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Abstract 

Ultrafast laser systems find application as versatile tool in industry and science. 

Ultrafast laser systems based on Ti:sapphire – the workhorse in ultrafast science – 

operate typically at kHz repetition rates and benefit from the available broad gain 

bandwidth for the direct generation of sub-100-fs pulse durations. However, thermal 

effects in the gain medium due to a high quantum defect limit their average power to 

several watt. Many applications would benefit to be driven at MHz repetition rates by 

simple and powerful laser systems. Ultrafast laser systems based Yb-doped gain 

materials have experienced an unprecedented scaling of the average power over the 

last decades. Nowadays, these systems reach the kilowatt level of average power while 

operating at MHz repetition rates. The tremendous progress was achieved by laser 

operation at a reduced quantum defect in combination with novel concepts utilizing 

optimized geometries of the laser gain medium for efficient heat extraction (fiber, slab, 

thin disk). In general, two basic design approaches for high-power ultrafast laser 

systems can be distinguished. Either they are based on a low-power master oscillator 

as seed source followed by multiple amplification stages, or they are directly based on 

high-power laser oscillators. However, the limited gain bandwidth of Yb-doped gain 

materials results typically in the generation of pulses with several hundred 

femtoseconds of duration. Additional nonlinear pulse compression becomes necessary 

in order to reach the required sub-100-fs pulse durations for many applications. This 

adds, on the one hand, complexity into the driving laser systems and can, on the other 

hand, degrade the temporal and spatial quality of the generated pulse train. 

This thesis investigates the potential of ultrafast thin-disk laser (TDL) oscillators 

for laser operation directly in the sub-100-fs pulse duration regime at high average 

powers. The thin-disk geometry has already proven to be suitable to operate at the 

highest average power of any ultrafast laser oscillator technology. The development 

of powerful sub-100-fs TDL oscillators can ultimately overcome the need for 

amplification and nonlinear pulse compression. By that, these sources are highly 

attractive as simple single-stage driving laser systems for many applications, featuring 
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transform-limited soliton pulses at excellent beam quality without pre- or post-pulses 

and potential for further power-scaling.  

The key ingredient of the presented sub-100-fs TDL oscillators is the combination 

of the Kerr lens mode-locking scheme with Yb-doped gain materials of broader gain 

bandwidth than Yb:YAG. Laser operation of a Kerr lens mode-locked (KLM) Yb:Lu2O3 

TDL oscillator in the regime of strong intracavity self-phase modulation (SPM) 

enabled the generation of shorter pulse durations than directly supported by the 

corresponding gain bandwidth. The expansion of the optical spectrum up to three 

times beyond the gain bandwidth resulted in the generation of 35-fs pulses at 1.6 W of 

average power. In a modified laser configuration slightly longer pulse duration of 49 fs 

were generated at 4.5 W. Increased round-trip gain by folding the laser cavity a second 

time on the disk resulted in laser operation with 95-fs pulses at 21 W. These are the 

highest average powers so far achieved by a sub-50-fs and sub-100-fs laser oscillator, 

respectively. Compared to the results achieved prior to this thesis, the average power 

of sub-100-fs TDL oscillators has been increased by a factor of 4. By utilizing the very 

broad gain bandwidth of Yb:CALGO even shorter pulse durations of 30 fs are 

generated by the first KLM Yb:CALGO TDL oscillator. This is the shortest pulse 

duration so far achieved by a TDL oscillator and 40% shorter compared to the pulse 

durations of TDL oscillators achieved prior to this thesis. At that time, this pulse 

duration was equal to the shortest one achieved by Yb-based bulk oscillators. The 

presented results demonstrate that the thin-disk geometry is as well suitable for the 

generation of shortest pulse durations. 

The suitability of laser operation in the strongly SPM-broadened regime for 

applications in metrology as optical frequency comb is investigated by detecting and 

stabilizing the carrier envelope offset frequency (fCEO). In the presented configuration 

the KLM Yb:Lu2O3 TDL oscillator generated 50-fs pulses at 4.4 W of average power. 

For fCEO detection in a standard f-to-2f interferometer, the short pulse duration enabled 

the required coherent super continuum generation in a photonic crystal fiber without 

the need for adjacent nonlinear pulse compression. Only a minor fraction of the 

available average power was required for fCEO detection while the major part remained 

available for application. In the presented experiment the fCEO was stabilized to an 

external radio-frequency reference up to a bandwidth of 10 kHz by applying an active 

feedback to the current of the pump diode. A tight phase lock was achieved with a 
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residual in-loop integrated phase noise of 197 mrad (integrated from 1 Hz to 1 MHz). 

This is the shortest pulse duration and the highest average power of an Yb-based laser 

oscillator that has been so far fCEO stabilized without the need for additional 

amplification or nonlinear pulse compression. Additionally, a preliminary study 

presents investigations for full frequency comb stabilization by parallel stabilization 

of the repetition rate (frep). Stabilization of the frep to an external radio-frequency 

reference was enabled by mounting one folding cavity mirror onto a controlled 

piezoelectric transducer. Simultaneous stabilization of fCEO and frep was achieved in the 

range of minutes. Cross-talking between both stabilization loops required to limit the 

frep stabilization to a bandwidth of 35 Hz while the integrated residual fCEO phase noise 

increased to 745 mrad.  

Another application of the developed sub-100-fs KLM TDL oscillators as single-

stage driving laser system is presented by driving directly the generation and detection 

of broadband THz radiation. In an initial configuration broadband THz radiation was 

generated via optical rectification in GaP utilizing the output of a KLM Yb:Lu2O3 TDL 

oscillator operating with 50-fs pulses at 4 W of average power. The generated THz 

spectrum was centered around 3.4 THz and extended from below 1 THz to nearly 

7 THz. A spectroscopic characterization of a GaP crystal enabled phase matching 

calculation which are in good agreement with the observed features in the THz 

spectrum. As benchmark for applications in linear THz time-domain spectroscopy the 

absorption spectrum of water vapor was measured with a sub-50-GHz resolution. A 

presented second study investigates in more detail the impact of the GaP crystal 

thickness and the driving pulse duration on the generated THz spectrum. Modification 

of the driving TDL oscillator enabled high-fidelity measurements at discrete pulse 

durations ranging from 50 fs to 220 fs. Based on the experimental results a procedure 

is presented allowing to estimate the THz spectrum via multiplicative factors in the 

frequency domain. Driving THz generation with 95-fs pulses at 20 W of average power 

enabled the generation of 0.3 mW of THz average power with a spectrum extending 

up to 5 THz.  

Additionally, the first experimental realization of high harmonic generation 

(HHG) inside the cavity of a mode-locked TDL oscillator is presented. In this proof-of-

principle experiment HHG is driven by launching a high-pressure xenon gas jet into 

the 12 µm radius intracavity focus of a SESAM mode-locked TDL oscillator. The laser 
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operated with a pulse duration of 255 fs at 64 MW of intracavity peak power and 

320 W of intracavity average power. At an intracavity peak intensity of ∼2.8 × 1013 

W∕cm2 up to the 17th harmonic (61 nm, 20 eV) has been detected. A generated photon 

flux of 2.6 × 108 photons/s was estimated for the 11th harmonic (94 nm, 13.2 eV). 

Launching the gas jet into the laser cavity did not disturb the mode-locked operation 

and noise performance. Further improvement can be expected by utilizing the Kerr 

lens mode-locking scheme with laser operation in the strongly SPM-broadened regime 

to reach shorter pulse durations in combination with cavity optimization towards 

higher intracavity peak powers. The prior presented investigations of fCEO and frep 

stabilization anticipate that full frequency comb stabilization is feasible. As such, TDL 

driven intra-oscillator HHG is a promising approach for the development of single-

stage extreme ultraviolet frequency combs. 
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Résumé 

Les systèmes laser ultra brefs sont des outils versatiles ayant des applications dans 

l’industrie et la recherche scientifique. Ceux basés sue le Ti:sapphire fonctionnent 

généralement à des taux de répétition autour du kHz et bénéficient de la large bande 

spectrale d’amplification disponible pour la génération directe de durée d’impulsions 

inférieure à 100 fs. Cependant, les effets thermiques délétères dans le milieu 

amplificateur limitent leur puissance moyenne à quelques watts. De nombreuses 

d’applications bénéficieraient d’être pilotées à des taux de répétition de l’ordre du 

MHz en utilisant des systèmes laser simples et puissants. Les systèmes laser ultra brefs 

basés sur des milieux amplificateurs dopés aux ions ytterbium ont vu une 

augmentation drastique sans précédent de leur puissance moyenne au cours des 

dernières décennies. Ces immenses progrès ont été obtenus grâce au faible défaut 

quantique de ces milieux, combiné à des concepts novateurs utilisant des géométries 

de milieu amplificateur optimisées pour une extraction de chaleur efficace (fibres 

optiques, slab, disques minces). Ces systèmes sont habituellement basés sur des 

architectures présentant plusieurs étages d’amplification et atteignent aujourd’hui des 

puissances moyennes de l’ordre du kilowatt à des taux de répétition autour du MHz. 

Cependant, la bande spectrale d’amplification limitée des milieux amplificateurs 

dopés aux ions ytterbium entraine la génération d’impulsion ayant des durées de 

plusieurs centaines de femtosecondes. De plus, la post-compression nonlinéaire de ces 

impulsions devient nécessaire afin d’obtenir des durées d’impulsions inférieures à 

100 fs requises par un grand nombre d’applications. 

Les études présentées dans cette thèse portent sur le potentiel des oscillateurs 

lasers à base de disque mince (TDL) puissants et ultra brefs pour la génération 

d’impulsions de durée inférieure à 100 fs. La géométrie des disques minces a déjà 

prouvé qu’elle était adaptée à ces besoins en délivrant la plus grande puissance 

moyenne de toutes les technologies d’oscillateurs laser ultra brefs. À terme, le 

développement de puissants oscillateurs TDL délivrant des durées d’impulsions 

inférieures à 100 fs peut surmonter la nécessité d’amplifications et de post-

compression nonlinaire additionnelles. De ce fait, en tant que système laser simple et 
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mono étage délivrant des impulsions solitoniques limitées par transformée de Fourier 

sans piédestal pré ou post impulsions avec une excellente qualité de faisceau et un 

potentiel d’augmentation de puissance, ces sources sont extrêmement attractives pour 

un grand nombre d’applications  

L’ingrédient clé des oscillateurs TDL délivrant des impulsions inférieures à 100 fs 

présentés dans cette thèse réside dans le blocage de mode par effet Kerr combiné à 

l’utilisation de milieux amplificateurs dopés aux ions ytterbium présentant des bandes 

spectrale d’amplification plus large que l’Yb:YAG. Un oscillateur laser en de blocage 

de mode par effet Kerr (KLM) fonctionnant en régime de forte automodulation de 

phase intra-cavité basé sur l’Yb:Lu2O3 a permis la génération de durées d’impulsions 

plus courte que celles supportées par la bande spectrale d’amplification 

correspondante. Ddifférentes configurations ont permis la génération d’impulsions 

d’une durée de 49 fs avec une puissance moyenne de 4.5 W d’une part et de 95 fs avec 

21 W d’autre part. Ces performances représentent les plus importantes puissances 

moyennes obtenues jusqu’ici par des oscillateurs laser délivrant respectivement des 

impulsions de durée inférieure à 50 fs et 100 fs. Comparé aux résultats publiés avant 

cette thèse, la puissance moyenne des oscillateurs TDL a été multipliée par un facteur 

4. En utilisant la bande spectrale d’amplification très large de l’Yb :CALGO, des 

impulsions de 30 fs ont été générées par le premier oscillateur TDL en régime de 

blocage de mode par effet Kerr basé sur ce milieu amplificateur. À ce jour, ce résultat 

représente à plus courte durée d’impulsions obtenue par un oscillateur TDL et est 40% 

plus courte que les durées d’impulsions générées par des oscillateurs TDL avant cette 

thèse. 

La capacité des oscillateurs TDL développés à être utilisé dans des applications en 

métrologie comme peigne de fréquence optique est démontrée. Le décalage de la 

fréquence enveloppe-porteuse est détecté et stabilisé avec un asservissement tight de 

la phase. Une étude préliminaire étudie la stabilisation complète du peigne de 

fréquence grace à une stabilisation parallèle du taux de répétition.  

Les sources laser développées ont également permis la génération de radiation 

THz de large bande spectrale, pour la première fois par un oscillateur TDL ultra bref. 

En utilisant le processus de rectification electro-optique in GaP, un spectre optique 

s’étendant jusqu’à 7 THz a été généré. La génération de THz avec des impulsions de 

95 fs à 20 W de puissance moyenne a produit 0.3 mW de puissance moyenne THz avec 
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un spectre optique allant jusqu'à 5 THz. Le spectre d'absorption de la vapeur d'eau a 

été mesuré avec une résolution inférieure à 20 GHz comme référence pour les 

applications de spectroscopie linéaire dans le domaine temporel en THz. En outre, une 

procédure est présentée permettant d'estimer le spectre THz à l'aide de facteurs 

multiplicatifs dans le domaine de Fourier. Moreover, a procedure is presented 

allowing to estimate the THz spectrum via multiplicative factors in the frequency 

domain.  

De plus, la première réalisation expérimentale de génération d'harmoniques 

d’ordres élevés à l'intérieur de la cavité d'un oscillateur TDL à blocage de mode par 

SESAM est présentée. Ce ouvre la voie à une nouvelle classe de sources de lumière 

dans l’extrême ultraviolet à un étage fonctionnant à des taux de répétition de l’ordre 

du MHz. 
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Chapter 1    

Introduction 

1.1 Motivation and overview 

The development of novel laser sources over the last decades strongly impacted 

industry, science and our daily life. Smartphones, internet and even the bar-code 

scanners in the supermarket are examples of their manifold application. In science 

lasers have become cutting-edge tools leading to fundamental breakthroughs in 

physics, chemistry and biology. The Nobel prize in physics 2017 was awarded for the 

detection of gravitational waves, enabled by a large-scale laser interferometer [1]. 

Recently, the physics Nobel prize 2018 honored the invention of the chirped pulse 

amplification technique [2]. This technology marks a breakthrough in the 

development of powerful ultrafast laser systems and illustrates the high impact of 

ultrafast laser sources on science and technology. 

Ultrafast lasers generate optical pulses (Fig. 1), intensive flashes of light, at a certain 

repetition rate (frep) with pulse durations (τpulse) typically in the order of picoseconds 

down to femtoseconds (10-12 s to 10-15 s). The compression of the pulse energy (Epulse) 

in a short temporal duration results in the creation of a high peak power (Ppeak ~ 

Epulse / τpulse). As such, table-top laser systems operating at high repetition rates are 

capable of generating up to several GW of peak power, a value comparable to the 

electrical power generated in nuclear power plants. Focused into a small spot 

diameter, extreme intensities can be reached that enable accessing and investigating 

the nonlinear optical properties of matter. Nonlinear optical effects like optical 

rectification or high harmonic generation enable the wavelength conversion of the 
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driving laser light from the low-energetic THz range up to the high-energetic extreme 

ultraviolet, respectively. 

 

 

Fig. 1. Schematic of an optical pulse train generated by an ultrafast laser operating at high 
repetition rate. The compression of the pulse energy (area under the pulse envelope) in a 
short pulse duration results in the creation of a high peak power. The temporal spacing (T) 
between two successive pulses is the inverse of the repetition rate.   

Driving nonlinear frequency conversion with even more extreme performance 

requires the continuous improvement of ultrafast lasers in following key parameters: 

 

• Shorter pulse durations are beneficial for increasing the peak power. But more 

important, many nonlinear experiments rely on sub-100-fs pulse durations. In 

order to reach such short pulse durations, ultrafast lasers typically rely on gain 

materials with broad gain bandwidth or nonlinear pulse compression.  

• Higher average powers result from the demand for higher pulse energy and 

laser operation at increased repetition rate (Pave = Epulse· frep) 

o Higher pulse energies are required for the generation of higher peak 

powers. They can be achieved by propagating the optical pulses through 

several amplifier stages or developing powerful laser oscillators. In case 

that the average power is the limiting factor higher pulse energies can be 

achieved by decreasing the repetition rate.  
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o Increased repetition rates can improve the signal-to-noise ratio, result in 

reduced measurement times, and enable new types of nonlinear 

experiments. As such, targeted experiments require typically a faster 

recovery time than the temporal spacing between two consecutive 

pulses. Here, current research effort aims for increasing the repetition 

rate from several kHz up to the MHz and even the GHz range.  

 

The main technological challenges for power-scaling arise from two factors. First, 

laser operation at high average power leads to an excessive heat load generated in the 

laser gain medium and applied to the cavity components. Second, high peak powers 

result in too much accumulation of nonlinearities during pulse propagation and can 

cause damage on the laser components. Overcoming those two limiting factors lead to 

different laser geometries and concepts for further average power and peak power 

scaling (section 1.2). One direction is based on the amplifier scheme using a low-power 

seed laser oscillator followed by several amplifier stages. The other direction is based 

on the development of high-power laser oscillators.  

This thesis follows the approach of developing powerful thin-disk laser (TDL) 

oscillators that operate at MHz repetition rates (section 1.3). It aims for pushing the 

average power and minimal achievable pulse duration of high-power TDL oscillators 

in the sub-100-fs pulse duration regime. Prior to this work sub-100-fs TDL oscillators 

were limited to 5 W average power [3,4] and the minimal achieved pulse duration was 

49 fs [5,6]. The combination of the Kerr lens mode-locking scheme and laser materials 

with broader gain bandwidth enabled the development of sub-100-fs TDL oscillators 

operating at 4 times higher average power and generating 40% shorter pulse durations 

than demonstrated before (chapter 2).  

The potential of the developed sub-100-fs TDL oscillator for applications in 

metrology as powerful single-stage frequency comb is demonstrated by stabilizing its 

carrier-envelope offset frequency (chapter 3). Their suitability to perform nonlinear 

frequency conversions without additional nonlinear pulse compression is presented 

by the first THz generation and detection directly driven by the output of a thin-disk 

laser oscillator. Further scaling of the average power of the driving sub-100-fs TDL 

oscillator even enabled the generation of broadband THz radiation approaching the 
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mW-level of THz average power by optical rectification in gallium phosphide 

(chapter 4).  

In a proof-of-principle experiment the extreme nonlinear process of high harmonic 

generation is driven directly inside the laser cavity of a TDL oscillator (chapter 5). 

While operating at longer pulse durations of 250 fs, this approach demonstrates the 

potential of the TDL oscillator technology as single-stage coherent extreme-ultraviolet 

light source operating at enhanced intracavity average powers and MHz repetition 

rates.  

Finally, the experimental results will be concluded and an overview about future 

steps for further performance improvement of sub-100-fs Kerr lens mode-locked TDL 

oscillators and their applications is given (chapter 6).  

1.2 Geometries for high-power ultrafast lasers 

Heat load in the gain medium during laser operation challenges further scaling of the 

average power of ultrafast laser systems. The energy difference between pump and 

laser photon, referred to as quantum defect, is besides non-radiative decays the main 

heat load generating mechanism during laser operation. An excessive heat load 

generated in the gain medium or induced into other cavity components can change 

their optical and material properties. Effects like thermal lensing influence the beam 

quality and propagation. Induced mechanical stress can ultimately result in damage 

of the laser gain medium.  

 

Fig. 1. Geometries of the gain medium enabling high-power laser operation. Efficient 
extraction of the generated heat load is achieved by optimizing the surface-to-volume ratio. 
Figure are courtesy of Martin Saraceno [7] 

Fiber [8], slab [9] and thin disk [10] are different geometrical approaches of the gain 

medium (Fig. 1). They aim for optimizing the heat extraction by maximizing the 

surface-to-volume ratio. In the fiber geometry the laser beam is guided in a waveguide 

structure. Heat load is efficiently extracted in radial direction over the large surface. 
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The long interaction length in fibers is advantageous for a high gain. However, guiding 

of optical pulses with high peak power in small fiber-core diameters leads to a strong 

accumulation of nonlinearities. Temporal stretching techniques, like the chirped pulse 

amplification, have to be applied to the pulse in order to decrease its peak power and 

minimize the accumulation of nonlinearities. The fiber geometry finds therefore 

typically application in high-power amplifier systems. In the slab geometry the gain 

medium has the form of a thin bar, short in one direction and extended in the other 

two. The laser beam is propagated along the extended lengths of the slab. Efficient 

cooling is achieved by extracting the heat load over both larger surfaces. However, the 

directional cooling induces a thermal gradient in perpendicular direction. This results 

in the formation of an asymmetric thermal lens. Designing the laser cavity with an 

elliptical mode or passing the gain material in a zig-zag geometry can compensate 

partially the thermal lensing. The third approach is the thin-disk geometry. Here the 

gain medium has the shape of a disk with a thickness in the order of 100 μm. Laser 

operation with increased beam diameters on the gain medium reduces nonlinearities 

and makes this approach attractive for operation at high peak powers. As such, the 

thin-disk concept finds application in high-power laser oscillator and as well in multi-

pass and regenerative amplifiers. This thesis applies the thin-disk concept for the 

development of powerful ultrafast laser oscillators.  

1.3 Thin-disk concept 

The thin disk is a power-scalable concept for high-power laser sources [10]. For a more 

detailed overview about the current status of thin-disk lasers the reader is referred 

to [11]. In the following, the basic concept of the thin-disk geometry will be 

recapitulated. 

The disk features typically a thickness in the range of 100 μm to 300 μm with 

diameters in the cm-range and is mounted with its backside onto a heat sink [Fig. 2(a)]. 

Efficient heat extraction is achieved by cooling the backside of the disk with water in 

turbulent flow [Fig. 2(b)]. The large ratio between cooling surface to disk thickness 

results in a one-dimensional heat flow in propagation direction of the beam [Fig. 2(c)]. 

This suppresses thermal lensing and is suitable for laser operation at high average 

powers.  
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Fig. 2. (a) A thin disk contacted onto an industrial cooling finger (Trumpf GmbH). 
Mounting of the disk onto diamond enables efficient heat transport to the coolant. (b) 
Schematic of the cooling finger. Heat is extracted from the disk by turbulent water flow on 
the backside. (c) The large ratio between cooling surface to disk thickness features a one-
dimensional (1D) heat flow. This suppresses thermal lensing and enables laser operation 
at high average powers. The disk is coated to be highly-reflective (HR) on the back side 
and anti-reflective (AR) on the front for pump and laser wavelength. 

The backside of the disk is coated to be highly reflective (HR) and the front-side to 

be anti-reflective (AR) for the pump and laser wavelength [Fig. 2(c)]. The thin 

thickness limits the single-pass pump absorption and gain. Efficient pump absorption 

of more than 90% is achieved via a multi-pass pumping scheme allowing for more than 

48 passes through the laser gain medium (Fig. 3). Higher cavity round-trip gain can be 

achieved in a similar manner by folding the laser cavity multiple times over the disk 

or by implementing several disks into the laser cavity. 

 

 
Fig. 3. Illustration on the multi-pass pumping scheme enabling efficient absorption of the 
pump light. In this image the pump is folded 24 times over the disk (after folding the pump 
light 12 times on the disk it is reflected back by an end mirror) resulting in 48 passes 
through the gain medium. The inset shows the pump spot on the disk after alignment of 
all passes. The illustration is courtesy of Martin Saraceno [7]. 
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Geometrical power-scaling can be achieved by increasing the pump spot diameter 

on the disk (inset Fig. 3) in combination with an according increase of the laser beam 

diameter on it. Large beam diameters in the order of millimeters reduce the 

accumulation of nonlinearities in the disk due to a reduced peak intensity. This is 

beneficial for laser operation at high peak powers in pulsed laser operation. 

Nonlinearities can be instead adjusted by means of other cavity components which 

results in more freedom of the design parameters.  

1.4 Summary of included papers and authors 

contribution 

This thesis concludes the achieved results in a cumulative collection of published 

papers. Each chapter contains an individual introduction that focusses on giving the 

reader a basic background about the discussed topic and summarizes the key results 

of the experimental investigation. Section 2.5 and section 3.3 contain additional 

experimental results that have not be included into the published papers.   

Included papers have been published or are currently submitted to the 

corresponding journal. The originals are available on OSA Publishing 

(https://www.osapublishing.org/). Texts and figures contain identical content as 

published but have been replotted and formatted to match in appearance a corporate 

thesis style. All papers are reprinted with permission from the corresponding 

publishers. The copyright of the original publications is retained by the respective 

copyright holders. 

The thesis was realized in the research group of Prof. Dr. Thomas Südmeyer. Each 

project was carried out in collaboration with other doctoral students, post-docs, senior 

scientists and external collaborators. The included papers are listed in their appearance 

in this thesis and the authors contribution to the published result is stated.  

 

• Paper 1: C. Paradis, N. Modsching, V. J. Wittwer, B. Deppe, C. Kränkel, and 

T. Südmeyer, "Generation of 35-fs pulses from a Kerr lens mode-locked 

Yb:Lu2O3 thin-disk laser," Opt. Express 25(13), 14918–14925 (2017). 

Contribution in discussions and the development of the script for the 

simulation of the Kerr lens mode-locking. Contribution in the experimental 

https://www.osapublishing.org/
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optimization of the ultrafast TDL oscillator for shortest pulse duration and 

highest average power in the sub-100-fs pulse duration regime. 

• Paper 2: N. Modsching, J. Drs, J. Fischer, C. Paradis, F. Labaye, M. Gaponenko, 

C. Kränkel, V. J. Wittwer, and T. Südmeyer, "Sub-100-fs Kerr lens mode-locked 

Yb:Lu2O3 thin-disk laser oscillator operating at 21 W average power," Opt. 

Express 27(11), 16111–16120 (2019). 

Project leader, development of the cavity design, setup of the TDL 

oscillator, full experimental characterization and optimization of the mode-

locked laser performance.  

• Paper 3: N. Modsching, C. Paradis, F. Labaye, M. Gaponenko, I. J. Graumann, 

A. Diebold, F. Emaury, V. J. Wittwer, and T. Südmeyer, "Kerr lens mode-locked 

Yb:CALGO thin-disk laser," Opt. Lett. 43(4), 879–882 (2018). 

Project leader, development of the cavity design, setup of the TDL 

oscillator, full experimental characterization and optimization of the mode-

locked laser performance.  

• Paper 4: N. Modsching, C. Paradis, P. Brochard, N. Jornod, K. Gürel, 

C. Kränkel, S. Schilt, V. J. Wittwer, and T. Südmeyer, "Carrier-envelope offset 

frequency stabilization of a thin-disk laser oscillator operating in the strongly 

self-phase modulation broadened regime," Opt. Express 26(22), 28461 (2018). 

