH. It consists of 4 monolithic profiles serving as walls and one 8-mm-thick
plexiglass cover (Fig.9(a)). The walls were machined in a workshop to give them 45◦ edges
(Fig.9(b)). The whole construction is very rigid, prevents air turbulence induced by the
above situated flow box and has good acoustic insulation.

1 
2 3 

4 

                                                         (a)                                                                                      (b) 

5 

6 

Figure 9: Oscillator housing. (a): Photo of the box, assembled from 4 pieces of
monolithic Bosch-Rexroth profile; (b): 45◦-joint between two walls and a sealing
rubber profile.



Data archiving

The experimental raw data used in this thesis, the evaluation files, as well as the LaTeX
source code of the thesis can be found on the data archive server of the Max Planck In-
stitute of Quantum Optics, Laboratory for Attosecond Physics, in the following directories:

oscillator master directory, containing the LaTeX code and other im-
portant directories:

Chapter1Figs,
Chapter2Figs,
Chapter3Figs etc.

directories containing the figures ordered according to their
appearance in the thesis

publications the journal papers co-authored by O. Pronin, in .pdf format

In the following, a complete list of the directories Chapter1Figs, Chapter2Figs etc. con-
taining figures, measurement and/or simulation data is given.

Directory Chapter1Figs
Fig.1.6 oscilloscope screenshot QML.pptx

Directory Chapter2Figs
Fig.2.3(b) calculated data CavitySimple.opj

Calculated by Jonathan Brons. Standard
ABCD matrix formalism

Fig.2.4 measurement data OutputPowerSimple.opj
Fig.2.5(b) calculated data CavitySimple.opj

Calculated by Jonathan Brons. Standard
ABCD matrix formalism
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Directory Chapter3Figs
Fig.3.2,
Fig.3.3

measurement data SESAMs.opj

Measured by Farina Schättiger and Dominik
Bauer

Fig.3.4 measurement data absR.opj
Fig.3.6 measurement data embedded in: surfaceSAM.pptx

Measured by Mikhail Larionov
Fig.3.7 measurement data embedded in: surfaceBatop.pptx

Measured by Dominik Bauer
Fig.3.8 measurement data embedded in: temperatureHD.pptx
Fig.3.9 calculated data cavitySAM.opj

Calculated in Winlase software
Fig.3.12 measurement data specsM4838.opj
Fig.3.13 measurement data outputPowerSAM.opj
Fig.3.14 measurement data specsBatop2.opj
Fig.3.15 simulation data EvsGddBatop2.opj

Simulated by Vladimir Kalashnikov. De-
scribed in text

Fig.3.16(a) measurement data chaoticQswitch1.opj
Fig.3.16(b) simulation data chaoticQswitch2.opj

Simulated by Vladimir Kalashnikov. De-
scribed in text

Directory Chapter4Figs
Fig.4.3 calculated data ModeVsd.opj

Calculated by Jonathan Brons. Standard
ABCD matrix formalism

Fig.4.5 measurement data SpecsSF57.opj
Fig.4.6,
Fig.4.7

measurement data specsThickGlass.opj

Fig.4.8 measurement data specs1mm5 5OC.opj
Fig.4.9 measurement data specs1mm14OC.opj
Fig.4.10 measurement data specs1mmHardaperture.opj
Fig.4.12 measurement data noiseKLM.opj
Fig.4.13 measurement data rfKLMSESAM.opj
Fig.4.16 measurement data buildupPDR.opj
Fig.4.17 measurement data spectraPDR.opj
Fig.4.18 measurement data acPDR.opj
Fig.4.19,
Fig.4.20

measurement data embedded in: NomarskiAndThermo.pptx

Fig.4.21 measurement data specs1mmYbLuO.opj
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Directory Chapter5Figs
Fig.5.2(a) measurement data LMA2535.opj
Fig.5.4 measurement data LMA35compressed.opj
Fig.5.6 optical spectrum analyzer

screenshot
octavePCForig.jpg

Fig.5.7 measurement data octaveBulk.opj
Fig.5.9 rf spectrum analyzer screen-

shot
embedded in: CEphase.pptx

Directory Chapter6Figs
Fig.6.2 calculated data SapphFS.opj

Calculated in Optilayer software
Fig.6.4 calculated data RvsNm85.opj

Calculated in Optilayer software
Fig.6.5 calculated data RvsNm85.opj

Calculated in Optilayer software by V. Per-
vak

Fig.6.7,
Fig.6.8

measurement data ARmeasured.opj

Measured at PTB Bessy
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Hänsch, and T. Udem, “Single-pass high-harmonic generation at 20.8 Mhz repetition
rate,” Opt. Lett., vol. 36, no. 17, pp. 3428–3430, 2011.

[153] R. Kuis, A. Johnson, and S. Trivedi, “Measurement of the effective nonlinear and
dispersion coefficients in optical fibers by the induced grating autocorrelation tech-
nique,” Opt. Express, vol. 19, no. 3, pp. 1755–1766, 2011.

[154] T. Ganz, Chirped Pulse Compression for High Energy Laser Systems at MHz Repe-
tition Rates. PhD thesis, LMU München, 2011.

[155] C. Jauregui, T. Eidam, H.-J. Otto, F. Stutzki, F. Jansen, J. Limpert, and
A. Tünnermann, “Physical origin of mode instabilities in high-power fiber laser sys-
tems,” Opt. Express, vol. 20, no. 12, pp. 12912–12925, 2012.

[156] O. H. Heckl, C. J. Saraceno, C. R. E. Baer, T. Südmeyer, Y. Y. Wang, Y. Cheng,
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“Non-collinear high harmonic generation: a promising outcoupling method for cavity-
assisted XUV generation,” Opt. Express, vol. 16, no. 9, pp. 6233–6239, 2008.

[190] T. V. Amotchkina, “Empirical expression for the minimum residual reflectance of
normal- and oblique-incidence antireflection coatings,” Appl. Opt., vol. 47, no. 17,
pp. 3109–3113, 2008.

[191] J. A. Dobrowolski, A. V. Tikhonravov, M. K. Trubetskov, B. T. Sullivan, and P. G.
Verly, “Optimal single-band normal-incidence antireflection coatings,” Appl. Opt.,
vol. 35, pp. 644–658, Feb 1996.

[192] A. V. Tikhonravov, M. K. Trubetskov, T. V. Amotchkina, and J. A. Dobrowolski,
“Estimation of the average residual reflectance of broadband antireflection coatings,”
Appl. Opt., vol. 47, pp. C124–C130, May 2008.

[193] K. Moll, R. Jones, and J. Ye, “Nonlinear dynamics inside femtosecond enhancement
cavities,” Opt. Express, vol. 13, no. 5, pp. 1672–1678, 2005.

[194] T. H “Laser frequency stabilization by polarization spectroscopy of a reflecting ref-
erence cavity,” Opt. Commun., vol. 35, no. 3, pp. 441 – 444, 1980.
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