Project leader, contribution in developing the driving laser system 

(paper 1), implementation of the stabilization electronics in the 

experimental setup, detection of the carrier-envelope offset frequency (fCEO) 

with a provided f-to-2f interferometer, experimental characterization and 

stabilization of the fCEO, optimization of the active feedback loop. 

• Paper 5: C. Paradis, J. Drs, N. Modsching, O. Razskazovskaya, F. Meyer, 

C. Kränkel, C. J. Saraceno, V. J. Wittwer, and T. Südmeyer, "Broadband 

terahertz pulse generation driven by an ultrafast thin-disk laser oscillator," Opt. 

Express 26(20), 26377–26384 (2018). 

Contribution in developing the driving laser system (paper 1), participation 

in preliminary experimental investigations for THz generation, 
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participation in measurement campaigns and optimization of the 

experimental setup.  

• Paper 6: J. Drs, N. Modsching, C. Paradis, C. Kränkel, V. J. Wittwer, 

O. Razskazovskaya, and T. Südmeyer, "Optical rectification of ultrafast Yb-

lasers: Pushing power and bandwidth of THz generation in GaP," JOSA B 

submitted (2019). 

Experimental modification of the driving TDL oscillator to different pulse 

durations (paper 1), power-scaling of the TDL laser oscillator for achieving 

the high THz average power result (paper 2), participation in all THz 

measurement campaigns. 

• Paper 7: F. Labaye, M. Gaponenko, V. J. Wittwer, A. Diebold, C. Paradis, 

N. Modsching, L. Merceron, F. Emaury, I. J. Graumann, C. R. Phillips, 

C. J. Saraceno, C. Kränkel, U. Keller, and T. Südmeyer, "Extreme ultraviolet 

light source at a megahertz repetition rate based on high-harmonic generation 

inside a mode-locked thin-disk laser oscillator," Opt. Lett. 42(24), 5170–5173 

(2017). 

Initial experimental investigation demonstrating the suitability of the used 

Yb:Lu2O3 disk for the generation of sub-300-fs pulses durations at high 

average powers by SESAM mode-locking. Contribution in the discussion 

about cavity design.  
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Chapter 2    

Cutting-edge sub-100-fs thin-disk 

laser oscillators 

This chapter presents the development of Kerr lens mode-locked (KLM) thin-disk laser 

(TDL) oscillators operating in the sub-100-fs pulse duration regime. Section 2.1 

summarizes in an overview the achieved results in the framework of this thesis. 

Subsection 2.1.1 and 2.1.2 introduce the Kerr lens mode-locking technique and discuss 

the physical properties of the chosen Yb-doped gain materials, respectively. Section 

2.2 to 2.4 present the developed KLM TDL oscillators. Section 2.5 discusses in more 

detail the experimental optimization for laser operation in the sub-100-fs pulse 

duration regime. Applications of the developed KLM TDL oscillators will be presented 

ongoing in chapter 3 and chapter 4.  

2.1 Generation of sub-100-fs pulse durations from thin-

disk laser oscillators 

In the framework of this thesis ultrafast TDL oscillators were developed with 

improved performance for laser operation the sub-100-fs pulse duration regime. Key 

ingredient was the combination of the Kerr lens mode-locking scheme for TDL 

oscillators [1] with the gain materials Yb:Lu2O3 [2] and Yb:CALGO [3]. This 

combination enabled the development of sub-100-fs TDL oscillators operating at a 4 

times higher average power compared to previous results [Fig. 1(a)]. Additionally, 
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unprecedented pulse durations of ultrafast TDL oscillators have been achieved, 40% 

shorter compared to previous results [Fig. 1(b)]. This resulted in a change of paradigm 

showing that the thin-disk geometry can generate pulse durations from Yb-doped gain 

materials as short as the one achievable with Yb-doped bulk oscillators.  

 

Fig. 1. (a) Progress in average power of sub-100-fs oscillators based on Ti:sapphire and Yb-
doped gain materials for bulk and thin-disk laser (TDL) geometry. (b) Evolution of the 
shortest pulse duration generated by ultrafast Yb-doped bulk and TDL oscillators. 
Ultrafast TDL oscillators are distinguished into the applied mode-locking technique 
(SESAM: saturable absorber mirror; KLM: Kerr lens mode-locking). Presented results in 
this thesis are highlighted with a green star, references can be found in [4,5]. 

Subsection 2.1.1 introduces the Kerr lens mode-locking scheme of TDL oscillators 

and subsection 2.1.2 summarizes the physical key properties of the applied gain 

materials Yb:Lu2O3 and Yb:CALGO in comparison to Yb:YAG, the standard gain 

material for nowadays TDL. Section 2.2 to 2.4 contain the experimental results of the 

developed Kerr lens mode-locked (KLM) TDL oscillators that are following concluded 

with their experimental results and key messages. 

Section 2.2 presents the development of a KLM TDL oscillator based on the gain 

material Yb:Lu2O3. Different combinations of output-coupler transmission, introduced 

group delay dispersion and hard aperture diameter have been realized to study the 

impact of those laser parameter on the pulse duration and average power.  

• Laser operation at 10.7 W of average power in 88-fs pulses, 4.5 W in 49-fs pulses, 

and 1.6 W in 35-fs pulses  

• First demonstration of a sub-100-fs TDL oscillator operating at more than 10 W 

of average power 
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• At that time the shortest pulse duration generated by a TDL oscillator 

• Demonstration that Yb:Lu2O3 is a promising gain material for power-scaling of 

sub-100-fs TDL oscillators  

Section 2.3 presents the performance improvement of the KLM TDL oscillator 

developed in section 2.2. Based on the same Yb:Lu2O3 disk a modified cavity design 

has been developed folding the laser cavity a second time on the disk. The impact of 

higher round-trip gain onto the laser performance in the sub-100-fs pulse duration 

regime was investigated. 

• Laser operation at 21 W of average power in 95-fs pulses 

• Highest average power demonstrated by a sub-100-fs oscillator  

• Highest optical-to-optical efficiency achieved by a sub-100-fs TDL oscillator 

• Demonstration that TDL oscillators operating in the self-phase modulation 

broadened regime can generate sub-100-fs pulses at high average powers with 

optical-to-optical efficiencies that are comparable to sub-100-fs Yb-based bulk 

oscillators 

Section 2.4 presents the development of a KLM TDL oscillator based on the 

broadband gain material Yb:CALGO. 

• First demonstration of a KLM Yb:CALGO TDL oscillator. 

• Generation of 30-fs pulses which is the shortest pulse duration so far achieved 

by an ultrafast TDL oscillator  

• Advantage of the thin-disk pumping scheme for the generation of even shorter 

pulse duration in comparison to standard end-pumped bulk oscillators. 

Section 2.5 concludes this chapter by explaining in more detail the underlying 

experimental optimization for laser operation in the sub-100-fs pulse duration regime. 

The impact of various optimization parameters onto the laser performance is 

determined.  

2.1.1 Mode-locking of TDL oscillators via the Kerr effect 

Passive mode-locking enables the formation of a pulse inside a laser oscillator with 

durations in the femtosecond regime [6–8]. The fundamental principle of mode-

locking has been intensively discussed in various text books [9–11]. In the thin-disk 
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geometry several mode-locking techniques have been applied, e.g. by saturable 

absorber mirrors (SESAMs) [12], Kerr lens mode-locking [13], nonlinear polarization 

rotation [14] and, more recently, non-linear mirror mode-locking [15]. Among those 

techniques the shortest pulse durations were generated via Kerr lens mode-locking as 

will be presented in this thesis.   

The Kerr effect describes the change of the refractive index of a material (n) in the 

presence of light with high intensity (I). Its strength depends on the nonlinear material 

refractive index n2 and the intensity of the light as follows 

  

𝑛(𝐼) = 𝑛 + 𝑛2𝐼. 

 

In a transverse Gaussian profile, the highest intensity appears in the center of the 

laser beam. In case that n2 > 0 the Kerr effect creates a corresponding refractive index 

profile with the maximum in the center. The increased refractive index retards the 

central laser beam components compared to the outer ones. This results in the 

formation of an intensity dependent focusing lens. The focal length of the so created 

Kerr lens (fKerr) can be approximated by 

 

𝑓Kerr
−1 =

8𝑛2𝑑KM
𝜋𝑤2

· 𝐼, 

 

where dKM is the thickness of the Kerr medium (KM) and w the beam radius in the 

KM [16]. 

Mode-locking via the Kerr effect is based on the formation of a Kerr lens in a bulk 

material, referred to as Kerr medium [inset Fig. 2(left)]. The KM is usually an undoped 

YAG, sapphire or fused silica plate of several millimeter thickness. It is typically placed 

under Brewster´s angle into the cavity to avoid Fresnel reflection losses. In the 

standard Kerr lens mode-locking scheme of TDL oscillators the KM is placed in the 

vicinity of an intracavity focus that is created between two curved mirrors [13]. The 

Kerr lens can promote two types of passive loss modulation for the generation of 

ultrashort pulses. In case of “hard aperture mode-locking” the required loss 

modulation is achieved by placing a pinhole into the laser cavity [inset Fig. 2(right)]. 

The Kerr lens focusses the laser beam at the position of the hard aperture 

[Fig. 2(bottom)]. Reduced round-trip losses make the mode-locked operation more 
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favourable than the continuous-wave operation. In case of “soft aperture mode-

locking” the Kerr lens improves in mode-locked operation the overlap of the laser 

beam with the pumped area in the gain material.  

 

Fig. 2. (left) Kerr medium and (right) pinhole placed in front of a cavity end mirror for hard 
aperture mode-locking. (bottom) Schematic of the beam propagation in continuous-wave 
and in mode-locked operation. The Kerr lens in mode-locked operation reduces the losses 
by focusing the laser beam through the hard aperture. 

Kerr lens mode-locking features a spectrally broadband passive loss modulation 

at high modulation depths. The nearly instantaneous response and relaxation is 

beneficial for the formation of ultrashort pulse durations. Without real absorption 

taking place, this technique is as well suitable for laser operation at high intracavity 

average powers and peak powers. However, the challenge for Kerr lens mode-locking 

relies in the cavity design. Usually a continuous-wave operation close to the edge of 

the stability zone is required [13].  

Focussing of the pulse into the KM generates besides the Kerr lens also self-phase 

modulation (SPM). The amount of SPM created per cavity roundtrip (γSPM) along the 

propagation length z can be estimated for a Gaussian beam by  

 

𝛾SPM =
2π

𝜆
∫ 𝑛2

2

𝜋 · 𝑤2(𝑧)
· d𝑧,

𝐿

0
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where λ is the wavelength [10]. SPM generates new frequency components for a 

corresponding up-chirp. The created amount of SPM in the KM is usually much larger 

than the one accumulated during free space propagation.  For soliton pulse formation 

the SPM has to be accordingly compensated by negative group delay dispersion 

(GDD). The fundamental soliton equation relates the resulting pulse energy Epulse, to 

the amount of total GDD, the SPM-coefficient γSPM, and the full width at half maximum 

(FWHM) pulse duration τFWHM as follows: 

 

𝐸pulse =
2 · 1.76 · |GDD|

|γSPM| · 𝜏FWHM
 

 

A large amount of SPM can result in the generation of frequency components 

beyond the gain bandwidth. This enables the generation of shorter pulse duration than 

actually supported by the gain material [17]. By operating in the strongly SPM-

broadened regime a KLM Yb:YAG TDL oscillator generated pulses durations as short 

as 49 fs [18]. Section 2.2 presents the development of a KLM Yb:Lu2O3 TDL oscillator 

operating in the same regime  generating even a shorter pulse duration of 35 fs. In both 

cases enabled the large amount of SPM the expansion of the optical spectrum three 

times beyond the corresponding FWHM gain bandwidth.  

2.1.2 Yb-doped gain materials 

The development of novel gain materials and the continuous improvement of the 

crystal quality from existing ones is crucial for further progress of powerful ultrafast 

lasers. Besides the manifold of laser active ions (Cr3+, Er3+, Ti3+, Tm3+, Ho3+, Yb3+,…), 

Yb-doped gain materials feature the most suitable properties for laser operation at 

high average power [19]. Main advantages are a reduced heat load due to the low 

quantum defect, high doping concentration up to 10% and optical pumping with diode 

laser systems that are commercially available at kW power levels. The choice of the 

Yb-doped host [19–23] (e.g. garnets like YAG or LuAG; sesquioxides like Lu2O3, Sc2O3 

or LuScO3; tungstates like KYW, KGW or KLuW; vanadates like LuVO, YVO, GdVO; 

CALGO or CALYO) is crucial for the thermo-mechanical and spectral properties of the 

gain material. An extensive overview about Yb-doped gain materials and their 

suitability for the development of sub-100-fs TDL oscillators is given in [21]. Most 

favourable properties of a gain material for application in the thin-disk configuration 
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are: High thermal conductivity, large gain cross-sections, broad spectral gain 

bandwidth, high doping concentrations, high crystal quality, homogenous crystal 

properties, reproducible manufacturing of large crystal diameters. However, the ideal 

gain material fulfilling all required properties does not exist yet and a trade-off has to 

be found. 

In the framework of this thesis the gain materials Yb:Lu2O3 and Yb:CALGO have 

been selected as most promising for the development of sub-100-fs TDL oscillators. 

Their gain cross-sections at an inversion level β of 0.3 are shown in Fig. 1 in comparison 

to Yb:YAG, the standard gain material of TDLs nowadays. Selected physical properties 

of the three gain materials are summarized in Tab. 1.  

 

Fig. 3. Gain cross sections (inversion level β = 0.3) of the gain materials Yb:Lu2O3 and 
Yb:CALGO (σ-polarization) are shown in comparison to Yb:YAG, the standard gain 
material of nowadays high-power TDL. The figure has been taken from [5] and modified.  

The physical properties of Yb:Lu2O3 are promising for the development of 

powerful sub-100-fs TDL oscillators (Tab. 1). Its thermal conductivity drops only 

slightly with increasing doping concentration [20]. In comparison to Yb:YAG this 

results in a 50% higher thermal conductivity at a doping concentration of 3 at.%. The 

40% smaller gain cross section could thus be compensated with an increased doping 

concentration and a larger disk thickness. The 60% larger FWHM gain bandwidth at 

an inversion level of β = 0.3 is beneficial for the generation of sub-100-fs pulse 

durations. However, the extremely high melting temperature of 2500 °C makes the 

fabrication of single crystal Yb:Lu2O3 challenging [19]. Highest single crystal quality 

was so far achieved by the heat-exchanger method [24]. The potential of single crystal 

Yb:Lu2O3 TDL oscillators was demonstrated with 670 W of average power in multi-
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mode operation [25]. In mode-locked operation 141 W of average power were 

achieved at a somewhat longer pulse duration of 738 fs [26]. Recently, the fabrication 

of ceramic Yb:Lu2O3 via the sintering method has become another promising approach 

to fabricate Yb:Lu2O3 disks at lower temperatures [27]. Ceramic Yb:Lu2O3 TDL 

oscillators achieved already 174 W of average power in multi-mode operation [28]. In 

mode-locked operation 3.7 W were demonstrated with 98-fs pulses [29].  

The potential of KLM TDL oscillators based on crystalline Yb:Lu2O3 disks for high-

power laser operation in the sub-100-fs pulse duration regime is presented in 

section 2.2. Section 2.3 demonstrates laser operation of a sub-100-fs Yb:Lu2O3 KLM 

TDL oscillators at 21 W of average power.  

Tab. 1. Selected physical properties of the gain materials Yb:YAG, Yb:Lu2O3 and Yb:CALGO  

(FWHM, full width at half maximum) [3,30,31].  

 Yb:YAG Yb:Lu2O3 Yb:CALGO  

(c-cut) 

Chemical formula Yb:Y3Al5O12 Yb:Lu2O3 Yb:CaGdAlO4 

Melting point (undoped) 1930 °C 2500 °C < 1700 °C 

Thermal conductivity (undoped) 9.8 W/m· K 12.2 W/m· K 11.4 W/m· K 

Thermal conductivity (Yb-doped) 7.1 W/m· K 

(3 at.%) 

10.8 W/m· K 

(3 at.%) 

6.3 W/m· K 

(2 at.%) 

Gain properties at inversion level of β = 0.3 (values retrieved from Fig. 1) 

Central wavelength  1030 nm 1033 nm 1042 nm 

Gain cross section 5.5· 10-21 cm2 3.3· 10-21 cm2 1.5· 10-21 cm2 

FWHM bandwidth 8 nm 13 nm > 60 nm 

Bandwidth corresponding Fourier 
limited pulse duration  

140 fs 90 fs < 20 fs 

 

Yb:CALGO features the broadest gain bandwidth of Yb-doped gain materials that 

have been so far applied in the thin-disk configuration (Fig. 1). It supports theoretically 

the generation of sub-20-fs pulse durations (Tab. 1). However, the disordered 

crystalline structure results in a strongly reduced gain cross section and restricts the 

available single pass gain. Although the thermal conductivity drops for higher doping 

concentrations, it remains good compared to other broadband gain materials [21]. The 

strongest limitation in the development of more powerful ultrafast Yb:CALGO TDL 

oscillators is the available disk quality which still suffers from inhomogeneities [5,32]. 

In the thin-disk configuration already 190 W of average power were reported in multi-
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mode operation [32]. In mode-locked operation 28 W of average power were achieved 

in 300-fs pulses [33] and pulses as short as 49 fs were generated at 2 W of average 

power [34]. Exploiting the gain bandwidth of Yb:CALGO further by generating 30-fs 

pulses from a KLM TDL oscillator is presented in section 2.4.  
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We investigate Kerr lens mode locking of Yb:Lu2O3 thin-disk laser oscillators 

operating in the sub-100-fs regime. Pulses as short as 35 fs were generated at an 

average output power of 1.6 W. These are the shortest pulses directly emitted from 

a thin-disk laser oscillator. The optical spectrum of the 35-fs pulses is almost 3 times 

broader than the corresponding emission band of the gain crystal. At slightly longer 

pulse duration of 49 fs, we achieve an average power of 4.5 W. In addition, 10.7 W 

are obtained in 88-fs pulses, which is twice higher than the previous power record 

for ultrafast thin-disk lasers generating pulses shorter than 100 fs. Our results prove 

that Kerr lens mode-locked Yb:Lu2O3 thin-disk lasers are a promising technology 

for further average power and pulse energy scaling of ultrafast high-power 

oscillators operating in the sub-100-fs regime. 

2.2.1 Introduction 

Following the demonstration of the first mode-locked thin-disk laser (TDL) oscillator 

more than fifteen years ago [1], tremendous progress in the area of power scaling has 

been achieved [2]. In this period, the field of mode-locked TDLs has evolved into being 

the leading technology for high power and high pulse energy ultrafast laser oscillators. 

State-of-the-art ultrafast TDLs emit up to 275 W of output power [3,4] and 80 μJ of 

pulse energy [5] with several hundred femtoseconds pulse durations. Such 
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performance has enabled TDLs to directly drive applications which previously 

required the use of complex amplifier systems [6–8]. However, reducing the pulse 

duration of high-power oscillators is a major challenge. The first TDL emitting 

sub-100-fs pulses has been demonstrated only in 2012 [9] and even today, the power 

levels in this regime are limited to 5 W [9,10] (see Fig. 1). Therefore, external nonlinear 

pulse compression is applied for many applications in areas such as high field science 

and frequency comb generation. This introduces an additional stage of complexity to 

the system which may reduce the beam quality, power level and temporal pulse 

profile. Overcoming the trade-off between output power and pulse duration by 

providing compact and simple laser oscillators delivering hundreds of watts and tens 

of micro-joules in sub-100-fs pulses will simplify many existing experiments and open 

new application areas. 

 

Fig. 1. Overview of sub-170-fs mode-locked thin-disk lasers based on Yb-
doped materials [9–17]. The results presented in this article are highlighted 
with star symbols. The green area spotlights the desired performance of 
ultrafast oscillators to directly drive applications such as high field science 
and frequency comb generation. 

Initially, all ultrafast TDLs were passively mode-locked using a semiconductor 

saturable absorber mirror (SESAM, [18]). Besides self-starting pulsed operation and 

simplicity of the cavity design, the combination of TDLs and SESAMs enables power 

scalability of the modelocked performance of the laser [2]. Following the 

demonstration of the first Kerr lens modelocked (KLM) TDL [19], similar scaling laws 

were demonstrated for this alternative mode locking technique resulting in average 

output powers up to 270 W in 330-fs pulses utilizing Yb:Y3Al5O12 (Yb:YAG) [4]. 

Recently, 140-fs pulses were generated directly from a KLM Yb:YAG thin-disk 
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oscillator at an average output power of 155 W and an optical-to-optical efficiency of 

29% [17]. This pulse duration is more than three times shorter than any Yb:YAG 

SESAM mode-locked TDL [2]. Mode locking of TDLs via the Kerr lensing mechanism 

enables high modulation depth as well as instantaneous response time of the self-

amplitude modulation. While Yb:YAG may be the best choice for high (average) 

output power, its gain bandwidth of 9 nm (FWHM) does not support pulses shorter 

than 120 fs. In order to achieve mode-locked operation with pulse durations shorter 

than 100 fs, numerous TDL using Yb-doped laser materials with broader gain 

bandwidths have been developed [20]. In this way, the minimum pulse duration was 

successfully reduced from initially hundreds of femtoseconds to 49 fs, which were 

obtained from a SESAM mode-locked Yb:CaGdAlO4 (Yb:CALGO) TDL [10,14]. Most 

of the recently demonstrated Yb-based broadband gain materials are still in an early 

phase of thin-disk development, suffering from growth defects and non-optimized 

disk processing technologies. Moreover, many of them exhibit comparably low 

thermal conductivity due to their disordered nature. All of these factors hinder further 

power scaling at the moment. Until recently, all TDLs generating record-short pulses 

were based on SESAM mode locking. In 2015, pulses as short as 49 fs with 33 nm 

optical bandwidth have been obtained from a KLM Yb:YAG TDL [15]. This result 

relied on spectral broadening of the pulses utilizing additional spectral components 

generated due to SPM well beyond the gain limitation [21]. Although the output power 

of 3.5 W was moderate, this result clearly indicates that KLM is a promising approach 

for achieving even shorter pulses from TDLs based on Yb-gain materials with broader 

emission bands than Yb:YAG. 

Yb:Lu2O3 is an excellent candidate to push the performance of ultrafast TDLs 

towards high-power and short pulses. The cubic host lutetia (Lu2O3) features a high 

thermal conductivity of 12 Wm-1K-1, which is nearly independent on the doping 

concentration, while the thermal conductivity of Yb:YAG drops by nearly a factor of 

two to 7 Wm-1K-1 at the Yb3+-doping concentrations required in the TDL configuration. 

When doped with Yb3+, Lu2O3 exhibits a 30 % broader gain bandwidth than Yb:YAG , 

amounting to 12 nm (FWHM) and directly supporting sub-100-fs pulse formation. The 

absorption cross sections at the zero-phonon line around 976 nm are more than a factor 

of 3 higher than those of Yb:YAG. Pumping at this wavelength brings also the 

advantage of an increased Stokes efficiency and thus a lower amount of generated heat 
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compared to Yb:YAG, which is typically pumped at 940 nm or 969 nm [22]. The high 

melting point exceeding 2400 °C makes the growth of lutetia very challenging, but the 

heat exchanger method has proven to be a viable technique for growing high quality 

crystals [23]. The beneficial properties of this gain material supported very high 

optical-to-optical efficiencies exceeding 70 % in continuous wave operation. In the 

bulk geometry, an Yb:Lu2O3 oscillator emitted 71 fs pulses [24] while in SESAM-mode-

locked TDL operation, it generated more than 140 W of average output power with 

sub-ps pulses [25] and supported pulses as short as 142 fs [11]. Recently, the first KLM 

Yb:Lu2O3 TDL was presented delivering 5.9 W with 165-fs pulses [16]. Figure 2 

presents a timeline of the minimum achieved pulse duration from ultrafast Yb:Lu2O3 

bulk and thin-disk lasers. 

 

Fig. 2. Overview of the minimum achieved pulse duration from ultrafast 
oscillators based on the Yb:Lu2O3 gain material in bulk and thin-disk 
geometries [11,16,24,26–28]. The presented work is highlighted with a star 
symbol. 

Here we demonstrate that the use of the broadband gain material Yb:Lu2O3 in the 

TDL configuration in combination with KLM technique is well-suited for the 

generation of pulses shorter than 100 fs. We achieved the shortest pulses as well as two 

times higher average power in the sub-100-fs domain than from any TDL.  

2.2.2 Laser characterization in continuous-wave operation 

The laser experiments were performed with a 12-mm-diameter Yb(3%):Lu2O3 disk. 

The crystal boule has been grown at the Institut für Laser-Physik (Universität 

Hamburg) and was afterwards cut and polished to a thickness of 160 μm. The disk 
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exhibits a wedge of 0.1° in order to avoid interaction between the residual reflections 

and the main beam. The front surface is anti-reflection (AR) coated while the back 

surface is coated to be highly reflective (HR) for laser and pump wavelengths. The disk 

is contacted onto a diamond heat sink and has a concave radius of curvature (RoC) of 

2.1 m. Water-cooling of the diamond from the backside allows for efficient removal of 

the heat generated in the active material. A fiber-coupled volume-Bragg-grating (VBG) 

stabilized 400-W diode laser system pumps the gain material at the zero-phonon line 

at a wavelength of 976 nm with a spectral width below 0.5 nm. The disk is placed in a 

TDL head designed for 36 passes of the pump through the gain material in order to 

achieve high pump absorption. The pump spot is set to a diameter of 2.8 mm. 

 

Fig. 3. Output power (solid) and optical-to-optical efficiency (dashed) as a function of the 
pump power for a multi-mode linear cavity (MM, output coupler transmission TOC = 1.8 %) 
and a fundamental transverse mode cavity folded over the disk (FM, TOC = 3.6 - 7.6 %), 
thus experiencing two times higher gain; The black solid lines show the linear fits used for 
the calculation of the slope efficiencies. Inset: near-field mode profile of the laser at 122 W 
of output power at a TOC of 3.6 %. 

The disk was initially tested in continuous-wave (cw) operation in a linear 

multimode (MM) cavity consisting of a flat output coupler (OC) with a transmission 

TOC of 1.8% and the HR coated backside of the disk, separated by ≈7 cm. The beam 

radius of the fundamental mode on the gain crystal was estimated to be 360 μm, thus 

the laser operation was highly multi-mode given the pump spot diameter of 2.8 mm. 

In such a configuration, highest efficiencies can be expected due to an improved 

overlap of the top-head pump profile and the laser beam compared to a diffraction 

limited Gaussian beam. As shown in Fig. 3, a cw output power of 137 W was obtained 

under 209 W of incident pump power. The optical-to-optical efficiency amounted to 



28       Chapter 2 

66% and the slope efficiency was 81%. These values are close to the best reported 

results with this gain material in the thin-disk configuration [22]. In order to avoid 

damage, we limited the pump intensity on the disk to ≈3.5 kW/cm2 even though no 

hints for degradation of the laser efficiency were observed even at highest pump 

powers. 

In the next step, we built a 3 m long linear cavity supporting fundamental 

transverse mode (FM) operation following a similar design as the one reported in [25]. 

The disk and a concave curved mirror (CM) (RoC = 3 m) are placed between two flat 

end mirrors, of which one is partially transmissive and used as an OC. In this 

configuration where the disk is used as a folding mirror, the laser beam passes four 

times per roundtrip (RT) through the gain crystal which leads to a twice higher gain 

and consequently a twice larger optimal output coupling rate compared to the multi-

mode cavity. The lasing performance in cw operation was evaluated for different 

output coupling rates (see Fig. 3). The estimated laser mode to pump diameter ratio 

was around 80% and the beam quality factor M2 was measured to be below 1.2 in all 

experiments, confirming fundamental mode operation of the laser. At TOC = 3.6%, 

122 W were emitted with an optical-to-optical efficiency approaching 60% and a high 

slope efficiency of 70%. The near field mode profile of the laser at this output power is 

depicted in the inset of Fig. 3. These results reveal that this particular disk exhibits high 

growth and manufacturing quality and is well suited for further mode-locking 

experiments. 

2.2.3 Results of the laser experiments in mode-locked operation 

For mode-locked operation, we modified the cavity similar to [19] in order to favor 

pulsed operation by applying the Kerr effect as depicted in Fig. 4. A 2-mm-thick 

undoped YAG plate is placed under Brewster’s angle in the focal region between the 

two concave mirrors (CM2 and CM3), which have both a RoC of 400 mm. This 

Brewster plate (BP) ensures linear polarization of the laser beam and serves as the Kerr 

medium for the mode-locking mechanism. The beam spot radius inside the BP is 

estimated to be 90 μm × 150 μm in sagittal and tangential planes. A water-cooled 

pinhole placed in front of an end mirror serves as a hard aperture for KLM. The intra-

cavity group delay dispersion (GDD) is adjusted by several dispersive mirrors for the 

soliton formation. The pulsed operation is generally initiated by a gentle knock on the 
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laser table. The cavity length of the resonator is 2.5 m, which results in a 61 MHz 

repetition rate of the generated pulses. The resonator is operated in ambient air and 

has a footprint of only 80 cm × 40 cm. 

 

Fig. 4. Schematic of the cavity used for mode locking operation. CM1, convex 
RoC of 2 m; CM2, CM3 concave RoC of 400 mm; BP, Brewster plate; HA, hard 
aperture; OC, output coupler. All other mirrors are highly reflective or 
dispersive depending on the configuration. A difference in the size of the 
beam profile was between cw and ML operation (data shown for the 35-fs 
operation). 

In our work, we focused on optimizing the laser for shortest pulse duration and 

highest average output power in the sub-100-fs regime. For this purpose, we studied 

the influence of critical laser parameters in one general cavity configuration, keeping 

the cavity design and the concave mirrors around the Kerr element constant. We 

investigated the mode locking performance for varying output coupling rate, intra-

cavity dispersion, and hard aperture diameter. For each configuration, the pump 

power was set to the level delivering the minimum pulse duration in stable 

fundamental mode locking. At slightly higher pump power, a cw breakthrough was 

typically observed in the optical spectrum. In this way, stable mode locking was 

obtained for a large variety of laser parameters. The transverse beam quality M2 was 

measured in several mode-locked configurations and was always below 1.05. Table 1 

summarizes the mode-locked performance and laser parameters for a few 

representative configurations. 
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Table 1. Mode locking performance and laser parameters for the presented configurations with 

pulse durations of 35 fs, 49 fs and 88 fs. 

Configuration 35 fs 49 fs 88 fs  Configuration 35 fs 49 fs 88 fs 

Output power (W) 1.6 4.5 10.7  GDD per RT (fs²) -1000 -1100 -2200 

Peak power (MW) 0.7 1.3 1.8  
Hard aperture diameter 

(mm) 
1.9 2.0 2.0 

Pulse energy (μJ) 0.03 0.07 0.18  Repetition rate (MHz) 61 61 61 

Central wavelength (nm) 1028.8 1031.5 1037.6  Output coupling rate (%) 0.9 2.7 4.6 

FWHM bandwidth (nm) 33.9 24.1 14.4  Pump power (W) 76 96 186 

Time bandwidth product 0.332 0.330 0.353  Opt.-to-opt. efficiency (%) 2.1 4.7 5.8 

 

Figures 5(a) and 5(b) show the optical spectra and the gain at an inversion level of 

0.3 for reference, as well as the intensity autocorrelation traces with the corresponding 

fit to the autocorrelation of a sech2 function for the three configurations. The side peaks 

observed in the spectra of the short pulses carry only a minor fraction of the power 

and are associated with dispersive waves, similar to the sidebands observed in 

previous work [14,24]. Moreover, the output coupler transmission increases by more 

than a factor of two at the edges of the spectrum. The radio frequency spectrum and 

sampling oscilloscope trace of the shortest pulses are shown in Figs. 5(c) and 5(d). The 

88-fs and 49-fs configurations achieve an average power of 10.7 and 4.5 W, 

respectively. The shortest pulse duration of 35 fs has been achieved at an output power 

of 1.6 W. For this pulse duration measurement, an extra-cavity dispersive mirror with 

negative group delay dispersion of −250 fs2 was used to compensate for the material 

dispersion of the output coupler mirror and for the propagation in air. For all 

configurations, we confirmed fundamental single pulse mode-locked operation of the 

laser with a 180-ps long-range autocorrelation and a fast 18.5-ps photodiode in 

combination with a 40-GHz sampling oscilloscope as shown in Fig. 5(c). 
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Fig. 5. (a) Optical spectra of the 35-fs, 49-fs and 88-fs laser configurations. The 
normalized gain cross section σgain of Yb:Lu2O3 for an inversion level β of 0.3 is 
shown for reference (data taken from [20]). (b) Intensity autocorrelation traces 
with fit to the autocorrelation of a sech2. (c) Radio frequency spectrum of the 
35-fs pulses measured with a resolution bandwidth RBW of 300 Hz. (d) 
Sampling oscilloscope trace in 1 ns and (inset) 20 ns for the 35-fs pulse train 
confirming the single pulse operation of the mode-locked laser. The weak 
ringing in the signal trace at 0.5 ns is an artefact due to the electronics of the 
detection setup. 

This result demonstrates pulses 4 times shorter than previously achieved from a 

SESAM mode-locked Yb:Lu2O3 TDL [11] and 50% shorter than obtained in bulk 

geometry with the same gain material [24]. For reaching shorter pulse durations, we 

observed general trends in agreement with previous reported studies on mode-locking 

with fast saturable absorbers [17,29,30]. Operating at a moderate level of introduced 

negative dispersion of −1000 fs2 up to −2000 fs2 per roundtrip enabled shortest pulse 

durations. Pulses became instable at lower GDD values, while for higher values, the 

minimum achievable pulse duration increased. Other critical parameters are output 

coupling rate and hard aperture diameter. To optimize pulse durations, it was 

important to reduce the output coupling rate while at the same time decreasing the 

aperture size. This allows maximizing the modulation depth of the self-amplitude 
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modulation, enabling stable mode-locking operation even in a regime with strong gain 

narrowing of the pulses. In this context, it should be noted that the optical bandwidth 

of the 35-fs pulses is almost 3 times broader than the FWHM of the emission cross 

section of the gain crystal. 

2.2.4 Conclusion and outlook 

We studied the minimum pulse durations achievable in soliton mode-locking with a 

TDL based on the broadband gain material Yb:Lu2O3 and KLM for various 

configurations of output coupling rate, intra-cavity dispersion, and hard aperture 

diameter. This work presents the shortest pulses and the highest power with sub-100-

fs pulses directly emitted from a thin-disk laser oscillator. In order to reach shortest 

pulse durations, the total negative intra-cavity dispersion needs to be minimized and 

the modulation depth of the saturable absorber has to be maximized by selecting a low 

degree of output coupling and adapting the hard aperture diameter. The efficiency in 

mode-locked operation is currently below 10% but we expect that further optimization 

of the cavity design in combination with mode-locking parameters for lower non-

saturable losses should enable higher values. Furthermore, in 2014, Brons et al. showed 

that scaling the intra-cavity peak power is feasible by enlarging the spot size on the 

Kerr medium [4], eventually leading to a significant increase of the output power of 

the laser. As a next step towards power scaling of sub-100-fs lasers, we will perform a 

similar study on an Yb:Lu2O3-based KLM oscillator. We expect that an increase of the 

spot size in the Kerr medium in combination with a larger pump area on the disk and 

multi-pass on the laser crystal will enable significantly higher output powers and pulse 

energies, making this source even more attractive for numerous experiments. Our 

work shows that Yb:Lu2O3 is one of the most promising gain materials for power-

scaling of sub-100-fs TDL oscillators towards several hundred watts of output power. 
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We investigate power-scaling of a Kerr lens mode-locked (KLM) Yb:Lu2O3 thin-disk 

laser (TDL) oscillator operating in the sub-100-fs pulse duration regime. Employing 

a scheme with higher round-trip gain by increasing the number of passes through 

the thin-disk gain element, we increase the average power by a factor of two and the 

optical-to-optical efficiency by a factor of almost three compared to our previous 

sub-100-fs mode-locking results. The oscillator generates pulses with a duration of 

95 fs at 21.1 W average power and 47.9 MHz repetition rate. We discuss the cavity 

design for continuous-wave and mode-locked operation and the estimation of the 

focal length of the Kerr lens. Unlike to usual KLM TDL oscillators, an operation at 

the edge of the stability zone in continuous-wave operation is not required. This 

work shows that KLM TDL oscillators based on the gain material Yb:Lu2O3 are an 

excellent choice for power-scaling of laser oscillators in the sub-100-fs regime, and 

we expect that such lasers will soon operate at power levels in excess of hundred 

watts. 

2.3.1 Introduction 

High-power ultrafast laser systems operating at MHz repetition rates are a versatile 

tool for numerous applications in science and industry [1]. Compared to amplifiers, 

oscillators generate usually close to transform-limited pulses in fundamental TEM00 

mode operation without pre- or post-pulses and feature low noise levels, suitable for 
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carrier-envelope-offset frequency stabilization. However, the currently achieved 

power levels decrease strongly as function of the minimum achieved pulse duration. 

In the last decade, numerous studies have been targeting to increase the achievable 

power levels of ultrafast laser oscillators operating in the sub-100-fs regime [2–4]. Sub-

100-fs bulk oscillators based on Ti:sapphire are currently limited to 3.5 W of average 

power [5] (Fig. 1). In comparison, sub-100-fs oscillators based on Yb-doped bulk gain 

materials operate at a reduced quantum defect, enabling up to 12.5 W of average 

power [6]. However, even in this case thermal effects in the bulk gain material are the 

most severe challenge for further increase of the average power.  

The thin-disk geometry is advantageous for further power increase of sub-100-fs 

laser oscillators, because it reduces the thermal effects in the gain material during laser 

operation [7]. Various techniques have been applied for efficient mode-locking of thin-

disk laser (TDL) oscillators, e.g. by saturable absorber mirrors (SESAMs) [8], nonlinear 

polarization rotation [9], nonlinear mirror mode-locking [10] and Kerr lens mode-

locking [11]. Among those techniques, the shortest pulse duration of a TDL oscillator 

was achieved by Kerr lens mode-locking [12]. 

 

Fig. 1. Progress of the average power of ultrafast solid-state laser oscillators operating in 
the sub-100-fs pulse duration regime (Ti:sapphire [5,13], Yb-doped bulk [6,13–15], Yb-
doped thin-disk laser (TDL) [16–18]). 

In order to expand high-power operation of ultrafast TDL oscillators into the sub-

100-fs regime [2], mode-locking of various broadband Yb-doped gain materials was 

investigated by several research groups [19–24]. The first TDL oscillators achieving 

sub-100-fs pulse durations were based on the broadband gain materials Yb:LuScO3 

and Yb:CALGO. Up to 5.1 W average power were demonstrated with an optical-to-
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optical efficiency amounting to 11% [16,17] (Table 1). Although their distorted 

crystalline structure is beneficial for a broad gain bandwidth, the resulting reduced 

thermal conductivity as well as the crystal quality of the available disks are limiting 

factors for achieving higher average powers. Currently, the highest average power of 

any ultrafast TDL oscillator based on disordered gain materials is limited to 28 W with 

300-fs pulses [24].  

Table 1. Selection of state-of-the-art Yb-based sub-100-fs oscillators.a  

Type Gain material Pave τpulse ηeff Reference 

Bulk Yb:CALGO 12.5 W 94 fs 20%  [9] 

Bulk Yb:CALGO 3.3 W 45 fs 16%  [25] 

TDL Yb:LuScO3 5.1 W 96 fs 11%  [16] 

TDL Yb:CALGO 5.1 W 62 fs 7%   [17] 

TDL Yb:YAG 155 W 140 fs 29% [26] 

TDL Yb:YAG 3.5 W 49 fs 3.5%  [27,28] 

TDL Yb:Lu2O3 10.7 W 88 fs 5.8%  [18] 

TDL Yb:Lu2O3 21.1 W 95 fs 16.2% This work 

aPave: average power; τpulse: pulse duration; ηeff: optical-to-optical efficiency; TDL, thin-disk laser. 

 

Ultrafast TDL oscillators based on the most mature gain material Yb:YAG have 

already reached average powers of 275 W, but operating at several hundred 

femtoseconds of pulse duration [29,30]. Kerr lens mode-locked (KLM) TDL oscillators 

demonstrated laser operation with 140-fs pulses at 155 W of average power and an 

optical-to-optical efficiency of 29% by fully exploiting the emission bandwidth of 

Yb:YAG [26]. Even shorter pulse durations of 49 fs were achieved by inserting 

nonlinear crystals for the generation of additional spectral components by self-phase 

modulation (SPM) in the cavity of a KLM Yb:YAG TDL oscillators. However, in this 

case the laser performance was limited to 3.5 W of average power at an optical-to-

optical efficiency of 3.5% [27,28]. A gain material for high-power laser operation, which 

directly supports sub-100-fs pulse durations is Yb:Lu2O3. Yb:Lu2O3 provides a 60% 

broader emission bandwidth than Yb:YAG supporting the generation of 86-fs pulses 

at an even better thermal conductivity [2]. Although the gain material is still at an early 

stage of development, its suitability for high-power laser operation was already 

demonstrated by an ultrafast SESAM mode-locked TDL oscillator reaching 141 W of 

average power, albeit at pulse durations of several hundred femtoseconds [31]. In 
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2017, we demonstrated a KLM TDL oscillator fully exploiting the emission bandwidth 

of Yb:Lu2O3. The laser operated at 10.7 W of average power in 88-fs pulses with a 

modest optical-to-optical efficiency of 5.8% [18].  

In this work, we investigate the impact of higher round-trip gain on the average 

power and the optical-to-optical efficiency of a sub-100-fs KLM Yb:Lu2O3 TDL 

oscillator. Folding the standing-wave cavity two times on the disk enabled an increase 

of the average output power by a factor of two and the optical-to-optical efficiency by 

a factor of three compared to our previous result [18]. We demonstrate that using this 

approach TDL oscillators based on the gain material Yb:Lu2O3 are suitable for the 

generation of sub-100-fs pulses at high average power with optical-to-optical 

efficiencies that are comparable to Yb-doped bulk oscillators (Table 1). 

2.3.2 Cavity design 

The performance of the Yb:Lu2O3 disk in continuous-wave (CW) operation and 

previous mode-locking results are published in [18]. Compared to these results, the 

presented cavity is modified by folding the standing-wave cavity a second time on the 

disk (Fig. 2). A second folding of the cavity on the disk is commonly used in high-

power KLM TDL oscillators [26,30]. In this configuration, the gain propagation length 

of the laser beam per cavity round-trip amounts to the eightfold of the gain crystal 

thickness, resulting in a higher round-trip gain.  

 

Fig. 2. Schematic of the Kerr lens mode-locked Yb:Lu2O3 thin-disk laser oscillator. (inset) 
Beam profile in mode-locked operation and M2 beam quality factor. CM1, convex radius 
of curvature (ROC) of 2 m; CM2 and CM3, concave ROC of 250 mm.  
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Higher round-trip gain in the oscillator cavity enables laser operation at higher 

total cavity losses and, thus, the operation at a higher output coupler transmission 

(TOC). Considering a constant intracavity performance, an increase in the TOC should 

result in an increase of the output performance. However, higher round-trip gain also 

causes stronger gain narrowing which can reduce the spectral bandwidth and might 

prevent an exploitation of the gain bandwidth. The gain spectrum of Yb:Lu2O3 

features a peak at a central wavelength of around 1033 nm with a full width at half 

maximum (FWHM) bandwidth of around 13 nm [Fig. 5(a)] [2,32]. Both parameters are 

nearly constant with the inversion level. Therefore, effects on the spectral gain 

properties for laser operation at a different inversion level can be neglected. 

The mode radius in the cavity is calculated based on a formalism of ray transfer 

matrices for Gaussian beams (Fig. 3). We restrict the discussion to the sagittal plane 

which experiences a stronger Kerr lens due to the smaller beam radius in the Kerr 

medium (KM). The different mode radii in tangential and sagittal plane originate from 

the Brewster’s angle under which the KM is placed. In mode-locked operation, the 

additional Kerr lens changes the mode radius compared to the CW operation. 

The focal length of the Kerr lens (fKM) is estimated for a given intracavity peak 

power by an iterative optimization routine. In the simplified model, fKM is considered 

as a single lens in the center of the KM. In the routine, the cavity is calculated for an 

initially guessed focal length fKM,guess. For a stable cavity, the mode radius in the KM 

(wKM) is retrieved and a resulting averaged focal length of the lens in the Kerr medium 

(fKM,calc) is calculated based on 
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where n2 is the nonlinear refractive index of the KM, dKM,eff is the effective thickness of 

the KM under Brewster’s angle, and Ppeak,IC is the intracavity peak power [33]. A stable 

solution for fKM can be found by an iterative optimization routine minimizing the 

difference between fKM,guess and fKM,calc for a given intracavity peak power. Once a 

stable solution is found, it enables an estimation of the mode radius in mode-locked 

operation (Fig. 3). In the presented cavity are two design aspects considered. First, the 

mode radius has to decrease at the position of the hard aperture (HA) to form a fast 
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saturable absorber for self-amplitude modulation. Second, the mode radii at the 

position of the disk (DISK1, DISK2), have to increase for an optimized overlap with 

the pump spot. This increase affects the optical-to-optical efficiency and creates an 

additional soft-aperture self-amplitude modulation. 

For efficient laser operation, the mode radius on the disk in mode-locked operation 

has to fit to the pump spot on the disk. An 80% overlap with the pump spot diameter 

of 2.8 mm was evaluated for highest optical-to-optical efficiency of the fundamental-

mode in CW operation [18] (Fig. 3). The different mode radii on the disk originate from 

the concave 2.1 m radius of curvature of the disk. For improved overlap of both mode 

radii on the disk (DISK1, DISK2) the free space propagation distance between them 

(length b) was minimized, using two highly reflective mirrors optimized for 45° angle 

of incidence (Fig. 2). In contrast to our previous mode-locking results, a slightly 

elliptical beam profile is observed (inset of Fig. 2). We attributed the ellipticity to the 

larger angle of incidence on the disk of 9°. 

 

Fig. 3. Cavity design in continuous-wave and mode-locked operation shown for the sagittal 
plane. The mode radius is defined as the 1/e2 decay of the maximal intensity. In mode-
locked operation the effect of the Kerr lens in the Kerr medium (KM) is estimated for an 
intracavity peak power of 33 MW. Gray dotted lines indicate the position of the cavity 
components. In mode-locked operation the mode radius on the disk (DISK1, DISK2) targets 
an 80% overlap with the pump spot (blue dotted). The different mode radii on the disk (red 
dotted) originate from the ROC of the disk. Cavity lengths in the simulation are a = 700 
mm; b = 448 mm; c = 799 mm; d = 610 mm; e = 267mm; f = 300 mm. The distance between 
curved mirror CM2 and the KM is 149 mm. The hard aperture (HA, gray solid) is placed 
30 mm before the cavity end mirror. In the experimental setup, the uncertainty of each 
length measurement towards the disk is ±3 mm. The uncertainty of each length 
measurement between all other cavity components is ±1 mm. OC, output coupler.  
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Unlike to usual KLM TDL oscillators [11,34], an operation at the edge of the 

stability zone in CW operation is not required. Typically, KLM TDL oscillators are first 

optimized for fundamental-mode CW laser operation in the center of the stability zone 

and adjusted mode radius on the disk. Then, a 4-f imaging section is introduced into 

the cavity via two curved mirrors to create an intracavity focus without influencing 

the behavior of the laser in CW operation. The Kerr medium is placed in the vicinity 

of the intracavity focus for the formation of the Kerr lens in mode-locked operation. 

By increasing the distance between the curved mirrors, the cavity is shifted towards 

the edge of the stability zone in CW operation to promote Kerr lens mode-locking. In 

contrast, our cavity design has not been optimized for CW operation. The curved 

mirrors CM2 and CM3 form an intracavity focus without serving the purpose of a 4-f 

imaging section leading to different cavity dynamics. This allows for tailoring the 

mode size on the disk by adjusting the length e between CM2 and CM3 (Fig. 4). During 

the experimental optimization of the mode-locking performance for highest average 

power at sub-100-fs pulse durations the length e, the position and thickness of the KM, 

the HA diameter, the TOC and the introduced group delay dispersion (GDD) were 

adapted. 

 

Fig. 4. Impact of the distance between the curved mirrors CM2 and CM3 in CW operation 
on the mode radii on the disk (DISK1; DISK2), in the Kerr medium (KM) and on the hard 
aperture (HA). Vertical black dashed lines indicate the edge of the stability zone for a stable 
cavity. The gray dotted line indicates the length e after the cavity optimization.  

2.3.3 Performance in mode-locked operation 

For mode-locked operation, −5400 fs2 of GDD per cavity roundtrip are introduced by 

five dispersive mirrors (Fig. 2) at a TOC of 12.3%. A 4 mm thick undoped YAG plate 
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acts as KM and the diameter of the HA is 1.8 mm. The mode radii in the KM in CW 

operation were estimated by the cavity calculation to be 90 μm × 165 μm in sagittal 

and tangential plane, respectively. The start-up of the mode-locked operation follows 

the same procedure utilized in our initial laser result [18]. In the presented 

configuration, the formation of a single soliton in the cavity is achieved by setting the 

pump power to 160 W and knocking on the laser table. Afterwards, the pump power 

is reduced to 130 W to suppress a CW breakthrough visible in the optical spectrum. 

As Kerr lens mode-locking features discrete stable solutions for the pulse formation, 

residual energy is often extracted by CW lasing. 

 

Fig. 5. (a) Optical spectrum of the laser output with sech2 fit for soliton pulses, introduced 
group delay dispersion (GDD) per cavity roundtrip, and normalized gain cross-section of 
Yb:Lu2O3 for an inversion level β of 0.3 as reference (data taken from [2]). (b) 
Autocorrelation trace of the 95-fs pulses with sech2 fit (measured in blue solid line and fit 
in red dotted line) in linear and (inset) logarithmic scale. (c) Sampling oscilloscope trace for 
1 ns and (inset) 20 ns. (d) Radio-frequency spectrum of the fundamental repetition-rate 
frequency at 47.9 MHz and (inset) its harmonics at 100 Hz and 1 kHz resolution bandwidth, 
respectively.  

In this configuration, the oscillator generates 95-fs pulses at an average output 

power of 21.1 W. The generated peak power is estimated to be 4.1 MW for soliton 

pulses at 0.44 μJ of pulse energy. The optical spectrum of the generated pulses 

[Fig. 5(a)] is centered at a wavelength of 1035.1 nm with a FWHM bandwidth of 

12.3 nm. It is in good agreement with the sech2 fit for soliton pulses. In comparison, 

the normalized spectrum of the gain cross-sections of Yb:Lu2O3 is plotted for an 
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inversion level β of 0.3. Compared to the gain cross-sections, the central wavelength of 

the optical spectrum is shifted by 2 nm towards longer wavelengths. The shift is a 

result of the reflectivity and dispersion of the cavity components. 

The pulse duration of 95 fs is measured by intensity autocorrelation [Fig. 5(b)] and 

has an ideal sech2 shape for soliton pulses down to the measurement noise floor of 

−32 dB. The time-bandwidth product of 0.325 is close to the transform limit and 1.04 

times the ideal value for sech2 pulses. Single pulse operation was proven by a 180-ps 

scan with the autocorrelator and by observing the pulse train with an 18.5-ps-rise-time 

photodetector on a 40-GHz sampling oscilloscope [Fig. 5(c)]. Fluctuations at 0.5 ns and 

1.0 ns are electronic reflections. The radio-frequency spectrum measured at the 

fundamental repetition frequency of 47.9 MHz shows no side peaks down to the 

measurement noise floor of −100 dBc and modulation-free higher harmonics confirm 

clean mode-locking [Fig. 5(d)]. The beam quality factor M2 was measured to be ≤ 1.03. 

A summary of the parameters in mode-locked operation is given in Table 2. 

For long-term operation, the pump power was slightly reduced to 126 W, 

decreasing the average power by 5% to 20.0 W. This suppressed a CW breakthrough 

that appeared during the warm-up of the system after several minutes. During a one-

hour measurement in this condition, the average power and pulse duration showed 

no drift and fluctuated by less than 0.3% rms (Fig. 6).  

 

Fig. 6. (a) Average power and (b) pulse duration during a stability measurement of one 
hour. Corresponding averaged values are given with the root mean square (rms) error (σ). 
Gray dotted lines indicate the ±1% margins of the average value. 

The performance of the oscillator is compared to previous mode-locking results 

achieved with folding the cavity once on the disk (Table 2) [18]. In both configurations, 

the mode size in the KM in CW operation and the pulse duration are similar. 
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Doubling the number of passes through the disk per cavity round-trip enabled an 

increase of the average output power by a factor of two. Optical-to-optical efficiency 

and output coupler transmission were increased by a factor of almost three to 16.2% 

and 12.3%, respectively. Although peak power and pulse energy increased, the 

corresponding intracavity values remained comparable. This observation agrees with 

the geometrical scaling law of KLM TDLs [27] which relates the achievable intracavity 

peak power to the mode size in the KM in CW operation. As consequence of a similar 

intracavity peak power (Ppeak,IC ≈ 0.88·Epulse,IC / τFWHM), the 26% decrease in intracavity 

average power can be attributed to the reduced repetition rate (Epulse,IC = Pave / 

TOC·frep). The two times larger amount of introduced GDD per round-trip compensates 

for the stronger SPM (γSPM) in the two times thicker YAG KM plate (Epulse,IC ≈ 

2·1.76·|GDD| / γSPM·τFWHM). The stronger SPM is required for the compensation of 

the gain narrowing caused by the increased TOC to maintain the spectral bandwidth. 

The central wavelength is slightly shifted by 2 nm towards the gain peak in the cross 

sections of Yb:Lu2O3 at 1033 nm, which may contribute to the increased laser 

efficiency. We suggest that the different central wavelengths originate from the 

slightly different dispersion profiles of the dispersive mirrors used in both lasers.  

Table 2. Summary of the mode-locking performance of the KLM Yb:Lu2O3 TDL oscillator for a 

single and double folding of the cavity on the disk.a 

 

Single 
folding 

Double 
folding  

Com-
parison 

  Single 
folding 

Double 
folding 

Com-
parison 

wKM,CW 90 μm × 

150 μm 

90 μm × 

165 μm 
≈  Epulse 0.18 μJ 0.44 μJ 2× ↑ 

   Ppeak, IC 39 MW 33 MW ≈ 

τFWHM  88 fs 95 fs ≈  Epulse, IC 3.9 μJ 3.6 μJ ≈ 

NDisk,RT 4 8 2× ↑  Pave, IC 233 W 172 W 26% ↓ 

Pave 10.7 W 21.1 W 2× ↑   frep 61 MHz 47.9 MHz 21% ↓ 

ηeff 5.8% 16.2% 3× ↑  GDDRT -2200 fs2 -5400 fs2 2× ↑ 

TOC 4.6% 12.3% 3× ↑  dKM 2 mm 4 mm 2× ↑ 

Ppeak 1.8 MW 4.1 MW 2× ↑  λcentral 1037.6 nm 1035.1 nm  

awKM,CW: mode radius in the Kerr medium in continuous-wave operation; τFWHM: FWHM pulse duration; 
NDisk: number of passes through the disk per cavity round-trip; Pave: average power; ηeff: optical-to-

optical efficiency; TOC: output coupler transmission; Ppeak: peak power; Epulse: pulse energy; 
IC: intracavity; frep: repetition rate; GDDRT: introduced group delay dispersion per cavity round-trip; dKM: 

thickness of the Kerr medium; λcentral: central wavelength; ≈: comparable; ↑: increase; ↓: decrease. 
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2.3.4 Conclusion and outlook 

We demonstrated a KLM Yb:Lu2O3 TDL oscillator generating 95-fs pulses at 21.1 W 

average power. By folding the cavity two times on the disk, the average power was 

increased by a factor of two with an almost three times higher optical-to-optical 

efficiency of 16.2%, compared to our previous result [18]. We showed that KLM TDL 

oscillators based on the gain material Yb:Lu2O3 are suitable for the generation of sub-

100-fs pulses at high average power with optical-to-optical efficiencies that are 

comparable to Yb-doped bulk oscillators. The presented TDL oscillator has been used 

as single-stage driving laser for broadband THz generation via optical rectification in 

GaP [35]. In this case, high-power laser operation with sub-100-fs pulse duration was 

beneficial for the generated THz spectral bandwidth that expanded up to 5 THz at 

0.3 mW of THz average power. 

The average power of SESAM mode-locked Yb:Lu2O3 TDL oscillators was scaled 

from initially 20 W up to 141 W [31,36]. We anticipate that similar power-scaling 

should be feasible for sub-100-fs KLM Yb:Lu2O3 TDL oscillators. We expect that further 

power-scaling of sub-100-fs KLM Yb:Lu2O3 TDL oscillators can be achieved by scaling 

the intracavity peak power via adapting the mode size in the Kerr medium [30], 

enlarging the pump spot diameter on the disk [7] and by further increasing the number 

of passes through the disk. By this, we anticipate that sub-100-fs KLM Yb:Lu2O3 TDL 

oscillators operating at more than hundred watt of average power are within reach. 
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2.4 Kerr lens mode-locked Yb:CALGO thin-disk laser 
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We demonstrate the first Kerr lens mode-locked Yb:CaGdAlO4 (Yb:CALGO) thin-

disk laser oscillator. It generates pulses with a duration of 30 fs at a central 

wavelength of 1048 nm and a repetition rate of 124 MHz. The laser emits the shortest 

pulses generated by a thin-disk laser oscillator, equal to the shortest pulse duration 

obtained by Yb-doped bulk oscillators. The average output power is currently 

limited to 150 mW by the low gain and limited disk quality. We expect that more 

suitable Yb:CALGO disks will enable substantially higher power levels with 

similar pulse durations. 

2.4.1 Introduction 

High-harmonic generation based on Yb-doped ultrafast thin-disk laser (TDL) 

oscillators is a simple amplification-free approach to produce coherent extreme 

ultraviolet (XUV) light at megahertz repetition rates [1,2]. In the current systems, the 

long pulses produced by the oscillator (250–900 fs duration) either require external 

pulse compression or severely limit the XUV photon flux and photon energies. This 

motivates extending the record performance of mode-locked TDLs to the sub-100-fs 

regime as well as reaching new pulse duration limits. 

The TDL geometry [3] enabled ultrafast oscillators to generate record-high average 

output powers of 275 W [4]. Mounting the thin-disk crystal onto a backside-cooled 

heat sink allows for an efficient heat removal. High nonlinearities and thermal effects 

in the gain crystal are efficiently reduced thanks to its thin thickness of 100–300 μm 

used with millimeter- to centimeter-size beam diameters. The total intracavity 

nonlinearity can thus be adjusted independently from the gain crystal. However, TDL 
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oscillators demonstrated longer pulses than in the bulk configuration (Fig. 1). Yb-

doped bulk oscillators already generated pulses as short as 30 fs, but only at average 

output powers <100 mW [5,6]. Thermal effects and excessive nonlinearities in the gain 

crystal are severe challenges for a significant average power increase. 

 

Fig. 1. Evolution of the shortest pulse duration generated by ultrafast Yb-
doped bulk and thin-disk laser oscillators [4–12]. The presented result is 
highlighted with a green star symbol. 

 

Fig. 2. Calculated gain cross sections (inversion level β = 0.3) of the Yb-doped 
laser crystals YAG, LuO, and CALGO (σ-polarization). The corresponding 
FWHM gain bandwidths are given in parentheses. Data taken from Refs. 
[17,18]. 

Initially, mode-locked TDLs relied on semiconductor saturable absorber mirrors 

(SESAMs, [13]). The availability of TDL crystals with broader gain emission 

bandwidths [14] allowed reducing the pulse duration of TDLs from initially 680 fs [4] 

to 49 fs, which has been delivered at 2 W average output power [9]. On the other hand, 
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Kerr lens mode-locking is advantageous for generating short pulses because it 

provides an instantaneous response and a high modulation depth [15]. However, the 

Kerr lens mode-locked (KLM) resonator design is challenging because it typically 

requires operation close to a stability edge for continuous-wave (cw) operation. Prior 

to this work, stable pulsed operation of KLM TDLs has only been demonstrated for 

the gain materials Yb:YAG [10] and Yb:Lu2O3 (Yb:LuO) [16]. Despite the limited gain 

bandwidth of Yb:YAG, 49-fs pulses have been demonstrated at 3.5 W output power 

[11]. Yb:LuO features a 30% broader gain bandwidth (Fig. 2), which enabled the recent 

demonstration 35-fs pulses at 1.6 W from a KLM TDL [12]. Combining broadband Yb-

based gain materials with the Kerr lens mode-locking scheme is therefore a promising 

approach towards TDLs generating even shorter pulse durations. 

Table 1. Overview of the State-of-the-Art Performance of Ultrafast Yb:CALGO Bulk and 

Thin-Disk Laser (TDL) Oscillators a 

Geometry ML τ Pout Reference 

Bulk SESAM 94 fs 12.5 W  [21] 

Bulk KLM 37 fs 1.5 W  [6] 

Bulk KLM 32 fs 90 mW  [6] 

TDL SESAM 300 fs 28 W  [22] 

TDL SESAM 49 fs 2 W  [9] 

TDL KLM 30 fs 150 mW this work 

a ML, mode-locking scheme; τ, pulse duration; Pout, average output power. 

 

Yb:CALGO offers a nearly flat and broad gain profile due to its disordered 

crystalline structure. Its full width at half maximum (FWHM) bandwidth in the σ-

polarization exceeds 60 nm at 30% inversion level, being eight times larger than that 

of Yb:YAG (Fig. 2). The thermal conductivity of Yb:CALGO of 6.3 Wm−1 K−1 is 

comparably good with respect to other broadband gain materials [19]. An overview of 

the state-of-the-art performance of ultrafast Yb:CALGO oscillators in the bulk and 

thin-disk geometry is given in Table 1. A previous attempt of Kerr lens mode-locking 

an Yb:CALGO TDL has been reported, but stable pulse operation was not 

demonstrated [22]. In this Letter, we present, to the best of our knowledge, the first 

Kerr lens mode-locked Yb:CALGO TDL. The laser achieves 30-fs pulses, which are the 

shortest pulses generated by ultrafast TDLs and equal to the shortest pulses 

demonstrated by Yb-doped bulk oscillators. 
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2.4.2 Disk characterization in continuous-wave operation 

The laser is based on a wedged, 150-μm-thick Yb(∼3.8 at: %):CALGO disk with a c-cut 

crystal orientation (FEE GmbH). The disk has a diameter of 9.3 mm and a concave 

radius of curvature of 2 m. It is contacted on a diamond heat sink (Trumpf GmbH) and 

pumped at 979 nm by a fiber-coupled narrow-bandwidth (<1 nm FWHM) diode-laser 

system. The pump light passes 36 times through the disk to achieve high pump 

absorption. The pump spot was set to a diameter of 2 mm. Initial tests in transverse 

multi-mode (MM) and fundamental-mode (FM) cw operation have been performed in 

a simple V-cavity [Figs. 3(a) and 3(b)]. 

 

Fig. 3. Schematics of the Yb:CALGO thin-disk laser (TDL) in (a) continuous-
wave (cw) transverse multi-mode and (b) fundamental-mode (FM) operation. 
Inset: pictures of the disk with pump spot (top) and corresponding output 
beam profile (bottom) in FM operation. The darker area in the center of the 
pump spot is depleted by the laser. (c) Yb:CALGO TDL cavity with inset of 
the beam profile in mode-locked (ML) operation. (d) Schematic of a standard 
endpumping configuration of bulk oscillators. CM, curved mirror; DM, 
dispersive mirror; HA, hard aperture; HR, highly reflective; HT, highly 
transmissive; KM, Kerr medium; OC, output coupler. 

The overlap ratio between the FM size on the disk and the pump spot size has been 

set to 0.4 for highly MM behavior. The extracted power depended strongly on the 

position on the disk, which indicates inhomogeneities in the crystalline structure. An 
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average output power of 60 W was emitted with 30% optical-to-optical and 37% slope 

efficiency at 0.8% output coupler transmission (Fig. 4). Increasing the output coupler 

transmission to 2.7% decreased the optical-to-optical efficiency, which dropped to 

6.1% with a slope efficiency of 11%. This indicates a strong limitation of the tolerable 

total cavity losses for efficient laser operation, which results from the combination of 

low doping concentration and thin disk thickness. 

 

Fig. 4. Continuous-wave performance. Average output power (markers) and 
corresponding optical-to-optical efficiency (dashed line) of the disk in multi-
mode (MM) and fundamental-mode (FM) operation for different output 
coupler transmissions (TOC). Black solid lines are the linear fits for the 
calculation of the slope efficiencies (ηslope). 

Increasing the overlap ratio between the fundamental laser mode and the pump 

spot to ≥ 80% did not lead to FM operation as it is usually expected for TDLs. 

Transverse FM operation (M2 <1.05) was only achieved when inserting a hard aperture 

in the cavity to suppress the onset of higher-order modes. Only a small area of the 

pump spot gets efficiently extracted, as shown in Fig. 3(b). For an overlap ratio of 60% 

and a 1.8-mm hard-aperture diameter, the laser delivered up to 7 W average power 

with 4.6% optical-to-optical efficiency and 5.6% slope efficiency at an output coupler 

transmission of 0.8%. The cw performance of this particular disk is comparably poor 

in terms of average output power [22,23], efficiency [24], and gain [25]. The decrease 

of the optical-to-optical efficiency and clamping of the average output power for pump 

powers higher than 150 W indicates thermal effects of the disk, which was pumped up 

to a power density of 6.5 kW∕cm2. The strong drop of the laser performance from MM 

to FM cw operation can therefore be attributed to a low disk quality. The losses from 

the hard aperture and the small overlap ratio contribute largely to the low efficiency 
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observed in FM operation. Due to the difficulties to operate the laser in the FM, 

multiple bounces on the disk were not considered. 

 

Fig. 5. Characterization of the KLM Yb:CALGO TDL. (a) Normalized optical 
spectrum of the pump and laser output, gain cross section for an inversion 
level of β = 0.3 chosen for reference, transmission (left y-axis, 5.0 ≙ 5.0%) of the 
highly reflective disk coating and of the output coupler (OC), introduced 
group delay dispersion (GDD) of the dispersive mirrors per cavity round trip 
(right y-axis); (b) autocorrelation trace of the 30-fs pulses and sech2 fit; (c) 1-ns 
and (inset) 10-ns sampling oscilloscope trace; (d) radio-frequency (RF) 
spectrum of the laser fundamental repetition-rate frequency measured with a 
300-Hz resolution bandwidth (RBW); inset: RF spectrum of the higher 
harmonics with a 100-kHz RBW; (e) beam quality factor M2; (f ) phase and 
amplitude noise power spectral densities measured at the fundamental 
repetition frequency of 124 MHz; inset: normalized average output power 
logged over 2.5 h; (g) rms timing jitter and rms amplitude noise integrated up 
to 1 MHz as a function of the lower cut-off frequency; inset: rms timing jitter 
in different scales. 
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2.4.3 Setup and performance in mode-locked operation 

For mode-locking experiments, the FM cavity was extended with two curved mirrors 

(CM1 and CM2) with a concave radius of curvature of 250 mm [Fig. 3(c)]. A 4 mm-

thick undoped YAG plate placed under Brewster’s angle between CM1 and CM2 

serves as Kerr medium (KM) for the mode-locking mechanism. The beam radii inside 

the KM are estimated to be 80 μm × 140 μm in the tangential and sagittal planes, 

respectively, during cw operation. The plate induces self-phase modulation (SPM) and 

forces the laser to operate in linear polarization. A water-cooled intracavity pinhole 

with an aperture diameter of 1.6 mm placed in front of an end mirror serves as hard 

aperture for Kerr lens mode-locking, while the second end mirror is an output coupler 

with a transmission of 0.3%. Two dispersive mirrors introduce a group delay 

dispersion (GDD) of −900 fs2 per round trip. The corresponding spectral profile is 

shown in Fig. 5(a). They have been designed to support a broad spectral bandwidth 

and were grown using our ion-beam-sputtering coating machine. Mode-locking is 

initiated by shifting the position of CM2. Then, the pump power is adjusted to 

suppress parasitic cw lasing. The oscillator footprint is 90 cm × 30 cm. 

The laser generates pulses with a temporal width of 30 fs FWHM as shown by the 

autocorrelation trace in Fig. 5(b). We introduced −440 fs2 of GDD in front of the 

autocorrelator (obtained by two dispersive mirrors and a 3-mm-thick fused silica 

plate). Single pulse operation is proven by a 180-ps scan in the autocorrelator and by 

observing the pulse train with an 18.5-ps-rise-time photodetector on a 40-GHz 

sampling oscilloscope [Fig. 5(c)]. The small fluctuations appearing at 0.5 ns are an 

artifact from the detection electronics. An average output power of 150 mW is achieved 

with an optical-to-optical efficiency of 0.1% and an excellent beam quality [M2 <1.05, 

Fig. 5(e)]. The laser optical spectrum shown in Fig. 5(a) has a central wavelength of 

1048 nm and a bandwidth of 45 nm FWHM, which leads to a time-bandwidth product 

of 0.37 (1.17 times the ideal value for sech2 pulses). The observed chirp can be 

attributed to uncompensated higher-order dispersion originating from the non-flat 

profile introduced by the dispersive mirrors [26]. Improved dispersion management 

should result in transform-limited pulses as demonstrated in a SESAM mode-locked 

Yb:CALGO TDL [9]. The peaks around 950 nm and 1150 nm are associated with 

dispersive waves as already observed in various oscillators, e.g., [5,6,12]. While the 

disk coating supports the entire laser optical spectrum, the transmission of the output 
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coupler increases from 0.3% at the central wavelength to ∼2% at the wings. 

Additionally, the dispersive mirrors operate at the limit of their spectral bandwidth. 

The radio-frequency spectrum at the repetition rate of 124 MHz shows no side peaks 

and the modulation-free higher harmonics confirm a clean mode-locking [Fig. 5(d)]. 

While the laser operates over hours, the short-term stability is confirmed by the 

amplitude and phase noise measurement [Figs. 5(f ) and 5(g)]. We measured a root-

mean-square (rms) amplitude noise of <0.2% (integrated from 1 Hz to 1 MHz), which 

is lower compared to previous ultrafast TDLs [1,2,27]. The rms timing jitter is <2 ps 

(from 100 Hz to 1 MHz, corresponding to an integrated phase noise of 1.49 mrad) and 

<150 fs (from 1 kHz to 1 MHz, integrated phase noise of 116.7 μrad). The phase noise 

in the lower Fourier frequency range is comparably high for a TDL, which operates at 

an order of magnitude higher repetition rate. Moreover, it is directly mounted onto a 

laser without mechanically stable laser housing and not actively stabilized. We expect 

that the rather high phase noise at Fourier frequencies <1 kHz can be strongly reduced 

by active stabilization of the repetition rate. 

2.4.4 Advantage of the thin-disk pumping scheme 

The optical spectrum extends to shorter wavelengths below the pump wavelength 

[Fig. 5(a)]. The short-wavelength part of the spectrum is generated via SPM in the KM 

and not amplified by the gain medium. However, reabsorption in the gain medium 

causes additional losses that decrease the optical-to-optical efficiency. This broad 

spectral width is enabled by the TDL pumping geometry [Figs. 3(a)–3(c)], where the 

pump delivery and the laser cavity share no optics except of the disk. The spectral 

properties of intracavity components can be optimized for shorter pulses 

independently from the pumping wavelength. In contrast, standard end-pumped bulk 

oscillators [Fig. 3(d)] use intracavity dichroic mirrors with high transmission for the 

pump wavelength and high reflectivity for the laser wavelength, which would prevent 

such a mode of operation. Although similar broad spectra have been obtained in bulk 

configuration, the lasers operated at longer central wavelengths of ∼1060 nm [5,6]. 

2.4.5 Conclusion and outlook 

In conclusion, we presented the first KLM Yb:CALGO TDL. It generates the shortest 

pulses of any TDL, being equal to the shortest pulses demonstrated by Yb-doped bulk 

oscillators. Our work confirms the benefits of the thin-disk pumping scheme for the 
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generation of ultrashort pulses. KLM TDLs already produced pulses with an optical 

spectrum three times larger than the gain bandwidth [11,12]. The presented 30-fs laser 

does not fully exploit the ultra-broad bandwidth of Yb:CALGO. Therefore, we believe 

that further decrease of the pulse duration towards the direct generation of few-cycle 

pulses from Yb-based diode-pumped solid-state lasers is feasible. Next steps require 

the optimization of the disk parameters (doping concentration, thickness, crystal 

quality) as well as the optimization of the optical properties of all intracavity 

components for a broad reflectivity and flat dispersion profile. This should also enable 

substantially higher power levels with better optical-to-optical efficiencies at similar 

pulse durations. 
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2.5 Experimental optimization in the sub-100-fs pulse 

duration regime 

Section 2.2 to 2.4 presented cutting-edge performance of sub-100-fs KLM TDL 

oscillators. This section aims to explain in more detail the underlying experimental 

optimization. The impact of various optimization parameters onto the laser 

performance is determined.  

The design of the laser cavity has the strongest impact onto the laser performance. 

It influences the round-trip gain by the number of passes through the disk. Cavity 

dynamics caused by the Kerr lens affect the change of the beam size on the hard 

aperture as well as the soft aperture effects connected to the beam overlap on the pump 

spot. Besides the more general cavity design exist several other parameters that have 

to be experimentally optimized. As such, there are the output coupler transmission 

(TOC), the hard aperture diameter, the amount and the bandwidth of the introduced 

group delay dispersion (GDD), the beam radius in the Kerr medium (wKM) as well as 

its material, thickness and position. wKM is defined by the radius of curvature (ROC) 

of the two curved mirrors that form the intracavity focus. The distance between those 

two mirrors can be used to adjust the vicinity to the edge of the stability zone in 

continuous-wave operation. In this thesis, optimization targeted for shortest pulse 

duration and highest average power in the sub-100-fs regime. 

In an initial study of the KLM Yb:Lu2O3 TDL oscillator presented in section 2.2, 

more than 300 different cavity configurations have been tested. The Kerr medium 

(KM) was placed in the vicinity of the intracavity focus between two concave mirrors 

of 300 mm ROC and wKM was estimated to be 70 μm in continuous-wave operation. 

Mode-locked operation was initiated for each configuration by increasing the pump 

power and knocking on the laser table until a stable pulse train was observed. For 

detection, the leakage of a cavity mirror was sent onto a fast photodiode and observed 

by use of an oscilloscope. Afterwards the pump power was reduced until a typically 

observed continuous-wave breakthrough visible in the optical spectrum was 

suppressed. The experimental results are summarized in Fig. 1 and show a tradeoff 

between pulse duration and average power. Following trends were observed for 

variation of the introduced GDD, hard aperture diameter and TOC while all other 
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cavity parameters remained constant. The pump power was adjusted in each 

configuration for best performance. 

 

Fig. 1. Initial study of about 300 different laser configurations (gray) of the KLM Yb:Lu2O3 
TDL oscillator presented in section 2.2. A tradeoff between pulse duration and average 
power is observed. (a-c) Highlighted points indicate the trends observed while varying 
only the corresponding cavity parameter. The pump power was in all configurations 
adjusted for laser operation at highest average power and shortest pulse durations. (d) The 
optical-to-optical efficiency over all configurations shows an drop towards shorter pulse 
durations. GDD: group delay dispersion; HA: hard aperture; Opt.-to-opt. eff.: optical-to-
optical efficiency. 

• Negative GDD [Fig. 1(a)]: Decreasing the introduced GDD resulted in shorter 

pulse durations and a decreased average power.  

• Hard aperture diameter [Fig. 1(b)]: A decrease of the hard aperture diameter 

resulted in shorter pulse durations and increased average powers.  

• Output coupling [Fig. 1(c)]: A decreased TOC resulted in shorter pulse 

durations and decreased average power. For a TOC below 2% the pulse duration 

remained almost constant while the average power dropped strongly. This 

observation is attributed to the limiting GDD bandwidth of the dispersive 

mirrors [Fig. 4(a)]. 
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• The overall optical-to-optical efficiency [Fig. 1(d)] decreased towards shorter 

pulse durations. On the on hand, this trend is attributed to the reduced TOC. On 

the other hand, laser operation in the strongly self-phase modulation broadened 

regime expands the optical spectrum beyond the supported gain bandwidth at 

the expense of higher losses for the passive loss modulation.   

The observed trends show that the performance improvement of a KLM TDL 

oscillator is a multi-dimensional optimization problem of coupled parameters. For best 

performance a compromise between different cavity parameters has to be found. The 

overall tradeoff between pulse duration and average power was improved by 

increasing wKM from 70 μm to 90 μm (Fig. 2). For that, the ROC of the concave mirrors 

was increased from 300 mm to 400 mm. Cavity lengths were adapted accordingly. 

Shorter pulse durations down to 35 fs were generated by using dispersive mirrors that 

supported a broader GDD bandwidth [Fig. 4(c)]. Achieved results in this configuration 

are discussed in more detail in section 2.2. 

 

Fig. 2. Scaling of the beam radius in the Kerr medium (wKM) enabled to shift the observed 
tradeoff towards higher average powers at shorter pulse durations. Results achieved with 
the wKM of 90 μm are presented in more detail in section 2.2. 

Despite the improved performance by increasing wKM, the optical-to-optical 

efficiency in the sub-100-fs pulse duration regime remained below 6%. The follow up 

study of the KLM Yb:Lu2O3 TDL oscillator presented in section 2.3 investigated the 

impact of higher round-trip gain onto the laser performance. Higher round-trip gain 

was achieved by folding the cavity a second time on the disk. The intracavity focus 

was designed to keep wKM comparable to the previous configuration.  

 



62       Chapter 2 

 

Fig. 3. (a-b) Laser performance and (c) adjusted KLM cavity parameters during the 
optimization of the KLM Yb:Lu2O3 TDL oscillator. The optimization targeted laser 
operation at increased TOC for highest average power in the sub-100-fs pulse duration 
regime. The introduced negative GDD (-5400 fs2) was optimized in an initial laser 
configuration for 100-fs pulses (TOC = 5%). Afterwards the TOC was stepwise increased. For 
each TOC the hard aperture (HA) diameter was adjusted for highest average power and 
shortest pulse duration. During the optimization the Kerr medium (KM) got shifted further 
out of the intracavity focus. TOC above 10% were realized by placing a second output 
coupler as cavity end mirror and adding their transmission. The average power was 
measured separately behind each cavity end mirror and summed up. Optimal 
performance was achieved at a TOC of 12%. For the results discussed in section 2.3 the two 
output couplers were replaced by a single output coupler with an adjusted TOC of 12.3%. 
IC: intracavity; Opt.-to-opt. efficiency: optical-to-optical efficiency. 

Higher round-trip gain enables laser operation at higher total cavity losses and, 

thus, a higher TOC. Considering that the intracavity performance remains constant, an 
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increase in the TOC should result in improved output performance. However, as 

observed in the initial study tends laser operation at higher TOC in longer pulse 

durations.  

Fig. 3 summarizes the laser performance and cavity parameters of the KLM 

Yb:Lu2O3 TDL oscillator with increased cavity round-trip gain during the optimization 

for a higher TOC. The optimization targeted highest average power for around 100-fs 

pulses. Increasing the TOC up to 12% enabled laser operation at increased average 

power of up to 20 W. The pulse duration at around 100 fs could be maintained by 

decreasing the hard aperture diameter and shifting the KM out of the intracavity focus. 

The resulting optical-to-optical efficiency increased and amounted to 16%. The 

performance drop at an TOC of 13% indicates the end of the optimization range and for 

an TOC of 15% no mode-locking was observed. The increase in the intracavity peak 

power is attributed to a larger amount of SPM created in the KM. This is required to 

compensate for the stronger gain narrowing due to higher round-trip gain in order to 

maintain 100-fs pulses. In the 88-fs result described in section 2.2 (folding the cavity 

once on the disk, utilizing a comparable wKM) the laser operated at an TOC of 4.6%. 

Compared to this result, the best performance here was achieved at an around 3 times 

higher TOC of 12%. But, assuming a linear relationship between round-trip gain and 

TOC only a factor of 2 would be expected. This deviation can be attributed to the ratio 

between the losses required for mode-locking and the TOC. One can assume that in the 

88-fs result the ratio between mode-locking losses and TOC was about 1:1. While 

doubling the round-trip gain enabled to operate at twice higher total cavity losses, the 

losses required for mode-locking with a similar pulse duration of 95-fs should remain 

comparable. By this, the ratio of the total cavity losses between mode-locking losses to 

TOC shifts towards 1:3. The same relation can be used to explain the around 3 times 

higher optical-to-optical efficiency (5.8% vs. 16.2%). As such, even better laser 

performance can be expected by increasing the number of passes further.  

The optimization of the KLM Yb:Lu2O3 TDL oscillator towards even shorter pulse 

durations has been investigated. Limiting factor to decrease the pulse duration below 

80 fs was the observation of very stable double pulsing. Trying to remove the second 

pulse by decreasing the pump power and changes in the cavity alignment resulted 

repeatably in the break-up of both solitons at the same time. The temporal distance 

between both pulses varied with changes in the cavity length. This revealed that both 
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pulses coincided in the Kerr medium, benefitting from a common Kerr lens once 

during each cavity round-trip. Further experimental investigations and better 

understanding of the cavity and soliton dynamics with help of simulations should 

enable to understand the origin of the stable double pulsing. Solving this issue should 

enable further performance improvement towards higher average powers in the 

sub-50-fs pulse duration regime.  

 

The shortest pulse durations achieved in the framework of this thesis were 35 fs from 

the KLM Yb:Lu2O3 TDL oscillator (section 2.2) and 30 fs from the KLM Yb:CALGO 

TDL oscillator (section 2.4). Key parameter for reaching such short pulse durations was 

the optimization of the GDD bandwidth of the dispersive mirrors. The in-house design 

and manufacturing of optical coatings on an ion-beam sputtering coating machine 

(Navigator 1100, CEC GmbH) enabled the development of broadband dispersive 

mirrors.  

Fig. 4 shows the total introduced GDD of the dispersive mirrors and the 

corresponding optical spectra obtained for the Yb:Lu2O3 and Yb:CALGO TDL 

oscillator. Shorter pulse durations were generated by increasing the bandwidth while 

decreasing the total amount of introduced GDD. For the KLM Yb:Lu2O3 KLM TDL 

oscillator the pulse duration was decreased from 64 fs to 35 fs by lowering the total 

introduced GDD from -2200 fs2 to -1000 fs2. For the KLM Yb:CALGO TDL oscillator 

the pulse duration was decreased from 62 fs to 30 fs by lowering the introduced GDD 

-1300 fs2 to -900 fs2. Further optimization for shorter pulse durations will converge 

towards a zero-net dispersion in the cavity. This requires the precise characterization 

and adjustment of the amount and bandwidth of the GDD that is introduced into the 

cavity. The generation of even shorter pulse duration can be expected by further 

improving of the GDD bandwidth of the dispersive mirrors. However, a broader GDD 

bandwidth is typically achieved in tradeoff with a lower amount of GDD (Fig. 5).  
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Fig. 4. Introduced group delay dispersion (GDD) and obtained optical spectra for different 
TDL oscillator configurations. Configuration for (a) 64-fs and (c) 35-fs pulses of the KLM 
Yb:Lu2O3 TDL oscillator (section 2.2). Configuration for (b) 62-fs and (d) 30-fs pulses of the 
KLM Yb:CALGO TDL oscillator (section 2.4).The bandwidth of the optical spectra are 
limited by the rising edges in the GDD bandwidth of the dispersive mirrors.  

 

 

Fig. 5. Designed and measured group delay dispersion (GDD) of different dispersive 
mirrors targeting (a) -2000 fs2 (b) -500 fs2 and (c) -250 fs2. The impact of growth errors 
during the manufacturing process are estimated in light blue. In the design a tradeoff has 
to be found between the amount of GDD and achievable spectral bandwidth.  
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The time-bandwidth product of the 35-fs and 30-fs configuration was 0.332 and 

0.37 after extra-cavity compensation, respectively. This corresponds to 1.05 and 1.17 

times the value for ideal soliton shape pulses. Especially for the 30-fs configuration can 

this value be attributed to higher order dispersion that could not be characterized and 

compensated for at that time. Characterization of the phase with according diagnostic 

tools should allow a more detailed analysis. Higher order dispersion is attributed to 

the non-flat dispersion profile introduced by the dispersive mirrors [Fig. 4(d)]. 

Improving the flatness of the dispersion profile should enable shorter pulse durations. 

This can be achieved by improving the dispersive mirror design and the 

manufacturing technique. Another possibility is to average out higher order 

dispersion by precise characterization of the GDD and selection of the dispersive 

mirrors for compensation. 

Improving the bandwidth of the dispersive mirrors with careful adjustment of the 

introduced GDD will enable further decrease in the achievable pulse durations. By that 

TDL oscillator operating in the sub-20-fs pulse durations regime become feasible.  
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Chapter 3    

Carrier envelope offset frequency 

stabilized sub-100-fs thin-disk laser 

oscillator 

This chapter investigates the suitability of the developed sub-100-fs KLM Yb:Lu2O3 

TDL oscillator for frequency-comb applications. Section 3.1 gives a basic introduction 

into frequency combs and summarizes the presented results. Section 3.2 demonstrates 

the detection and tight-lock stabilization of the carrier envelope offset frequency of the 

developed sub-100-fs KLM Yb:Lu2O3 TDL oscillator for laser operation in the strongly 

self-phase modulation broadened regime (section 2.2). Section 3.3 contains a 

preliminary study investigating the potential for full frequency comb stabilization by 

simultaneous repetition rate stabilization. These investigations are of particular 

interest for the future development of XUV frequency combs via intra-oscillator high-

harmonic generation (chapter 5). 

 

3.1 Frequency combs  

Optical frequency combs enable the phase-coherent link between optical and 

microwave frequencies [1]. Applied as precise ruler in the frequency domain they 
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revolutionized various scientific areas, as e.g. in optical-frequency metrology, high-

resolution spectroscopy and optical clocks [2,3]. Increasing the average power of 

frequency combs is beneficial as it results in higher power per comb line. Simple yet 

powerful laser systems stabilized as frequency comb are as well attractive to drive 

nonlinear frequency conversion for expansion of the spectral range towards the mid-

infrared or to extreme ultraviolet region [4–7]. Among different approaches are 

sub-100-fs KLM TDL oscillators of particular interest as single-stage systems with 

potential for further power-scaling.  

 

Fig. 1. (a) Pulse train generated from a mode-locked oscillator in the time domain and (b) 
corresponding optical spectrum in the Fourier domain. The phase offset of the electric field 
under the envelope from pulse to pulse in the time domain (ΔΦCEO) corresponds to the 
shift from the zero-frequency of the first comb mode (fCEO) in the Fourier domain. For fCEO 
detection in the f-to-2f interferometer the lower frequency component of a coherent octave 
spanning spectrum (νN) is frequency doubled (2νN) and overlapped with the corresponding 
higher frequency component (ν2N). The fCEO can be detected in the beat signal of both 
frequencies (fCEO = 2νN – ν2N). Figure adapted from [8]. 

Mode-locked laser oscillators generate in the time domain a train of optical pulses 

[Fig. 1(a)]. Assuming that only a single pulse is circulating in the oscillator cavity, the 

time between two consecutive pulses is equal to the inverse of the repetition rate (frep). 

In the Fourier domain features this train of pulses a comb-like optical spectrum of 

equidistantly-spaced discrete frequencies [Fig. 1(b)]. These discrete frequencies are 

referred to as comb modes and separated by frep. The carrier-envelope offset frequency 

(fCEO) is the shift of the first comb mode to the zero-frequency. In the temporal domain 
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the fCEO corresponds to a phase offset (ΔΦCEO) of the electric field under the envelope 

from one pulse to the next one [Fig. 1(a)]. Based on the comb equation νN = N· frep 

+fCEO [1] the frequency of each individual comb mode (νN) can be calculated if the 

mode number (N), frep and the carrier envelope offset frequency fCEO are known. In 

order to fully stabilize the pulse train of a mode-locked oscillator as frequency comb 

the frep and the fCEO have to be detected and locked. 

The detection of the frep can be realized straightforward by detecting the train of 

optical pulses on a fast photodiode with sufficient bandwidth [8]. A stabilization is 

typically achieved by mounting a cavity mirror onto a piezo-electric actuator that 

enables the adjustment of the cavity length while being locked to an external reference. 

In contrast, the fCEO can be considered as a virtual comb mode without any spectral 

content [Fig. 1(b)]. As such, it cannot be directly measured and requires more 

sophisticated detection schemes. The most common approach for fCEO detection is the 

nonlinear f-to-2f interferometer [9]. This self-referenced detection scheme requires an 

octave-spanning coherent spectrum which can be generated by spectral broadening, 

e.g. in highly nonlinear photonic crystal fibers (HN-PCF) [10]. In order to maintain the 

coherence during the spectral broadening in HN-PCFs usually pulse durations below 

150 fs are needed for 1 µm central wavelength. For longer pulse durations often a 

preceding nonlinear pulse compression is required. After generation of the coherent 

octave spanning spectrum, the lower frequency end of the spectrum (νN) is frequency 

doubled. Beating of the frequency-doubled lower spectral end (2νN) with the 

corresponding higher frequency spectral end (ν2N) enables then the detection of the 

fCEO on a photodiode. Locking of the fCEO to an external reference can be finally 

achieved by e.g. active feedback to the current of the pump-diode, dual wavelength 

pumping, or placing an acoustic optical modulator into the cavity [11–13]. 

Section 3.2 presents the fCEO stabilization of the developed sub-100-fs KLM 

Yb:Lu2O3 TDL oscillator (section 2.2). By operating in the strongly self-phase 

modulation broadened regime, the oscillator generates 50-fs pulses at 4.4 W of average 

power and 61 MHz of repetition rate. The fCEO was detected by use of a nonlinear f-to-2f 

interferometer and stabilized to an external reference via pump current modulation. 

Key messages of this result are: 

• KLM TDL oscillator operating the strongly SPM-broadened regime can be fCEO 

stabilized  
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• Tight phase-lock stabilization of the fCEO is achieved with a residual in-loop 

integrated phase noise of 197 mrad integrated (from 1 Hz to 1 MHz) 

• fCEO-stable laser operation is demonstrated at the highest average power and 

the shortest pulse duration so far achieved by a sub-100-fs Yb-based oscillator 

Section 3.3 investigates in a preliminary study simultaneous stabilization of the 

fCEO and frep. Stabilization of the frep to an external reference was achieved by mounting 

one folding cavity mirror onto a controlled piezoelectric transducer. Key messages of 

this study are: 

• Simultaneous stabilization of fCEO and frep can be achieved in a KLM TDL 

oscillator  

• Cross-talking between both stabilization loops resulted in an increased fCEO 

noise of 745 mrad and limited the frep-stabilization bandwidth to 35 Hz with 7 ps 

of residual integrated timing jitter (integrated from 1 Hz to 1 MHz) 
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3.2 Carrier-envelope offset frequency stabilization of a 

thin-disk laser oscillator operating in the strongly 

self-phase modulation broadened regime 

Norbert Modsching,1,* Clément Paradis,1 Pierre Brochard,1 Nayara Jornod,1 

Kutan Gürel,1 Christian Kränkel,2 Stéphane Schilt,1 Valentin J. Wittwer,1 and 

Thomas Südmeyer1 

1Laboratoire Temps-Fréquence, Institut de Physique, Université de Neuchâtel, Avenue de 
Bellevaux 51, 2000 Neuchâtel, Switzerland 

2Center for Laser Materials, Leibniz Institute for Crystal Growth, Max-Born-Str. 2, 12489 
Berlin, Germany 

We demonstrate the carrier-envelope offset (CEO) frequency stabilization of a Kerr 

lens mode-locked Yb:Lu2O3 thin-disk laser oscillator operating in the strongly self-

phase modulation (SPM) broadened regime. This novel approach allows 

overcoming the intrinsic gain bandwidth limit and is suited to support frequency 

combs from sub-100-fs pulse trains with very high output power. In this work, 

strong intra-oscillator SPM in the Kerr medium enables the optical spectrum of the 

oscillating pulse to exceed the bandwidth of the gain material Yb:Lu2O3 by a factor 

of two. This results in the direct generation of 50-fs pulses without the need for 

external pulse compression. The oscillator delivers an average power of 4.4 W at a 

repetition rate of 61 MHz. We investigated the cavity dynamics in this regime by 

characterizing the transfer function of the laser output power for pump power 

modulation, both in continuous-wave and mode-locked operations. The cavity 

dynamics in mode-locked operation limit the CEO modulation bandwidth to 

~10 kHz. This value is sufficient to achieve a tight phase-lock of the CEO beat via 

active feedback to the pump current and yields a residual in-loop integrated CEO 

phase noise of 197 mrad integrated from 1 Hz to 1 MHz. 
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3.2.1 Introduction 

Optical frequency combs (OFCs) based on mode-locked lasers are a key tool for 

numerous scientific and industrial applications [1–4]. Most commonly, they are either 

based on Ti:sapphire lasers that are pumped by complex frequency-doubled solid-

state lasers [1,2], or more recently diode-pumped sources [5] or based on diode-

pumped fiber-lasers which require several stages for amplification and pulse 

compression [6]. 

Yb-doped diode-pumped solid-state laser (Yb-DPSSL) oscillators are an alternative 

technology providing reliable and low noise operation [7,8]. These sources have also a 

high potential for power-scaling, which is especially attractive for nonlinear frequency 

conversion to the mid-infrared spectral region by parametric nonlinear processes [3,9] 

and to the extreme ultraviolet by high harmonic generation [9–11]. 

 

Fig. 1. Overview of fCEO-stabilized Yb-DPSSL oscillators delivering sub-100-fs 
pulses without external pulse compression. So far, they have relied 
exclusively on broadband gain materials (bulk [12–14], thin-disk laser (TDL) 
[15,16]). Our Yb:Lu2O3 TDL oscillator operates in the strongly self-phase 
modulation (SPM) broadened regime and is highlighted with a green star 
symbol. 

However, only a few Yb-DPSSL oscillators have been reported with a stabilization 

of the carrier envelope offset (CEO) frequency (fCEO) operating at a watt-level average 

power and sub-100-fs pulses generated directly from the oscillator, i.e. without the 

need for external amplification or pulse compression. So far, the direct fCEO stabilization 

of sub-100-fs Yb-DPSSL oscillators relied exclusively on broadband gain materials (Fig. 

1). In the bulk geometry, fCEO-stabilized Yb:CALGO oscillators delivered pulses as short 

as 64 fs at an average power level of 2 W [12,13]. A shorter pulse duration of 57 fs has 
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been achieved from a fCEO-stabilized Yb:CYA oscillator but at a lower average power 

of 250 mW [14]. In the thin-disk geometry, fCEO-stabilization has been realized with an 

Yb:CALGO thin-disk laser (TDL) oscillator delivering 77 fs pulses at 2.1 W average 

power [15,16]. The highest reported average power of an fCEO-stabilized Yb-DPSSL 

oscillator was recently generated by an Yb:YAG TDL operating at 105 W with 190-fs 

pulses, but a compression stage was required before coherent supercontinuum 

generation [17]. 

In the last years, Kerr lens mode-locked (KLM) TDL oscillators based on the gain 

materials Yb:YAG and Yb:Lu2O3 [18] operating in the regime of strong self-phase 

modulation (SPM) have been developed [19,20]. In this regime the optical spectrum of 

the oscillating pulse strongly exceeds the bandwidth of the gain material. An 

expansion up to a factor of 3 has been achieved so far. Strong intra-oscillator SPM in 

the Kerr medium (usually a fused silica, sapphire, or YAG plate with a thickness of 

several millimeters) generates frequencies beyond the spectral range of the gain. This 

enables the direct generation of sub-100-fs soliton pulses from bandwidth-limiting 

gain materials at high average powers. More than 10 W of average power in 88-fs 

pulses and pulse durations as short as 35 fs at 1.6 W were demonstrated [20]. Therefore, 

the strongly SPM-broadened regime is promising for the generation of high power 

OFCs without the need for additional amplification or pulse-compression. Prior to this 

work, it was uncertain if oscillators operating in this regime could be fCEO-stabilized. 

Although their output parameters appear suitable, particular cavity and fCEO dynamics 

could prevent a stabilization [16,21]. 

Here, we demonstrate for the first time the fCEO stabilization of an Yb-DPSSL 

oscillator operating in the strongly SPM-broadened regime with 50 fs pulse durations, 

shorter than the gain bandwidth of the active material would support. We characterize 

the transfer function of the output power of the oscillator in continuous-wave (cw) and 

mode-locked operation for a modulation of the pump power and achieve a tight fCEO 

lock with <200 mrad of integrated phase noise in a phase-locked loop with feedback 

applied to the pump current. 

3.2.2 Thin-disk laser oscillator and experimental setup 

The experiment has been performed using a KLM Yb:Lu2O3 TDL oscillator generating 

pulses which are among the shortest of any TDL oscillators. The laser is described in 
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detail in [20]. It delivers 4.4 W of average output power in time-bandwidth-limited 50-

fs soliton pulses [inset of Fig. 2(a)] at 61 MHz repetition rate. This results in a pulse 

energy of >60 nJ and a peak power of >1 MW. The optical spectrum of the mode-locked 

laser is centered at around 1031 nm with a full width at half maximum (FWHM) 

bandwidth of 24 nm that exceeds the FWHM gain bandwidth of Yb:Lu2O3 by a factor 

of 2 [Fig. 2(a)]. A schematic of the experimental setup is shown in Fig. 2(b). The 

oscillator is pumped by a highly transverse multimode fiber-coupled (600 μm core 

diameter; 0.22 numerical aperture) volume-Bragg-grating stabilized pump diode with 

a power of 100 W at a wavelength of 976 nm. The driver of the pump diode operates 

at a current of ~16 A with a compliance voltage of ~17 V.  

 

Fig. 2. (a) Optical spectrum of the mode-locked laser operating in the strongly 
self-phase modulation broadened regime and gain spectrum of Yb:Lu2O3 for 
an inversion level of β = 0.3 (data taken from [22]); inset: auto-correlation trace 
of the 50-fs pulses with a sech2 fit for soliton pulses (dashed red line). (b) 
Schematic of the experimental setup for fCEO detection and stabilization. The 
beam profile is shown in mode-locked operation. Electrical connections are 
indicated by black lines. AMP: amplifier; APD: avalanche photodiode; LP: 
low-pass filter; Paverage: average power; PCF: photonic crystal fiber; T: 

transmission; VA, variable attenuator; V-I converter: voltage-to-current 
converter; PI2D: proportional-double-integral-derivative servo controller; 
~: signal generator. 
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A MHz-bandwidth modulation of the pump current is enabled by an in-house-

developed voltage-to-current (V-I) converter that delivers up to ± 1 A of current for ± 

10 V of applied voltage modulation. The transfer function of its output current was 

measured using a lock-in amplifier for a modulation of the input voltage (Fig. 3). The 

V-I converter induces a −90° phase shift at a frequency around 2 MHz. It was connected 

to the pump diode in parallel to the diode driver. Cross-talks between both current 

sources were prevented using a low-pass RC-filter with a cut-off frequency of 7 Hz 

(0.22 Ω, 0.1 F), which attenuates at the same time the noise of the high current DC 

source. 

3.2.3 Transfer functions 

The transfer function of the pump power was measured at a typical operating point of 

the pump diode of 16 A, corresponding to an emitted power of 100 W. Around this 

point, the pump current was modulated by the V-I converter with a peak-to-peak 

amplitude of 20 mA, corresponding to a relative pump power modulation of ± 0.06%. 

The transfer function shows a nearly constant amplitude response up to about 10 kHz, 

followed by a slight decrease resulting in a 3-dB bandwidth of around 100 kHz (Fig. 3). 

The -90° phase shift in the phase response is reached at around 1.5 MHz. 

In the subsequent step, we investigated the transfer function of the laser output 

power for the same cavity and the same modulation applied to the input voltage of the 

V-I converter, first in cw and then in mode-locked operation. In cw operation, the laser 

emitted only 2.3 W at a pump power of 100 W. Its efficiency was reduced, due to the 

increased losses caused by the hard aperture required for the Kerr lens mode-locking 

scheme. The peak in the relative amplitude of the transfer function at around 15 kHz 

[Fig. 3(a)] is attributed to the relaxation oscillation that is typical for oscillators in cw 

operation. This value is in good agreement with the expected theoretical value of 

18 kHz (assuming an upper state lifetime of 850 μs, experimentally estimated total 

cavity losses of 10% and a normalized pump rate of 1.9) [23]. The large phase change 

associated with the relaxation oscillations limits the modulation bandwidth to ~20 kHz 

in cw operation [Fig. 3(b)]. 
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Fig. 3. Transfer functions for the modulation of the input voltage (V) of the voltage-to-
current (V-I) converter. (a) Relative amplitude and (b) phase are shown in dotted lines for 
the resulting modulation of the pump current (I) and diode pump power (Ppump), and in 
solid lines for the output power (Pout) in continuous-wave and mode-locked operation. 

Gray dashed lines highlight a 3-dB and 10-dB drop in the relative amplitude and a −90° 
phase shift. 

The transfer function of the laser output power in the strongly SPM-broadened 

regime was similarly measured at an operation current of 16 A. It is to be noted that in 

this case, the pump current can be varied in a range of ~400 mA equivalent to a change 

of 4 W in pump power without destabilizing the mode-locking. In this condition, the 

laser operated stably for hours. A 3-dB drop in the relative amplitude is reached at a 

frequency of around 1 kHz, while the -90° phase shift occurs near 10 kHz (Fig. 3). The 

amplitude response drops by an order of magnitude up to this point. The transfer 

function corresponds roughly to a second-order lowpass filter, which is characteristic 

of a laser operating in a strongly damped regime [24,25]. The frequency response and 

modulation bandwidth are comparable to TDL oscillators that have been successfully 

fCEO-stabilized via pump power modulation [16,26]. Based on previous studies of Yb-

DPSSL bulk [13] and TDL [16] oscillators, a similar behavior can be considered for the 

transfer function of the fCEO. Therefore, the cavity dynamics of our KLM TDL limit the 

pump-current-to-fCEO modulation bandwidth for CEO beat stabilization to about 

10 kHz. 
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3.2.4 CEO beat detection and stabilization 

An octave-spanning supercontinuum spectrum was generated in a photonic crystal 

fiber (PCF) using a small fraction of 3% of the laser output power directly from the 

oscillator and without the need of an additional pulse compression stage [Fig. 2(b)]. 

The major part of the laser output power remained accessible for applications. A 

variable attenuator enabled fine adjustment of the average power launched into the 2-

m-long collapse-cleaved PCF (NKT Photonics, SC-3.7-975). The fiber has a core 

diameter of 3.7 μm, a cut-off wavelength of 975 nm and a nonlinear coefficient of γ 18 

W 1·km 1 (at 1060 nm). The coupling efficiency into the PCF was approximately 67%. 

From around 63 mW of launched average power, an octave-spanning supercontinuum 

spectrum was generated, ranging from 680 nm to 1360 nm. It was then launched into 

a standard quasi-common-path f-to-2f interferometer for CEO-beat detection [27]. An 

MgO-doped periodically-poled lithium niobate (MgO:PPLN, 14.00-μm poling period, 

3.0-mm length) crystal was used for second harmonic generation of the Raman soliton. 

The CEO beat was detected at 5 MHz with a signal-to-noise ratio >25 dB at a resolution 

bandwidth of 10 kHz using a fiber-coupled avalanche photodiode [Fig. 4(a)]. The free-

running CEO beat fluctuated in a range of around 200 kHz in a timescale in the order 

of a few seconds [Fig. 4(b)]. We attribute this fluctuation to power fluctuations of the 

free-running pump laser. The noise of the pump power has generally the dominant 

contribution to the CEO frequency noise in TDLs, being pumped by highly transverse-

multimode fiber coupled diode modules with power levels of several hundreds of 

watts [16]. This pump noise also has a significant contribution to the amplitude noise 

of the oscillator [16]. Therefore, the active stabilization of fCEO by modulation of the 

pump current results in the simultaneous decrease of the amplitude noise of the 

oscillator up to a frequency of 10 kHz [Fig. 4(d)]. The increase in amplitude noise 

observed at higher frequencies of around 20 kHz is attributed to the servo bump of the 

CEO stabilization loop. A similar correlation between the CEO frequency noise and 

the amplitude noise of the mode-locked laser was also observed in other types of 

frequency combs based on diode-pumped solid-state lasers [12] or fiber lasers [28].  
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Fig. 4. (a) Radio-frequency spectrum of the free-running carrier-envelope offset (CEO) beat 
frequency (fCEO). (b) Frequency jitter of the free-running CEO beat in a time scale of seconds 
and (c) coherent peak of the CEO beat spectrum when phase-locked at a central frequency 
of 5 MHz. (d) Relative amplitude modulation power spectral density (AM-PSD) of the laser 
output measured at the fundamental harmonic of the repetition frequency in free-running 
(blue) and CEO-locked (red) operation. (e) CEO frequency noise power spectral density 
(CEO-FNPSD) of the free-running (blue) and locked (red) CEO beat (left axis, solid lines) 
and integrated phase noise as a function of the upper cut-off frequency (right axis, dotted 
line). frep: repetition rate frequency; RBW: resolution bandwidth. 
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The detected CEO beat signal was low-pass filtered, amplified and phase-locked 

to an external waveform generator that was itself referenced to a hydrogen maser for 

long-term stable operation [Fig. 2(b)]. The phase error signal was generated using a 

digital phase detector and was subsequently amplified in a proportional-double-

integral-derivative (PI2D) servo-controller. The feedback signal was applied to the V-I 

converter to modulate the pump current. The frequency noise power spectral density 

(FN-PSD) of the free-running and stabilized CEO beat was directly measured from the 

photodiode signal with a phase-noise analyzer (Rohde-Schwarz FSWP26) [Fig. 4(e)]. 

From the crossing-point of the FN-PSD of the free-running CEO beat with the β-

separation line [29], a feedback bandwidth in the order of 3 kHz is estimated to be 

necessary to achieve a tight phase lock of the fCEO. When the fCEO stabilization loop was 

activated, the noise was reduced up to a frequency of ~10 kHz, which is in good 

agreement with the −90° phase-shift bandwidth retrieved from the transfer function in 

mode-locked operation [Fig. 3(b)]. The servo bump appears at around 20 kHz. The 

residual in-loop integrated phase noise was 197 mrad (integrated from 1 Hz to 1 MHz) 

and is comparable to previously reported TDL oscillator results [15,26,30]. Residual 

spikes at 50 Hz and its harmonics as well as at 6-8 kHz and at around 20 kHz are 

attributed to the noise of the pump diode [16]. A tight phase-lock of the CEO beat was 

achieved as shown by the coherent peak with a signal-to-noise ratio of >30 dB in the 

radio-frequency spectrum, measured with a resolution bandwidth of 1 Hz [Fig. 4(c)]. 

An out-of-loop measurement of the CEO noise has not been performed since no second 

f-to-2f interferometer was available at the time of the experiments. 

 

3.2.5 Conclusion and outlook 

In conclusion, we demonstrated the first fCEO stabilization of an Yb-DPSSL oscillator 

operating in the strongly SPM-broadened regime. This is also the first time that a fCEO 

stabilization is demonstrated for the gain material Yb:Lu2O3. The KLM Yb:Lu2O3 TDL 

oscillator generates 50-fs pulses at an average power of 4.4 W. This is to the best of our 

knowledge the shortest pulse duration and the highest average power that has been 

CEO-stabilized from an Yb-DPSSL oscillator without the need for additional 

amplification or pulse compression. We investigated the transfer functions of the laser 

output power by modulating the pump power in cw and mode-locked operation. The 

cavity dynamics in mode-locked operation limit the CEO modulation bandwidth to 
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~10 kHz. A tight phase-lock of the CEO beat has been achieved with a residual in-loop 

integrated phase noise of 197 mrad (integrated from 1 Hz to 1 MHz). As a next step, 

we will investigate the long-term stability of the CEO lock and simultaneously stabilize 

the repetition rate frequency for a fully-stabilized OFC. Additionally, we will 

investigate other fCEO-stabilization techniques to increase the locking bandwidth, e.g., 

by implementing an optical-to-optical modulator inside the oscillator [31]. 

We believe that Yb-DPSSL frequency combs will benefit from the power scalability 

of KLM TDL oscillators [32]. The strongly SPM-broadened regime will soon enable 

OFCs based on Yb-DPSSL oscillators to operate directly with several tens of watts and 

sub-100-fs pulse durations [20]. Such systems are highly attractive as compact sources 

for the generation of extreme ultraviolet OFCs via high harmonics generation in gases 

directly driven by the oscillator [33–35]. 
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3.3 Towards TDL-based frequency combs 

This preliminary study investigates the simultaneous stabilization of the fCEO and the 

frep. The fCEO stabilization was already discussed in detail in section 3.2. The extended 

schematic of the experimental setup for full frequency comb stabilization is shown in 

Fig. 1. The repetition rate was detected on a photodiode with sufficient bandwidth. 

The signal was filtered and mixed with a referenced waveform generator. The 

resulting error signal was low-pass filtered and send to a proportional-integral (PI) 

servo controller. The output of the PI servo controller was amplified to high voltage 

and applied to the piezoelectric transducer (PZT). The PZT controlled the position of 

a cavity-folding mirror for stabilization of the frep.  

 

Fig. 1. Schematic of the experimental setup for fCEO and frep detection and 
stabilization of the KLM Yb:Lu2O3 TDL oscillator. Electrical connections are 
highlighted as black lines. Blue lines indicate free space beam propagation. 
AMP: amplifier; APD: avalanche photodiode; LP: low-pass filter; Paverage: 
average power; PCF: photonic crystal fiber; T: transmission; VA, variable 
attenuator; V-I converter: voltage-to-current converter; PI2D: proportional-
double-integral-derivative servo controller; PI: proportional-integral servo 
controller; PZT: piezoelectric transducer; ~: signal generator. 

The transfer function of the PZT onto the frep shows a -90° shift in the phase / 3-dB 

bandwidth at around 3 kHz (Fig. 2). The bandwidth is attributed to the mass of mirror 

that was mounted onto the PZT (½ inch diameter, 6 mm thick). During the presented 

investigation the fCEO was locked first and a tight-lock was assured by measuring its 

frequency noise power spectral density. Then, the frep-stabilization loop was activated 
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as second. Cross-talking between both stabilization loops was observed. A too high 

response in the PI controller of the frep-stabilization loop resulted repeatably in the loss 

of the fCEO stabilization. As such, the response of the PI controller was decreased until 

both stabilization loops stayed locked simultaneously.  

 

Fig. 2. Transfer function modulating the piezoelectric transducer voltage onto the frep for 
the (a) normalized amplitude and (b) phase. The dashed lines represent a 3-dB drop in 
relative amplitude and a -90° phase shift. 

The resulting frep stabilization shows a decrease in the frequency noise up to a 

bandwidth of ~35 Hz [Fig. 3(a)]. This value is well below the 3 kHz bandwidth 

determined by the transfer-function. It is attributed to the reduced response of the PI 

servo controller. The frep stabilization decreased the timing jitter by about an order of 

magnitude from 60 ps to 7 ps (integrated from 1 Hz to 1 MHz). Cross-talking between 

both stabilization loops resulted in an increased fCEO noise, mainly at around 20 kHz 

[Fig. 3(b)]. This range is surprisingly well beyond the 3 kHz transfer-function 

bandwidth of the PZT. At the same time increased cross-talking the integrated phase 

noise from 197 mrad to 745 mrad. This observation explains the previous mentioned 

loss of the fCEO lock with too high gain in the frep-stabilization loop. Potential origins 

could be piezo resonances or issues in the electronics, i.e. electromagnetic coupling 

between the high voltage amplifier and other devices. Cross-talking increased as well 

the fCEO noise negligibly up to the bandwidth of the frep stabilization at ~35 Hz 

[Fig. 3(b)]. Both stabilization loops could be kept simultaneously locked in the range 

of minutes. The limited travel range of the PZT was not able to compensate for the 

long-term frep drift of the meter-long cavity length.  
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Fig. 3. Noise performance of the sub-100-fs KLM TDL oscillator of different configuration 
of the stabilization (a) frep frequency noise power spectral density (REP-FN-PSD); (b) fCEO 
frequency noise power spectral density (CEO-FN-PSD); (right-axis) corresponding 
integrated phase noise as a function of the upper cut-off frequency. 

This preliminary investigation demonstrates that full frequency comb stabilization 

of sub-100-fs KLM TDL oscillators operating in the SPM-broadened regime is possible. 

Yet, further investigations need to determine the cross-talking between both 

stabilization loops. In this particular study, the origin of the introduced noise at around 

20 kHz is of high interest. Once this noise source has been eliminated, frep stabilization 

with larger bandwidth and reduced timing jitter can be expected while the tight lock 

of the fCEO should be maintained. For long-term frep stabilization a combination of two 

PZT is suggested. A slow PZT for the correction of the long-term drift with sufficient 

travel range and a PZT optimized for response at higher frequencies. Additionally, the 

reduction of the mirror mass that is attached to the PZT is recommended for a larger 

frep-stabilization bandwidth.
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Chapter 4    

THz generation driven by 

sub-100-fs thin-disk laser oscillators 

This chapter presents the application of the developed sub-100-fs KLM Yb:Lu2O3 TDL 

oscillators (chapter 2) for the generation and detection of quasi single-cycle broadband 

THz pulses at MHz repetition rates. 

4.1 Powerful Yb-based lasers for THz generation 

Table-top broadband THz sources operating at MHz repetition rates are of interest for 

various spectroscopic and imaging applications [1]. Among several techniques, optical 

rectification (OR) of sub-100-fs pulses in Χ(2) nonlinear crystals has become a suitable 

approach for the generation of broadband THz pulses at high repetition rates [1,2]. 

However, conversion efficiencies in the order of 10-2 to 10-5 limit currently the available 

THz average power [3,4]. As such, THz sources for hands-on applications would 

strongly benefit to be driven by simple yet powerful ultrafast laser systems. 

Ultrafast laser systems based on Ti:sapphire benefit from the available broad gain 

bandwidth for the direct generation of sub-100-fs pulse durations. However, thermal 

effects in the gain medium limit their average power to several watts [5]. In contrast, 

ultrafast Yb-based laser systems utilizing gain geometries for optimized heat 

dissipation (fiber, slab, thin disk) can operate at the kW-level of average power [6–8]. 

But, these systems rely often on multiple amplification stages and the limited gain 
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bandwidth of Yb-based gain materials requires typically a nonlinear pulse 

compression to reach sub-100-fs pulse durations. 

The developed sub-100-fs KLM Yb:Lu2O3 TDL oscillators (chapter 2) possess 

suitable properties as single-stage driving laser for THz generation. Sub-100-fs pulses 

allow for the direct generation and detection of broadband THz radiation from the 

output of the oscillator, circumventing the need for amplification and nonlinear pulse 

compression.  

In the framework of this thesis THz generation via OR in gallium phosphide (GaP) 

was investigated in the 1-μm wavelength range. GaP is a semiconductor material 

which phase velocity in the THz range matches the group velocity of the driving pulse 

in the 1-μm range. This makes GaP suitable for THz generation driven by Yb-based 

laser systems [9–12]. GaP offers a large rectification bandwidth of up to 40 THz, but 

possess a transverse optical phonon resonance at 11 THz [13]. Although OR in GaP has 

been intensively studied at the 800-nm range of Ti:Sapphire lasers [14,15], the 1-μm 

range of Yb-based laser systems remained still less explored. 

Section 4.2 presents broadband THz generation and detection directly driven by 

the developed sub-100-fs KLM Yb:Lu2O3 TDL oscillator (section 2.2). In this 

investigation the oscillator generated 50-fs pulses at 4 W of average power and 61 MHz 

of repetition rate. Key messages of the investigation are: 

• First demonstration of THz generation driven by a TDL oscillator 

• Generation of a THz spectrum extending up to 7 THz; gaps in the THz 

spectrum are attributed to the phase mismatch in GaP 

• Spectroscopic characterization of GaP in the THz range; resulting phase 

matching calculations are in good agreement with the observed features in the 

THz spectra 

• Benchmark measurement for applications in linear THz time-domain 

spectroscopy by measuring the absorption spectrum of water vapor in the 

range of 1 to 5 THz 

Section 4.3 presents a more detailed investigation of the impact of the GaP crystal 

thickness and driving pulse duration at 1-μm onto the generated THz spectrum. In the 

first part of the experiment, the generated THz spectrum was investigated for three 

different GaP crystal thicknesses using a 50-fs configuration of the driving KLM 
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Yb:Lu2O3 TDL oscillator (section 2.2). In a second part of the experiment, the driving 

pulse duration was varied by adjusting the amount of introduced group delay 

dispersion, output coupler transmission and hard aperture diameter of the TDL 

oscillator. This enabled high-fidelity measurements with almost transform-limited 

solution pulses at discrete pulse durations ranging between 50 fs and 220 fs. Based on 

the experimental results a procedure is presented allowing to estimate the THz 

spectrum via multiplicative factors in the frequency domain. Power-scaling of the 

sub-100-fs KLM Yb:Lu2O3 TDL oscillator (section 2.3) allowed driving OR in GaP with 

95-fs pulses at 20 W of average power and 48 MHz of repetition rate. The key results 

of this investigation are: 

• Experimental investigation of the THz spectrum achievable by OR at the 1-μm 

range in GaP in function of the GaP crystal thickness and the driving pulse 

duration 

• A simple procedure is presented to estimate the THz spectrum generated by 

OR at 1-μm in GaP in dependence of the crystal thickness and driving pulse 

duration 

• Generation of a gap-less THz spectrum extending up to 7 THz 

• Generation of 0.3 mW of THz average power in a THz spectrum extending to 

nearly 5 THz.  

References 

1.  P. U. Jepsen, D. G. Cooke, and M. Koch, "Terahertz spectroscopy and imaging – Modern 
techniques and applications," Laser Photonics Rev. 5(1), 124–166 (2011). 

2.  C. J. Saraceno, "Mode-locked thin-disk lasers and their potential application for high-power 
terahertz generation," J. Opt. 20(4), 044010 (2018). 

3.  K. Reimann, "Table-top sources of ultrashort THz pulses," Rep. Prog. Phys. 70(10), 1597 (2007). 
4.  J. A. Fülöp, L. Pálfalvi, G. Almási, and J. Hebling, "Design of high-energy terahertz sources based 

on optical rectification," Opt. Express 18(12), 12311 (2010). 
5.  S. Dewald, T. Lang, C. D. Schröter, R. Moshammer, J. Ullrich, M. Siegel, and U. Morgner, 

"Ionization of noble gases with pulses directly from a laser oscillator," Opt. Lett. 31(13), 2072–2074 
(2006). 

6.  P. Russbueldt, T. Mans, J. Weitenberg, H. D. Hoffmann, and R. Poprawe, "Compact diode-
pumped 1.1 kW Yb:YAG Innoslab femtosecond amplifier," Opt. Lett. 35(24), 4169–4171 (2010). 

7.  J.-P. Negel, A. Loescher, A. Voss, D. Bauer, D. Sutter, A. Killi, M. A. Ahmed, and T. Graf, "Ultrafast 
thin-disk multipass laser amplifier delivering 1.4 kW (47 mJ, 1030 nm) average power converted 
to 820 W at 515 nm and 234 W at 343 nm," Opt. Express 23(16), 21064 (2015). 

8.  M. Müller, A. Klenke, A. Steinkopff, H. Stark, A. Tünnermann, and J. Limpert, "3.5 kW coherently 
combined ultrafast fiber laser," Opt. Lett. 43(24), 6037–6040 (2018). 



94       Chapter 4 

9.  J. Li, L. Chai, J. Shi, F. Liu, B. Liu, B. Xu, M. Hu, Y. Li, Q. Xing, C. Wang, A. B. Fedotov, and A. M. 
Zheltikov, "Generation of 0.3 mW high-power broadband terahertz pulses from GaP crystal 
pumped by negatively chirped femtosecond laser pulses," Laser Phys. Lett. 10(12), 125404 (2013). 

10.  J. Hamazaki, K. Furusawa, N. Sekine, A. Kasamatsu, and I. Hosako, "Effects of chirp of pump 
pulses on broadband terahertz pulse spectra generated by optical rectification," Jpn. J. Appl. Phys. 
55(11), 110305 (2016). 

11.  J. Xu, B. Globisch, C. Hofer, N. Lilienfein, T. Butler, N. Karpowicz, and I. Pupeza, "Three-octave 
terahertz pulses from optical rectification of 20-fs, 1-μm, 78-MHz pulses in GaP," J. Phys. B At. 
Mol. Opt. Phys. 51(15), 154002 (2018). 

12.  G. Chang, C. J. Divin, C.-H. Liu, S. L. Williamson, A. Galvanauskas, and T. B. Norris, "Power 
scalable compact THz system based on an ultrafast Yb-doped fiber amplifier," Opt. Express 14(17), 
7909–7913 (2006). 

13.  A. Leitenstorfer, S. Hunsche, J. Shah, M. C. Nuss, and W. H. Knox, "Detectors and sources for 
ultrabroadband electro-optic sampling: experiment and theory," Appl. Phys. Lett. 74(11), 1516 
(1999). 

14.  Q. Wu and X.-C. Zhang, "7 terahertz broadband GaP electro-optic sensor," Appl. Phys. Lett. 70(14), 
1784–1786 (1997). 

15.  K. Aoki, J. Savolainen, and M. Havenith, "Broadband terahertz pulse generation by optical 
rectification in GaP crystals," Appl. Phys. Lett. 110(20), 201103 (2017). 

  



THz generation driven by sub-100-fs thin-disk laser oscillators       95 
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We demonstrate broadband THz generation driven by an ultrafast thin-disk laser 

(TDL) oscillator. By optical rectification of 50-fs pulses at 61 MHz repetition rate in 

a collinear geometry in crystalline GaP, THz radiation with a central frequency at 

around 3.4 THz and a spectrum extending from below 1 THz to nearly 7 THz are 

generated. We realized a spectroscopic characterization of a GaP crystal and a 

benchmark measurement of the water-vapor absorption spectrum in the THz range. 

Sub-50-GHz resolution is achieved within a 5 THz bandwidth. Our experiments 

show the potential of ultrafast TDL oscillators for driving MHz-repetition-rate 

broadband THz systems. 

4.2.1 Introduction 

THz time-domain spectroscopy (THz-TDS) is a powerful tool to explore material 

properties and the dynamics of complex molecular systems through static and time-

resolved investigations [1–5]. The employed THz source must fulfill a set of 

requirements including a spectral coverage in agreement with the studied system and 

a sufficient signal-to-noise ratio. Additionally, a compact system and a short 

acquisition time are often preferable. These criteria result in the demand for table-top 

high-power high-repetition-rate broadband THz sources. 

Amongst other techniques, optical rectification of femtosecond pulses is a well-

suited approach to produce high-power broadband THz radiation [6,7]. The 
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development of THz sources based on optical rectification has been closely linked to 

the advances of sub-100-fs Ti:sapphire laser systems, which contributed to tremendous 

progress in this area. The efficiency of the optical rectification process is typically in 

the order of 10-7 to 10-2 [6,7]. Therefore, THz systems would benefit from power scalable 

laser technology. Recently developed diode-pumped ultrafast Yb-based lasers 

emitting at ~1 μm central wavelength demonstrated operation at average powers up 

to the kW level and high repetition rates with hundreds of femtosecond pulse duration 

[8–11]. In these lasers, detrimental thermal effects are significantly reduced due to 

alternative gain medium geometries (fibre, slab, thin disk) which allow for an efficient 

heat dissipation. 

Most commonly, high-power ultrafast lasers rely on amplifier schemes based on 

complex multi-stage architecture (typically a seeding master oscillator, pulse 

stretching, multiple amplification stages and compression). In contrast, ultrafast thin-

disk laser (TDL) oscillators offer a one-box solution for delivering nearly-ideal sech2-

shaped femtosecond pulses at MHz repetition rates, high average powers in 

diffraction-limited Gaussian beams. Nearly 300 W of average power have been 

achieved [12,13], but TDL oscillators typically operate at pulse durations longer than 

100 fs [14]. However, sub-100-fs TDL oscillators based on broadband gain materials 

were recently demonstrated, albeit at moderate average power [15]. 

Despite appropriate laser parameters, Yb-based laser technology remains widely 

unexplored for THz generation [16]. Only few results have been reported attempting 

to use Yb-based lasers to produce THz radiation. A high average power of 4 mW with 

a spectrum extending up to 1.2 THz has been demonstrated using tilted pulse front 

optical rectification in LiNbO3 from 7 W average pump power and 1.3 ps pulse 

duration delivered by a 1 kHz repetition rate regenerative amplifier based on an 

Yb:YAG thin-disk crystal [17]. Compared to LiNbO3, broader spectra are achieved in 

semiconductors such as ZnTe and GaP due to a broad collinear phase matching in the 

near infrared [18–20]. GaP has a large rectification bandwidth up to 40 THz, although 

it possesses a transverse optical phonon resonance at 11 THz [19]. Despite the 

associated dispersion, collinear phase matching up to 8 THz is achievable using crystal 

thicknesses in the order of hundreds of microns [21]. In 2006, the first experiments of 

optical rectification in GaP conducted with an Yb-based ultrafast pump laser yielded 

6.5 μW THz average power from a 10-W 210-fs fiber amplifier operating at 120 MHz 
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[22]. Later in 2013, 300 μW THz average power has been obtained with frequency 

content up to 2 THz using an Yb-doped fibre amplifier delivering 21 W of average 

power in 52-fs pulses at a repetition rate of 42 MHz [23]. Broad spectra with frequency 

content up 5 THz have been achieved both from a 3-W, 120-fs, 100-MHz Yb-doped 

fibre laser amplifier [24] and a 5-W, 20-fs, 78-MHz Yb-doped fibre laser amplifier [25]. 

Here, we report on MHz-repetition-rate broadband THz generation using the output 

of a mode-locked TDL. The 50-fs oscillator allows for a pulse-compression-free 

generation and detection of THz radiation up to 7 THz via optical rectification and 

electro-optic sampling (EOS) in crystalline GaP in a simple collinear geometry. 

Employing this THz source, we refine the Sellmeier coefficients of GaP in the THz 

range, enabling accurate phase matching calculations. Additionally, we benchmarked 

our system via THz spectroscopy of water vapor. Due to their power scalability and 

the high temporal resolution provided by sub-100-fs pump pulses, we believe that this 

result confirms the potential of ultrafast TDL oscillators to drive high-power 

broadband THz sources for static and time-resolved THz-TDS. 

4.2.2 Broadband THz generation and detection 

The experimental setup is depicted in Fig. 1. The driving laser source (described 

in [26]) is a Kerr lens mode-locked TDL oscillator based on the gain material 

Yb:Lu2O3 [27]. It delivers a diffraction limited beam (M2
 = 1) with 4 W of average power 

in 50-fs sech2-shaped pulses at 61 MHz repetition rate. This leads to >60 nJ pulse 

energy and >1 MW peak power available directly at the output of the laser oscillator. 

The optical spectrum is centered at around 1031 nm with a FWHM of 20 nm 

(corresponding to 5 THz). THz radiation is generated via optical rectification of the 

femtosecond near-infrared pulses in a <110>-cut GaP crystal. The pump pulses are 

pre-chirped by three dispersive mirrors accounting for -1500 fs2 of group delay 

dispersion to compensate for the propagation through the focusing lens and crystal. 

The pump beam is focused into the crystal to a 45 μm 1/e2
 beam radius. Accounting 

for the 20% Fresnel reflection at the front interface of the uncoated GaP crystal, the 

peak intensity inside the crystal is estimated to be 27 GW/cm2 and the fluence 1.7 

mJ/cm2. These values remain below the damage threshold of the material which has 

been measured to be 4.3 mJ/cm2 (corresponding to 60 GW/cm2 peak power) at 1040 

nm with 61 fs pulses [28]. We used a ~5 mm diameter mirror to deflect the unconverted 

pump light. Due to the stronger divergence, only a small fraction of the THz radiation 
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is reflected. An optical chopper running at 2.5 kHz modulates the pump beam for 

phase sensitive detection using a lock-in amplifier. The THz signal is then 

characterized via field-resolved detection using EOS in a second <110>-cut GaP 

[29,30]. The 50 fs gating probe pulses offer sufficient temporal resolution and do not 

require any additional temporal compression for a distortion-free broadband EOS 

measurement. The system is operated at room temperature (~22 °C) in a purged 

atmosphere with ~9% relative humidity. 

 

Fig. 1. Experimental setup for THz generation driven by the output of an 
ultrafast thin-disk laser oscillator. The inset (a) shows (from left to right) the 
optical spectrum, the autocorrelation trace and the output beam profile of the 
laser; the inset (b) shows the beam profile of the near-infrared laser at the 
focus. BPD: balanced photo-detector; DM: dispersive mirror; OAPM: off-axis 
parabolic mirror; OC: output coupler; QWP: quarter-wave plate; T: 
transmission; WP, Wollaston prism; wIR: infrared beam radius. 
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Fig. 2. (a) Time-resolved THz signals generated and detected in 0.5 mm (blue) 
and 1.0 mm (orange) thick GaP crystals (an offset in time and electric field has 
been added for better visibility) and (b) corresponding spectra of the electric 
field amplitude after Fourier transformation. (c) Corresponding power 
spectrum represented in logarithmic scale. 

Quasi-single-cycle THz pulses were produced via optical rectification in 0.5 mm 

and 1.0 mm GaP crystals. The THz waveforms acquired in single scans with 30 ms and 

10 ms integration constant, respectively, are shown in Fig. 2(a). They are detected via 

EOS using crystals with the same thicknesses as the rectification crystals. The 

corresponding THz spectra obtained by Fourier transformation of the waveforms have 

a central frequency at around 3.4 THz and 2.7 THz and extend up to nearly 6 THz and 

7 THz, respectively [Fig. 2(b)]. The noise-like features in the spectrum are caused by 

residual water absorption. For both measurements, a dynamic range greater than 40 

dB is achieved [Fig. 2(c)]. 
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We evaluated the THz average power produced in the configuration with 1.0 mm 

GaP crystal using a calibrated pyroelectric photodetector (Ophir, RM9-THz) placed at 

the position of the detection crystal. The total path length from crystal to the detector 

is ~50 cm. Two filters made of black paper and fabric are used to block residual pump 

light. At a relative humidity level of ~25%, we measured an average power of 0.2 μW. 

We calibrated the measurement by characterizing the filters spectral transmission 

using the EOS setup. They exhibit a 2% total transmission for our spectrum. Thus the 

estimated THz average power is in the order of 10 μW, implying a conversion 

efficiency in the order of 10-6, which is in a reasonable agreement with results obtained 

with similar laser parameters [22,23,25]. 

4.2.3 Spectroscopic characterization of GaP 

Prompted by the discrepancies among the published data [31,32], we performed an 

independent measurement of the refractive index of GaP in the THz region via THz-

TDS [3,4]. For this, we inserted a 1.0 mm <110>-cut GaP test-crystal into the collimated 

THz beam between two 0.5 mm GaP rectification and detection crystals. Comparing 

the spectral phase of this measurement to a reference measurement without the test-

crystal allows to extract the refractive index of GaP [4]. Our data shown in Fig. 3 are 

consistent with [31] but disagree with more recent work [32]. Using our data in the 

range 1-6 THz and the data from [33] in the near infrared, the refractive index n is fitted 

to the Sellmeier equation given by 

𝑛2 = 1 +
𝐵1𝜆

2

𝜆2 − 𝜆1
2 +

𝐵2𝜆
2

𝜆2 − 𝜆2
2 (1) 

with B1 = 2.064, λ1 = 7.284 μm, B2 = 8.089 and λ2 = 0.2707 μm and λ the wavelength in 

μm. 
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Fig. 3. Refractive index of GaP. In the THz region, it is retrieved from a THz 
time-domain spectroscopy measurement and compared to values taken from 
[31,32]. In the near-infrared range, is it measured by spectroscopic 
ellipsometry combined with transmission data and compared to [33]. 

The origin of the pronounced modulations in the THz spectra, e.g. at 5 THz, can be 

explained by phase matching. It accounts for the difference between the group velocity 

of GaP in the near-infrared and its phase velocity in the THz domain. The curves 

presented in Fig. 4 are calculated using the model introduced in [18] taking into 

consideration both generation and detection processes. In the calculation, we used a 

value of 3.31 for the optical group index of GaP at 1031 nm [33] and the refractive index 

in the THz range given by Eq. (1). Our calculated spectra are in a reasonable agreement 

with the measured ones in the range from 2 to 5 THz. In comparison, the refractive 

index given in [32] would yield a much broader phase matching for our system. The 

low-frequency behavior is not explained by this simple calculation because it does not 

include the influence of the pump pulse shape and propagation effects. The 

discrepancies in the amplitude at frequencies above 5 THz are due to the linear 

absorption in GaP and vanishing nonlinear constant [32]. Based on phase matching 

considerations, we estimate an optimal crystal thickness to be 150 μm for producing a 

gapless spectrum spanning up to 7 THz using an Yb-based driving laser source. 
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Fig. 4. THz spectra generated in 0.5 mm and 1.0 mm thick GaP crystals (solid 
lines). The corresponding phase matching curves (dashed lines) are calculated 
following the model presented in [18], using a value of 3.31 for the optical 
group index of GaP at 1031 nm and the refractive index in the THz domain 
given by (1). 

4.2.4 THz spectroscopy of water vapor 

To confirm the suitability of the system for broadband THz-TDS, we performed a 

benchmarking spectroscopic measurement of water vapor absorption [2] [Fig. 5]. For 

this, we compared the THz spectra acquired at two humidity levels (23% and 9% 

relative humidity) in a setup using 1.0 mm GaP crystals for generation and detection. 

Each data set is acquired in a single scan with 10 ms integration constant. The water 

vapor absorption coefficient is given by the logarithm of the ratio of the two amplitude 

spectra as a function of the frequency. The resulting water vapor absorption spectrum 

is compared to the one reported in [34]. Water vapor lines are reliably detected with a 

sub-50-GHz resolution up to 5 THz. A better reliability in the 5-6 THz range could be 

obtained by averaging over multiple scans or by increasing the integration time 

constant. A finer spectral resolution is achievable by acquiring longer temporal scans 

including the echo pulses from the reflections inside the crystals, which would not 

affect the data analysis as they divide out in the frequency domain [2]. 
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Fig. 5. (a) THz time-domain waveforms and (b) THz power spectra generated 
in a 1.0 mm GaP crystal at different relative humidity (RH) levels. (c) 
Frequency-dependent absorption coefficient of the water vapor, compared to 
the data taken from [34]. 

4.2.5 Conclusion and outlook 

In conclusion, we have demonstrated broadband THz generation at MHz repetition 

rate using an ultrafast TDL oscillator as pump source. This simple single-stage laser 

source enabled the generation and detection of spectra with frequency content 

extending up to nearly 7 THz. We performed a spectroscopic measurement of GaP and 

refined its Sellmeier equation in the THz range. It is used for phase matching 

calculations, which are consistent with the acquired THz spectra. We conducted 

benchmarking linear THz-TDS experiment, measuring water vapor absorption 
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spectrum with a sub-50-GHz resolution achieved in a frequency range between 0.5 and 

5 THz. 

We believe that higher THz frequencies are within reach by using thinner GaP 

crystals for improved phase matching or different types of emitters [35] such as ZnTe 

[20], nonlinear organic crystals [36], plasma [37] or metallic spintronic emitters [38]. 

On the other hand, higher THz average power should be achievable by using thicker 

crystals, albeit at the expense of a reduced bandwidth. A compromise fulfilling the 

demands of a particular experiment is certainly possible. Similar to the case of THz 

generation in LiNbO3 [7], our preliminary calculations indicate that a pump pulse 

duration of 50 fs is not optimal for efficient THz generation with a targeted bandwidth 

of 7 THz. As a next step, we will investigate the influence of the pulse duration on the 

THz generation in GaP crystals. TDL oscillators delivering more than 10 W of average 

power with 90 fs pulses at 61 MHz repetition rate have been as well recently 

demonstrated [26]. We expect that such parameters would allow increasing the THz 

average power due to the availability of higher pump power and longer pulses 

offering an adequate spectral bandwidth for efficient conversion. Therefore, we 

believe that TDL oscillators are a promising technology for scaling up the average 

power of broadband THz radiation. We expect that such compact sources of 

broadband THz pulses based on thin-disk laser oscillators will be beneficial for linear 

static THz-TDS and time-resolved THz spectroscopy. 
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4.3 Optical rectification of ultrafast Yb-lasers: Pushing 
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We demonstrate broadband high-power THz generation at MHz repetition rates by 

optical rectification in GaP driven by an ultrafast Yb-based thin-disk laser 

oscillator. We investigate the influence of pulse duration in the range of 50 fs to 220 

fs and thickness of the GaP crystal on the THz generation. Optimization of these 

parameters with respect to the broadest spectral bandwidth yields a gap-less THz 

spectrum extending to nearly 7 THz. We further tailor the driving laser and the THz 

generation parameters for the highest average power, demonstrating 0.3 mW THz 

radiation with a spectrum extending to 5 THz. This was achieved using a 0.5 mm 

thick GaP crystal pumped with a 95 fs, 20 W thin disk laser, operating at 48 MHz 

repetition rate. We also provide a comprehensive method to estimate the THz 

spectrum, which can be used for design and optimization of similar THz systems. 

4.3.1 Introduction 

Increasing both the average power and the repetition rate of broadband THz sources 

is of high interest for various spectroscopic and imaging THz applications [1]. So far, 

tabletop high-power broadband THz sources have been mostly driven by high energy 

laser amplifier systems, typically based on Ti:sapphire gain material, operating at kHz 

repetition rates and modest average powers of several watts. 

In the last years Yb-based directly diode-pumped solid-state lasers have become a 

promising alternative to Ti:sapphire systems. The higher Stokes efficiency of the Yb-

doped gain medium together with the direct diode pumping scheme allows for 

substantial increase in average power, albeit at the expense of longer pulse durations 
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due to the narrower gain bandwidth of Yb-doped media. Several studies investigated 

the potential of Yb-based amplifier systems for high-power THz generation. A chirped 

pulse thin-disk laser amplifier has been used to generate 4 mW of THz average power 

in LiNbO3 with a spectrum extending to 1 THz [2]. Li et al. demonstrated generation 

of 0.3 mW THz radiation with a spectrum extending to 2 THz by optical rectification 

in GaP driven by a 21 W, 52 fs fiber amplifier [3]. More recently, broadband THz 

systems with spectra extending to 5 and 6 THz have been demonstrated, however, yet 

in a few-µW average power range [4,5]. 

Ultrafast Yb-based thin-disk laser (TDL) oscillators operating at MHz repetition 

rates reach high output powers directly out of the oscillator circumventing the 

necessity for amplification stages. They usually emit transform-limited soliton pulses 

without pre- or post-pulses in a TEM00 beam. Nearly 300 W have been obtained from 

TDL oscillators with several hundred fs pulse durations [6,7]. In the last years, there 

was also a large progress in the development of ultrafast thin-disk lasers operating 

directly in the sub-100-fs regime [8–13]. The shortest pulse durations of ultrafast thin-

disk lasers have been reduced to 30 fs [14], and power levels up to 20 W have been 

achieved in 95-fs pulses [15], making TDL oscillators very attractive sources to drive 

broadband high-power THz generation [16].  

Recently, we demonstrated the generation of broadband THz radiation with a gap-

less spectrum extending to 5 THz at a few µW of average power [17]. This was 

achieved by optical rectification in GaP of 50-fs pulses, delivered by a 4-W TDL 

oscillator. Shortly after, Meyer et al. demonstrated the potential for increasing the 

available THz power by using a high-power TDL oscillator as a driving source [18]. 

They showed that 100 W of average laser power with 580 fs pulse duration could be 

optically rectified in GaP, yielding 80 µW of average THz power with a spectrum 

extending up to 1.6 THz.  

In this study, we show that optical rectification in GaP allows for high average THz 

powers approaching the mW range also with broadband spectra. We investigate the 

influence of the pulse duration of the driving laser and the thickness of the GaP crystal 

on the THz generation. Optimization of these parameters with respect to spectral 

bandwidth allowed us to generate THz radiation with a spectrum extending to nearly 

7 THz. This is to our knowledge the broadest gap-less THz spectrum obtained from an 

Yb-based laser driven system. Optimization with respect to average power yielded 
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0.3 mW of THz radiation with a spectrum extending to nearly 5 THz. We further 

provide a comprehensive guideline to estimate the generated THz spectrum based on 

pulse duration and thickness of the crystal, which we believe can be a very useful tool 

for the optimization of similar THz systems. 

4.3.2 Experimental setup 

The driving laser of our setup described in [13] is a Kerr lens mode-locked TDL 

oscillator (Fig. 1) based on the gain material Yb:Lu2O3 [19] emitting at a center 

wavelength of 1.03 µm. It generates transform limited soliton pulses at 60 MHz 

repetition rate with pulse durations between 50 and 220 fs at typical average powers 

of several watts and diffraction limited beam quality (M2 < 1.05). Pulse duration and 

average power of the laser oscillator can be modified by changing the intra-cavity 

dispersion (replacing dispersive mirrors), the output-coupling rate and by variation of 

the hard aperture size (elements shown in blue in Fig. 1). This approach is limited to 

discrete operation parameters and does not allow for a large continuous tuning range; 

however, it ensures maintaining transform-limited soliton pulses and TEM00 beam 

profile at all the accessible pulse durations. This allowed us to perform high-fidelity 

measurements of the influence of pulse duration on the THz generation. In the second 

part of the study, focused on optimization of the THz average power, we utilized a 

power-scaled version of the driving TDL oscillator, delivering a higher average power 

of 20 W at 95 fs pulse duration. 

 

Fig. 1. Experimental setup for THz generation via optical rectification and 
detection by electro-optic sampling driven by an ultrafast TDL oscillator. 
Pulse duration and average power of the driving laser can be modified by 
replacing the cavity elements highlighted in blue. OAPM: off-axis parabolic 
mirror; QWP: quarter-wave plate; WP: Wollaston prism; BPD: balanced 
photo-detector; T: output coupler; wIR: beam radius at 1/e2. 
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The THz radiation is generated via optical rectification in uncoated <110>-cut GaP 

crystals of different thickness. The pump pulses are pre-chirped by -500 fs2 to 

compensate for the focusing lens and crystal dispersion. The beam is chopped at a 

frequency of 2.5 kHz for lock-in detection and focused into the crystal at a 1/e2 beam 

diameter of 120 µm. The unconverted infrared (IR) light is separated from the THz 

radiation by a 5-mm diameter mirror placed on the optical axis. Due to the much 

stronger divergence of the THz radiation, this does not create significant losses for the 

THz beam. 

The generated THz radiation is detected by electro-optic sampling (EOS) in a 

second <110>-cut uncoated GaP crystal. The EOS signal is sent to the lock-in amplifier 

with a typical time constant of 30 ms. The delay line is moved by fixed steps and 

remains on the spot during each measured point. This avoids vibrations and eliminates 

dependence on stage speed and lock-in time constant. The system is operated at room 

temperature in a dry air purged environment with residual relative humidity of ~7%. 

4.3.3 Influence of pulse duration and crystal thickness on the THz 

spectrum 

The THz spectrum generated by optical rectification in GaP is mainly determined by 

the pulse duration of the driving laser and the thickness of the nonlinear crystal. While 

the corresponding parameters are well investigated for Ti:sapphire lasers emitting at 

800 nm, their influence in the emission wavelength range of Yb-based lasers around 

1 µm remains relatively less explored, which motivated our investigations. 

In a first experiment, we investigated the influence of the GaP crystal thickness on 

the THz spectrum. We used 50-fs pulses and measured the THz spectra for three 

different crystal thicknesses (see Fig. 2 a). The experiment demonstrates how the 

thickness of the GaP crystals limits the THz spectrum due to the mismatch between 

the group velocity of the IR pulse and the phase velocity of the THz radiation [20]. The 

theoretical phase matching curves are plotted as dashed lines for reference. The solid 

blue and orange curves depict spectra for crystals thicker than optimum for the 

generation of broadest spectra, which show frequency cut-offs at 4 and 5 THz, 

respectively. The green curve demonstrates the results with a thinner crystal, where 

the phase mismatch frequency cut-off at 7.3 THz is not anymore the main limiting 

factor and the THz spectrum is mostly limited by the pulse duration of the driving 
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laser. The phase matching conditions between the IR and THz pulse in GaP were 

calculated according to [20] based on a Sellmeier fit of the THz refractive indices 

presented in [17] and a group refractive index for the IR pulse ng = 3.31 calculated 

from [21] (see Tab. 1 in the appendix). 

 

Fig. 2 a) THz spectra generated by optical rectification of 50 fs pulses in GaP 
crystals of different thicknesses. The use of thick crystals (blue and orange) 
poses a frequency cut-off on the measured THz spectrum due to the phase 
mismatch between the IR and THz pulses. The theoretical phase matching 
curves are plotted by dashed lines for reference. The green curve shows a 
spectrum for a crystal thin enough to prevent phase mismatch being the most 
limiting factor. b) Experimental measurement of the achievable THz spectra 
for different pulse durations of the driving laser. The thickness of the crystal 
is adapted to the respective pulse duration in order to maximize the signal, 
while avoiding the phase mismatch frequency cut-off. 

In a second experiment, we studied the influence of the pulse duration of the 

driving laser. The experiment was designed to assess the maximum spectral 

bandwidth at each pulse duration. To this end, we adapted the crystal thickness to 

maximize the THz signal, while avoiding the phase mismatch frequency cut-off in the 

THz spectrum. Five different configurations of the driving laser were chosen for the 

experiment with pulse durations between 50 and 220 fs at average powers of 3 to 7 W. 
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Despite the different average power levels obtained at different pulse durations, we 

did not observe any significant dependence of the THz spectral shape on the driving 

laser average power in our experiments. We therefore used the full available power of 

each configuration to drive the THz generation. 

The THz spectra measured for different pulse durations are shown in Fig. 2 b). The 

central frequency shifts from 1.5 THz for 220-fs pulses to 3.5 THz for the 50-fs 

configuration. The broadest THz spectrum acquired in the 50-fs configuration extends 

to nearly 7 THz.  

We further verify the THz spectral bandwidth of our system by performing a THz 

time domain spectroscopy measurement of water vapor shown in the appendix of this 

study in Fig 5. The measurement was taken using 84 fs pulse duration (orange curve 

in Fig. 2b) and shows a good agreement with the theoretical absorption of water vapor 

obtained from the HITRAN database [22] in a frequency range between 1 and 6 THz 

with < 20 GHz spectral resolution. 

4.3.4 Estimation of the THz spectrum 

Understanding of the underlying mechanisms of the THz generation and detection is 

a key requirement for optimization of THz systems. Although solving a nonlinear 

coupled wave equation is generally required to fully describe the THz generation 

process [23,24], according to our measurements, the THz spectrum can be reasonably 

approximated by decoupled multiplicative factors in the frequency domain. This 

approach provides a comprehensive tool to isolate the influence of different 

parameters and determine the key limitations. The considered frequency factors and 

their parameters are shown in Eq. (1) and depicted graphically in Fig. 3. For the 

convenience of the reader, we also include all the formulas in Table 1 in the appendix. 
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The maximum bandwidth of the THz field E0 THz generated by optical rectification 

in χ(2) nonlinearity (shown in blue in Fig. 3) can be approximated by the 2nd derivative 

of the IR pulse intensity envelope with respect to time [25]. Both the generation and 

the detection of the THz radiation are affected by the phase matching (PM) condition 
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between the phase velocity of the THz radiation and the group velocity of the IR pulse 

in the nonlinear crystal. The factor PMGen· PMDet (red curve in Fig. 3) is strongly 

dependent on the thickness of the GaP crystal dcrystal and the center wavelength of the 

driving laser through the group refractive index ng. The response of the EOS detection 

can be described as a cross correlation between the THz field and the intensity 

envelope of the IR probing pulse as derived in [26], i.e., multiplication with the IR 

pulse intensity spectrum (depicted in orange in Fig. 3) in the frequency domain. The 

THz radiation is further affected by an electro-optic coefficient r41 (purple curve in Fig. 

3) and the THz transmission tGaP of the GaP crystal (gray curve in Fig. 3), determined 

by Fresnel reflection and material absorption. Both curves are based on Lorentzian fits 

to third party experimental data obtained from [27]. The fits might have significant 

uncertainties; however, they do not have a major influence on most of our data 

compared to the phase matching condition. 

We present three example spectral estimates for pulse durations of 220 fs, 95 fs, 

and 50 fs and different crystal thicknesses. In the case of longest pulse duration 

(Fig. 3a), the THz spectrum is mostly limited by the EOS detection. The phase 

matching condition for the 0.5 mm thick GaP crystal does not strongly influence the 

THz spectrum at such long pulse durations. For sub-100-fs pulses, the thickness of the 

crystal starts to play an important role. Due to the indirect phonon resonance of GaP 

at 11 THz [28], higher THz frequencies are getting rapidly phase mismatched with the 

driving IR pulse. Thus, the use of thin crystals is required in order to support the 

highest spectral bandwidth. Fig. 3b) shows that the phase mismatch in the 0.5 mm 

thick GaP crystal already slightly limits the THz spectrum for a 95-fs driving laser (see 

the dip at 5 THz). The shortest pulses of 50 fs duration (Fig. 3c) finally require a more 

than three times thinner crystal to support the THz spectrum extending to 7 THz. 

The described method slightly overestimates the spectral bandwidth, as it does not 

take into account processes like dispersion and self-focusing of the IR pulses in GaP or 

the coupled nonlinear propagation of IR and THz pulses. It predicts that THz 

frequencies beyond 7 THz are within reach for pulse durations shorter than 50 fs and 

crystal thickness bellow 0.15 mm. The credibility of the prediction for these higher THz 

frequencies, approaching the phonon resonance of GaP, is however further reduced 

by the uncertainties of the used material properties. Nevertheless, according to our 
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measurements, the model provides valid estimates for pulse durations in excess of 

50 fs. 

 

Fig. 3. Estimate of the THz spectra considering multiplicative factors in 
frequency domain. The blue curve depicts the maximum bandwidth of the 
driving THz field E0 THz. The red curve shows the phase matching condition 
for 1 µm IR pulse and THz radiation considering both the detection and the 
generation GaP crystal. The orange curve determines the EOS corresponding 
to the probing pulse intensity spectrum. Violet and gray curves depict GaP 
transmission and electro-optic coefficient r41. The overall spectral estimate 
ETHz calculated according to Eq. 1 is shown by the brown filled curve, the 
corresponding experimental data are shown in dashed green. 
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4.3.5 Toward high THz powers 

In order to investigate the achievable power levels of our THz system, we utilized a 

power-scaled version of our TDL oscillator optimized for high output power in the 

sub-100-fs regime as a compromise between achievable average power and shortest 

pulse duration. This laser configuration, described in detail in [15], delivers 95-fs 

transform limited soliton pulses at 20 W average power and 48 MHz repetition rate, 

which corresponds to 3.9 MW peak power and 0.4 µJ pulse energy. The laser beam is 

focused into the generation crystal by a 200 mm focusing lens. The THz average power 

is measured by an Ophir pyroelectric THz power detector. Corresponding THz spectra 

are measured by EOS in a 0.15 mm thick GaP crystal. In order to prevent all 

unconverted IR light from reaching the pyroelectric detector and influencing the 

power measurement we use a small mirror centered on the optical axis deflecting the 

main beam into a beam block combined with two layers of black plastic foil to block 

the residual IR light scattered from the crystal. The THz transmission of one layer of 

the plastic foil was determined to be 46% and the presented average THz power was 

corrected accordingly. 

We first investigated the influence of the driving field peak intensity in the crystal 

by performing a 1 cm z-scan of the focusing lens. The spot size diameter in the crystal 

was varied between 200 and 370 µm. We limited ourselves to peak intensities of 

20 GW/cm2 to avoid damage of the crystals. The result of the experiment for 0.5 and 

0.15 mm thick crystals is shown in Fig. 4a). Although the χ(2) origin of the optical 

rectification suggests quadratic dependence of the THz power on the peak intensity, 

our result already shows an onset of saturation. The highest driving peak intensity of 

20 GW/cm2 thus seems to be close to the maximum efficiency at this pulse duration. 

It yields an average THz power of 65 µW for the 0.15 mm thick crystal and 0.3 mW for 

0.5 mm thickness, corresponding to an optical-to-optical efficiency of 3.2·10-6 and 

1.5·10-5, respectively, for the 20-W driving laser.  
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Fig. 4 a) Z-scan experiment showing the dependence of the THz power on the 
peak intensity in the crystal. The curves for 0.5 mm and 0.15 mm thick crystals 
are plotted on two different power scales (left and right axis) sharing same 
zero. The stars in the graph correspond to the same colored spectra shown 
below. b) THz spectral power density for different crystal thicknesses 
measured with a 1/e2 focus diameter of 370 µm, corresponding to peak 
intensities of 5.8 GW/cm2 for the 0.5 mm and 0.15 mm crystals and 
7.2 GW/cm2 for the AR-coated 0.3 mm crystal (dashed orange line). c) The 
electric field spectrum at maximum THz average power generated in a 
0.5 mm GaP crystal at 200 µm spot size diameter (20 GW/cm2 peak intensity). 
The blue markers in the inset graph show the measured dependence of the 
THz power on the crystal orientation compared with a theoretical curve in 
orange, proving the χ(2) origin of the THz generation. 
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In the second part of the experiment, we investigated the influence of the GaP 

crystal thickness on the THz power. We used three crystal thicknesses of 0.5, 0.3 and 

0.15 mm, with a modest focusing spot size diameter of 370 µm measured at 1/e2. The 

corresponding spectral power densities are depicted in Fig. 4b). Accounting for 20% 

Fresnel reflection for the uncoated crystals, the used spot size corresponds to peak 

intensities of 5.8 GW/cm2 and amounts to 7.2 GW/cm2 for the 0.3 mm crystal, which 

is AR coated and thus plotted by dashed line. 

Fig. 4c) finally shows the electric field amplitude spectrum of the highest generated 

THz average power. The 0.5 mm GaP crystal already slightly limits the spectral 

bandwidth. The spectra shown in Fig. 4b) and c) correspond to the data points marked 

with same color stars in Fig. 4a). 

We further validated the χ(2) nonlinear origin of the THz radiation by measuring 

the THz power as a function of the crystal orientation, comparing it with the theoretical 

values [25] for the <110>-cut zincblende structure of the GaP crystal. The experiment, 

shown in the inset of Fig. 4c), agrees very well with the theoretical curve.  

4.3.6 Conclusion 

We have demonstrated that broadband high-power THz radiation approaching mW 

power levels can be efficiently generated in a simple collinear phase matching scheme 

in GaP driven by a sub-µJ-pulse-energy MHz-repetition-rate Yb-based TDL oscillator. 

We generated 0.3 mW of THz power with a spectrum extending to nearly 5 THz in a 

0.5 mm GaP crystal using a 20 W, 95 fs driving laser operating at 48 MHz repetition 

rate.  

Benefiting from the excellent beam quality and transform-limited soliton pulses of 

our driving laser, we provide high-fidelity measurements of the influence of the pulse 

duration, the peak intensity, and the crystal thickness on both the THz average power 

and the THz spectral bandwidth for the less-investigated 1 µm emission range of Yb-

lasers. Optimization of these parameters allowed us to extend the THz spectrum to 

nearly 7 THz, which is to our knowledge the broadest gap-less THz spectrum 

generated by an Yb-based laser.  

We further show that the measured THz spectrum can be reasonably 

approximated by considering decoupled multiplicative factors in the frequency 



THz generation driven by sub-100-fs thin-disk laser oscillators       119 

domain, providing a simple and comprehensive method for the design and 

optimization of similar THz systems.  

In agreement with [18], we thus conclude that optical rectification in GaP is highly 

suitable for broadband THz generation driven by high-power Yb-based lasers. Further 

power scalability has been recently confirmed by Meyer et al. utilizing a high power 

TDL oscillator combined with an external pulse compression delivering 88-fs pulses at 

112 W of average power as a driving source. This yielded 1.35 mW THz radiation with 

a spectrum extending to 4 THz  [29]. Since further improvements in the area of ultrafast 

TDL are expected, we believe that broadband THz sources delivering tens of mW of 

average power at MHz repetition rates are soon within reach. 
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4.3.7 Appendix 

In order to verify the usable spectral range of our system we performed a simple THz-

TDS measurement of water vapor as depicted in Fig. 5. The measurement was taken 

using 84 fs pulse duration and shows a good agreement with the reference HITRAN 

database [22] water absorption spectrum in the frequency range between 1 and 6 THz 

with < 20 GHz resolution. 

 

Fig. 5. THz-TDS measurement of water vapor absorption obtained by 
comparing two 40 ps THz scans at 40% and 10% relative humidity, 
respectively. The measurement is compared with the absorption spectrum 
from the HITRAN database [22].  
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Table 1. Equation for estimation of the THz spectrum.a 
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Electro-optic coefficient r41 of GaP   2
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a IIR(t): soliton pulse intensity envelope; t: time (s); τlaser ·1.76: FWHM pulse duration (s); E0 THz: driving 
THz field; ω: angular frequency of the THz radiation (rad/s); nTHz: refractive index for THz frequencies; 

PM: Phase matching condition; λ0: laser central wavelength; ng: group refractive index; EOS: electro-
optic sampling; k: absorption coefficient; tGaP: GaP transmission; dcrystal: thickness of the GaP crystal; clight: 

speed of light (m/s); r41: electro-optic coefficient of GaP (m/V); ETHz: estimate of THz spectrum; P(θ): 
THz power (W) 
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Chapter 5    

Thin-disk laser driven intra-

oscillator high harmonic generation 

This chapter presents the first high harmonic generation (HHG) driven inside the 

cavity of a mode-locked TDL oscillator. Section 5.1 motivates different approaches for 

HHG in gas jets. Section 5.2 presents the experimental setup and obtained results of 

this proof-of-principle demonstration. This result opens the path for a novel class of 

single-stage extreme ultraviolet (XUV) light sources operating at MHz repetition rates. 

5.1 High-harmonic generation in gas jets 

HHG in gases is, besides in solids and liquids, the most common approach for the 

generation of coherent XUV light from table-top laser sources [1–3]. Coherent XUV 

sources possess a great potential for a large number of applications in science and 

technology [4,5]. The generation of XUV light at MHz repetition rates (MHz-XUV) has 

gained additional attention as it can result in strongly decreased experimental 

measurement times, improved signal-to-noise ratios and enable XUV frequency comb 

applications [6,7]. For hands on application, MHz-XUV sources would benefit to be 

driven by simple and powerful ultrafast laser systems. 

The extreme nonlinear process of HHG occurs in noble gases at high intensities 

well above 1013 W/cm2 [8]. In order to reach those high intensities usually femtosecond 

pulses with high peak power (> 100 MW) have to be focused down to spot diameters 
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of 20-30 μm. The reabsorption of the generated XUV light in ambient atmosphere 

requires HHG to be driven in a vacuum environment. The dumping of the gas is 

required to maintain the vacuum environment during the interaction. Very low 

conversion efficiencies below 7.5 × 10-5 for a single harmonic [9] make the 

development of MHz-XUV sources with high photon flux challenging and require the 

driving ultrafast laser system to operate at high average powers. Nowadays standard 

HHG systems are driven by Ti:sapphire laser amplifier systems which are limited to a 

few watts of average power and operate typically at kHz repetition rates. The 

tremendous effort in power-scaling of the Yb-based laser systems over the last decade 

and the development of novel approaches enabled to drive MHz-XUV sources at 

orders of magnitude higher average powers [10–12]. An overview about the achieved 

performance of MHz-XUV sources based on different approaches is given in Fig. 1. 

Yet, the generation of higher photon energies at increased average power per harmonic 

would be of interest. Advantages and challenges of the three approaches enabling 

MHz-XUV sources will be discussed in the following.  

 

Fig. 1. Overview of XUV light sources based on HHG in gas jets operating at MHz 
repetition rates. Symbols represent the applied approach (single-pass in squares, intra-
cavity in circles, and intra-oscillator with a star). If the generated power was not reported 
by the authors, it was estimated using known extraction coefficients. (Figure taken and 
adapted from [13]) 

HHG based on the single-pass geometry [1,10,12,14] is the most straight forward 

experimental approach [Fig. 2(a)]. After focusing the driving laser pulse into the gas 

target, the infrared pulse is separated from the copropagating XUV light by spatial 

separation or spectral filtering. Higher XUV photon flux can be achieved by further 

power-scaling of the driving laser system. Typically, single-pass XUV sources rely on 
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complex multi-stage amplifier system and require additional nonlinear pulse 

compression before interaction [10,15]. High-power TDL oscillator are an 

amplification-stage free alternative for MHz-XUV generation, but nonlinear pulse 

compression remains still required [11]. The dumping of the driving infrared laser 

pulse after the interaction with the gas target is a limiting factor for the overall 

conversion efficiency. 

 

Fig. 2. Different approaches for HHG in gas jets at MHz repetition rates. (a) 
Single-pass HHG, (b) intra-cavity HHG based on a passive enhancement 
cavity, (c) intra-oscillator HHG inside a mode-locked thin-disk laser oscillator. 
The figures are courtesy of Martin Saraceno [16]. 

Intra-cavity HHG [17–20] is an alternative approach to increase the XUV photon 

flux and the overall conversion efficiency with respect to the driving laser source 

[Fig. 2(b)]. Here, consecutive infrared pulses are coupled coherently into a passive 

enhancement cavity. The coherent superposition enables a several times enhanced 

intra-cavity performance compared to the driving laser system. In contrast to the 

single-pass geometry, the driving laser pulse is reused after the interaction with the 

gas target and XUV light is generated once during each cavity round-trip. As such, this 

approach relaxes the requirement on the average power of the driving laser system. 

Intra-cavity HHG enabled so far XUV sources to operate at the highest repetition rate 

and average power per harmonic (Fig. 1). However, coupling of femtosecond pulses 

into an enhancement cavity is experimentally challenging. Active stabilization of the 
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driving laser source and the enhancement cavity is necessary to achieve efficient 

coherent coupling. As the enhancement depends strongly on the cavity finesse, this 

approach is as well sensitive to the overall cavity losses. Also, plasma induced 

instabilities by the HHG can affect and limit the performance [21]. An additional 

challenge of this approach arises from the output coupling of the XUV light. Different 

XUV output coupling methods have been successfully demonstrated by placing 

sapphire plates under Brewster´s angle for the driving laser pulse into the 

cavity [17,18], the use of optical gratings [19,22,23] or pierced mirrors [24,25].  

Intra-oscillator HHG overcomes the requirement of coherent coupling [Fig. 2(c)]. 

In this single-stage approach, HHG is driven directly inside the laser cavity of a mode-

locked oscillator [26]. The circulating pulse can adapt to the nonlinearities and the 

dispersion induced by the HHG process. Laser gain during each cavity round-trip 

makes this approach less sensitive to the total cavity losses. The generated XUV light 

has to be coupled out of the cavity by use of the same methods as applied for intra-

cavity HHG. However, the strongest challenge of this approach relies in the cavity 

design of the oscillator. Stable mode-locked operation with femtosecond pulses at high 

intracavity peak powers has to be achieved in combination with a tight focus for HHG 

in a high vacuum environment.  

The next section describes the first experimental realization of intra-oscillator HHG 

inside the cavity of a mode-locked TDL oscillator. This proof-of-principle result shows 

that the addressed challenges in the cavity design can be successfully overcome. As 

such, TDL oscillators have a high potential as single-stage MHz-XUV source. For a 

more detailed discussion about the current status and future prospects of intra-

oscillator HHG the reader is already referred to [13] (the manuscript is currently under 

review). 

References 

1.  M. Ferray, A. L’Huillier, X. F. Li, L. A. Lompré, G. Mainfray, and C. Manus, "Multiple-harmonic 
conversion of 1064 nm radiation in rare gases," J. Phys. B At. Mol. Opt. Phys. 21, L31–L35 (1988). 

2.  S. Ghimire, A. D. DiChiara, E. Sistrunk, P. Agostini, L. F. DiMauro, and D. A. Reis, "Observation 
of high-order harmonic generation in a bulk crystal," Nat. Phys. 7(2), 138–141 (2011). 

3.  T. T. Luu, Z. Yin, A. Jain, T. Gaumnitz, Y. Pertot, J. Ma, and H. J. Wörner, "Extreme–ultraviolet 
high–harmonic generation in liquids," Nat. Commun. 9(1)(2018). 

4.  T. Popmintchev, M.-C. Chen, P. Arpin, M. M. Murnane, and H. C. Kapteyn, "The attosecond 
nonlinear optics of bright coherent X-ray generation," Nat. Photonics 4(12), 822–832 (2010). 

5.  F. Krausz and M. Ivanov, "Attosecond physics," Rev. Mod. Phys. 81(1), 163–234 (2009). 



Thin-disk laser driven intra-oscillator high harmonic generation       129 

6.  G. K. Tadesse, R. Klas, S. Demmler, S. Hädrich, I. Wahyutama, M. Steinert, C. Spielmann, M. 
Zürch, T. Pertsch, A. Tünnermann, J. Limpert, and J. Rothhardt, "High speed and high resolution 
table-top nanoscale imaging," Opt. Lett. 41(22), 5170–5173 (2016). 

7.  T. Südmeyer, S. V. Marchese, S. Hashimoto, C. R. E. Baer, G. Gingras, B. Witzel, and U. Keller, 
"Femtosecond laser oscillators for high-field science," Nat. Photonics 2(10), 599–604 (2008). 

8.  P. B. Corkum, "Plasma perspective on strong field multiphoton ionization," Phys. Rev. Lett. 71(13), 
1994–1997 (1993). 

9.  R. Klas, S. Demmler, M. Tschernajew, S. Hädrich, Y. Shamir, A. Tünnermann, J. Rothhardt, and J. 
Limpert, "Table-top milliwatt-class extreme ultraviolet high harmonic light source," Optica 3(11), 
1167–1170 (2016). 

10.  J. Boullet, Y. Zaouter, J. Limpert, S. Petit, Y. Mairesse, B. Fabre, J. Higuet, E. Mével, E. Constant, 
and E. Cormier, "High-order harmonic generation at a megahertz-level repetition rate directly 
driven by an ytterbium-doped-fiber chirped-pulse amplification system," Opt. Lett. 34(9), 1489–
1491 (2009). 

11.  F. Emaury, A. Diebold, C. J. Saraceno, and U. Keller, "Compact extreme ultraviolet source at 
megahertz pulse repetition rate with a low-noise ultrafast thin-disk laser oscillator," Optica 2(11), 
980–984 (2015). 

12.  S. Hädrich, M. Krebs, A. Hoffmann, A. Klenke, J. Rothhardt, J. Limpert, and A. Tünnermann, 
"Exploring new avenues in high repetition rate table-top coherent extreme ultraviolet sources," 
Light Sci. Appl. 4(8), e320 (2015). 

13.  F. Labaye, M. Gaponenko, N. Modsching, B. Pierre, C. Paradis, S. Schilt, V. J. Wittwer, and T. 
Südmeyer, "XUV sources based on intra-oscillator high harmonic generation with thin-disk lasers: 
current status and prospects," IEEE J. Sel. Top. Quantum Electron. submitted (2018). 

14.  A. McPherson, G. Gibson, H. Jara, U. Johann, T. S. Luk, I. A. McIntyre, K. Boyer, and C. K. Rhodes, 
"Studies of multiphoton production of vacuum-ultraviolet radiation in the rare gases," J. Opt. Soc. 
Am B 4(4), 595–601 (1987). 

15.  A. Vernaleken, J. Weitenberg, T. Sartorius, P. Russbueldt, W. Schneider, S. L. Stebbings, M. F. 
Kling, P. Hommelhoff, H.-D. Hoffmann, R. Poprawe, and others, "Single-pass high-harmonic 
generation at 20.8 MHz repetition rate," Opt. Lett. 36(17), 3428–3430 (2011). 

16.  M. Saraceno, martin@saraceno.info. 
17.  C. Gohle, T. Udem, M. Herrmann, J. Rauschenberger, R. Holzwarth, H. A. Schuessler, F. Krausz, 

and T. W. Hänsch, "A frequency comb in the extreme ultraviolet," Nature 436(7048), 234–237 
(2005). 

18.  R. J. Jones, K. D. Moll, M. J. Thorpe, and J. Ye, "Phase-Coherent Frequency Combs in the Vacuum 
Ultraviolet via High-Harmonic Generation inside a Femtosecond Enhancement Cavity," Phys. 
Rev. Lett. 94(19), 193201 (2005). 

19.  A. Cingöz, D. C. Yost, T. K. Allison, A. Ruehl, M. E. Fermann, I. Hartl, and J. Ye, "Direct frequency 
comb spectroscopy in the extreme ultraviolet," Nature 482(7383), 68–71 (2012). 

20.  D. C. Yost, A. Cingöz, T. K. Allison, A. Ruehl, M. E. Fermann, I. Hartl, and J. Ye, "Power 
optimization of XUV frequency combs for spectroscopy applications [Invited]," Opt. Express 
19(23), 23483–23493 (2011). 

21.  J. Lee, D. R. Carlson, and R. J. Jones, "Optimizing intracavity high harmonic generation for XUV 
fs frequency combs," Opt. Express 19(23), 23315–23326 (2011). 

22.  A. Ozawa, Z. Zhao, M. Kuwata-Gonokami, and Y. Kobayashi, "High average power coherent vuv 
generation at 10 MHz repetition frequency by intracavity high harmonic generation," Opt. Express 
23(12), 15107–15118 (2015). 

23.  G. Porat, C. M. Heyl, S. B. Schoun, C. Benko, N. Dörre, K. L. Corwin, and J. Ye, "Phase-matched 
extreme-ultraviolet frequency-comb generation," Nat. Photonics 12(7), 387–391 (2018). 

24.  I. Pupeza, S. Holzberger, T. Eidam, H. Carstens, D. Esser, J. Weitenberg, P. Rußbüldt, J. 
Rauschenberger, J. Limpert, T. Udem, A. Tünnermann, T. W. Hänsch, A. Apolonski, F. Krausz, 



130       Chapter 5 

and E. Fill, "Compact high-repetition-rate source of coherent 100 eV radiation," Nat. Photonics 
7(8), 608–612 (2013). 

25.  H. Carstens, M. Högner, T. Saule, S. Holzberger, N. Lilienfein, A. Guggenmos, C. Jocher, T. Eidam, 
D. Esser, V. Tosa, V. Pervak, J. Limpert, A. Tünnermann, U. Kleineberg, F. Krausz, and I. Pupeza, 
"High-harmonic generation at 250 MHz with photon energies exceeding 100 eV," Optica 3(4), 366–
369 (2016). 

26.  E. Seres, J. Seres, and C. Spielmann, "Extreme ultraviolet light source based on intracavity high 
harmonic generation in a mode locked Ti:sapphire oscillator with 9.4 MHz repetition rate," Opt. 
Express 20(6), 6185–6190 (2012). 

 
  



Thin-disk laser driven intra-oscillator high harmonic generation       131 

5.2 Extreme ultraviolet light source at a megahertz 

repetition rate based on high-harmonic generation 

inside a mode-locked thin-disk laser oscillator 

François Labaye,1,* Maxim Gaponenko,1 Valentin J. Wittwer,1 Andreas Diebold,2 

Clément Paradis,1 Norbert Modsching,1 Loïc Merceron,1 Florian Emaury,2 

Ivan J. Graumann,2 Chris R. Phillips,2 Clara J. Saraceno,3 Christian Kränkel,4,5 

Ursula Keller,2 and Thomas Südmeyer1 

1Laboratoire Temps-Fréquence, Institut de Physique, Université de Neuchâtel, Avenue de 
Bellevaux 51, 2000 Neuchâtel, Switzerland 

2Ultrafast Laser Physics, Institute for Quantum Electronics, ETH Zurich, Auguste-Piccard-
Hof 1, 8093 Zurich, Switzerland 

3Photonics and Ultrafast Laser Science, Ruhr-Universität Bochum, Universitätsstraße 150, 
44801 Bochum, Germany 

4Institut für Laser-Physik, Universität Hamburg, Luruper Chaussee 149, 22761 Hamburg, 
Germany 

5Center for Laser Materials, Leibniz Institute for Crystal Growth, Max-Born-Str. 2, 12489 
Berlin, Germany 

We demonstrate a compact extreme ultraviolet (XUV) source based on high-

harmonic generation (HHG) driven directly inside the cavity of a mode-locked thin-

disk laser oscillator. The laser is directly diode-pumped at a power of only 51W and 

operates at a wavelength of 1034 nm and a 17.35 MHz repetition rate. We drive HHG 

in a high-pressure xenon gas jet with an intracavity peak intensity of 2.8 × 

1013 W/cm2 and 320 W of intracavity average power. Despite the high-pressure gas 

jet, the laser operates at high stability. We detect harmonics up to the 17th order 

(60.8 nm, 20.4 eV) and estimate a flux of 2.6 × 108 photons∕s for the 11th harmonic 

(94 nm, 13.2 eV). Due to the power scalability of the thin-disk concept, this class of 

compact XUV sources has the potential to become a versatile tool for areas such as 

attosecond science, XUV spectroscopy, and high-resolution imaging. 
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5.2.1 Introduction 

Focusing intense femtosecond pulses into a gas target enables the generation of higher 

harmonics of the fundamental laser frequency [1]. To drive this highly nonlinear 

process, the femtosecond laser has to deliver peak intensities above 1013 W∕cm2. 

Standard HHG systems typically rely on Ti:sapphire chirped pulse amplifiers, which 

usually operate at kilohertz repetition rates and average powers of a few watts. The 

conversion efficiency to the high-harmonic radiation being very low [2,3] (below 7.5 × 

10−5 for a single harmonic [4]); this results in very low average power of the generated 

extreme ultraviolet (XUV) radiation. This is an issue for applications such as high-

resolution imaging, because it strongly affects measurement speed and resolution [5]. 

Furthermore, the low repetition rate is a challenge for many measurements, for 

example, experiments in which the energy or momentum of photoelectrons has to be 

precisely measured. Increasing the repetition rate from kilohertz to megahertz can 

avoid space charge effects and strongly decrease measurement time [6]. Moreover, 

XUV sources operating at kilohertz repetition rates are not suitable for direct frequency 

comb spectroscopy. Due to this large scientific potential, the last years have seen a 

tremendous increase in research efforts targeting HHG with high photon flux at a 

megahertz repetition rate. So far, two main directions have been investigated. The 

most obvious one is to increase both the average power and the repetition rate of the 

driving laser system, so that sufficiently high peak intensities can be obtained to drive 

single-pass HHG at megahertz repetition rates. This was demonstrated for the first 

time in 2009 with a high-power fiber chirped-pulse-amplifier (FCPA) system as the 

driving laser [7]. Record-high megahertz HHG power levels have recently been 

achieved using coherently combined FCPAs, in combination with temporal pulse 

compression in gas-filled hollow-core fibers [8]. Ultrafast high-power slab amplifiers 

also enabled HHG at a megahertz repetition rate, however, so far at significantly lower 

XUV power levels [9]. An alternative to amplifier-based systems is single-pass HHG 

driven by ultrafast thin-disk laser (TDL) oscillators [6,10] which was demonstrated in 

2015 [11]. The second direction is based on enhancement cavities for ultrashort pulses, 

which enabled HHG at megahertz repetition rates already in 2005 [12,13]. The 

development of powerful FCPA-based frequency combs [14] pushed this technique 

further, which has resulted in the generation of an XUV photon flux up to several 

hundred microwatts in a given harmonic [15] and allowed, e.g., the generation of 
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photon energies exceeding 100 eV at a repetition rate of 250 MHz [16]. However, its 

experimental realization is highly complex. Stable coupling of femtosecond pulses 

from an amplified frequency comb into a high-finesse resonator containing the HHG 

interaction is challenging. In addition, the requirements on the phase stability of the 

driving laser system are very demanding. 

 

Fig. 1 Illustration of the experiment's principle (DM, dispersive mirror; CM, 
concave mirror; ROC, radius of curvature; OC, output coupler). 

Placing the HHG interaction directly inside a mode-locked oscillator is a simpler 

approach that does not require any input matching of ultrashort pulses. Instead, the 

circulating femtosecond pulse can adapt to the present cavity nonlinearities and the 

dispersion. In 2012, the feasibility of this concept was demonstrated using a 

Ti:sapphire laser oscillator [17], but only at an intracavity average power of 10 W. Due 

to thermal effects and nonlinearities, ultrafast lasers using bulk crystals, such as 

Ti:sapphire, are severely limited in average power. This is not the case for ultrafast 

TDL oscillators. Here the gain medium has the shape of a thin disk which is mounted 

onto a heat sink and used in reflection with a large beam diameter [10,18]. The thin-

disk geometry enables efficient cooling, thus limiting thermal aberrations, and 

strongly reduces nonlinearities in the gain element. Ultrafast TDL oscillators achieve 

the highest average power and pulse energy of any mode-locked laser oscillator 

technology, both intra- and extra-cavity [19–21]. Recently, ultrafast TDL oscillators 

based on Yb-doped gain materials achieved pulse durations as short as 30 fs directly 

emitted from the oscillator [22,23]. Furthermore, they can operate with low noise, and 

carrier-envelope offset (CEO) frequency stabilization has been achieved [24,25], 

showing their suitability for frequency comb applications. 
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In this Letter, we report on the first HHG inside an ultrafast TDL oscillator. Our 

system is based on a diode-pumped Yb:Lu2O3 thin disk, and mode-locked with a 

semiconductor saturable absorber mirror (SESAM) [26]. We evaluate the laser noise 

properties and compare operation with and without HHG process. Even though we 

inject xenon gas at high backing pressure into an intracavity focus, we do not observe 

any instabilities of the mode-locked laser. Our experiment shows that ultrafast TDL 

oscillators are well suited for extreme intracavity nonlinear optics experiments such as 

HHG. 

5.2.2 Experimental setup 

The resonator, TDL head, and gas target are placed in a compact vacuum chamber 

with dimensions of 80 × 160 cm2. An illustration of the experimental setup is shown in 

Fig. 1. The vacuum chamber is evacuated to a pressure of ∼10−4 mbar with two 

turbomolecular pumps. As a gain element, we use a wedged 200 μm thick Yb:Lu2O3 

disk that is mounted onto a water-cooled diamond heat sink. The disk is pumped by 

a fiber-coupled diode at the zero-phonon line at 976 nm. It is used as a folding mirror 

in the standing-wave cavity. A SESAM inserted as an end mirror enables mode 

locking. It has 1.6% modulation depth, 0.3% nonsaturable losses, and a saturation 

fluence of 47.5 μJ∕cm2. The beam radii on the SESAM and on the disk are 0.95 and 

1.15 mm, respectively. A 4 mm thick YAG plate is placed at a Brewster’s angle for 

enforcing linear p-polarization and introduces sufficient self-phase modulation (SPM) 

for soliton mode locking. The SPM is balanced by three dispersive mirrors (DMs). The 

total intracavity group delay dispersion is −3000 fs2 per roundtrip. An output coupler 

(OC) with a transmission of 0.7% is used as a folding mirror. A 12 μm radius 

intracavity focus is created between two concave mirrors (CMs) with 100 and 150 mm 

radii of curvature (ROC), the latter one being used as an end mirror. To extract the 

generated XUV light, we placed a sapphire plate with a thickness of 250 μm at a 

Brewster’s angle for the laser wavelength 2 cm behind the focus. This outcoupling 

method has been extensively used in cavity-enhanced HHG [12,13]. Without gas, the 

laser generates 264 fs pulses at a repetition rate of 17.35 MHz with an intracavity 

average power of 320 W at a pump power of 49 W. Its intracavity peak power of 62 

MW leads to a peak intensity of ∼2.7 × 1013 W∕cm2 at the focus. The corresponding 

intensity autocorrelation trace, optical spectrum, and radio frequency (RF) spectrum 
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are shown in Figs. 2(a)–2(c). At higher pump power levels without the HHG process, 

we observed mode locking instabilities, most likely due to operation close to the roll-

over of the SESAM reflectivity, in combination with the finite gain bandwidth of the 

gain material [27]. 

5.2.3 Experimental results 

We use a quartz nozzle with a ∼100 μm opening diameter for gas delivery into the 

intracavity focus. In order to keep the chamber pressure below 5 × 10−3 mbar while a 

high-pressure gas jet is used, a gas jet dump is placed below the nozzle [28]. When the 

xenon gas jet is emitted into the focus, HHG is observed and detected with a channel 

electron multiplier (CEM, Photonis Magnum 5900). The XUV light is directed by an 

unprotected gold mirror to a wavelength calibrated monochromator (Acton VM-502) 

equipped with a 1200 g/mm iridium-coated grating. The slits’ width was set for a 

3.4 nm spectral resolution. We acquired the XUV spectra with and without a 0.2 μm 

thick aluminum filter to check the validity of our measurement.  

We use 3.4 bar of backing pressure in the nozzle which leads to a pressure at the 

laser focus estimated to ∼400 mbar. At this gas pressure, the average output power of 

the laser drops slightly, and we increase the pump power from 49 to 51 W to achieve 

the same intracavity average power of 320 W as without gas jet. The TDL oscillator 

with HHG operates with slightly shorter 255 fs pulses. Its intracavity peak power is 64 

MW, which leads to a peak intensity of ∼2.8 × 1013 W∕cm2 at the focus. The 

corresponding intensity autocorrelation trace, optical spectrum, and RF spectrum are 

shown in Figs. 2(d)–2(f). High harmonics with orders up to the 17th (60.8 nm, 20.4 eV) 

are detected, in accordance with predictions from the cutoff formula [29]. The acquired 

spectra are shown in Fig. 3. Harmonics below the 11th order (94 nm, 13.2 eV) were not 

detected, most likely due to reabsorption in xenon for the 9th harmonic and the low 

quantum efficiency of our detector in the spectral range corresponding to the 7th 

harmonic and above it. Using the measured spectra and an additional measurement 

of the XUV flux with the CEM in all the detected harmonics before the monochromator 

without an aluminum filter, we estimate the average power and photon flux generated 

at the focus for the 11th harmonic with a similar method as the one described in Ref. 

[11]. A very conservative estimation results in a generated flux ≳ 2.6 × 108 photons∕s. 

This corresponds to an average power ≳0.55 nW and a conversion efficiency ≳ 
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1.7 × 10−12 with respect to the intracavity average power and ≳ 1.1 × 10−11 with respect 

to the diode pump power. 

 

Fig. 2. Comparison of the TDL oscillator output parameters (a)–(c) without a 
high-pressure gas jet and (d)–(f ) with a high-pressure gas jet. (a), (d) Intensity 
autocorrelation traces; (b), (e) optical spectra, and (c), (f) RF spectra. 
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Fig. 3. Measured spectra of the generated XUV light. The full spectrum is 
plotted in black, while the spectrum filtered by a 0.2 μm thick aluminum foil 
is plotted in red. The theoretical transmission of the aluminum filter is shown 
for reference and plotted as a gray dashed line. 

To evaluate if there is any laser perturbation induced by the plasma generated 

during the HHG process, we compare the transverse beam quality and laser noise with 

and without HHG. The laser operates in both cases in a fundamental transverse TEM00 

mode with an M2 factor < 1.02. The noise of the TDL oscillator output was measured 

in free-running operation on the passively filtered 4th harmonic of the repetition rate 

using a phase noise analyzer (Rohde & Schwarz FSWP). The measured power spectral 

densities of the amplitude and phase noises are shown in Fig. 4. Although our vacuum 

chamber is connected to two turbomolecular pumps and we did not optimize our 

opto-mechanical components for high stability, we achieve an integrated relative 

intensity noise over a large frequency range (1 Hz–1 MHz) of only 0.78% and 0.76% 

with and without gas, respectively. The phase noise integrated in the same frequency 

range amounts to 1.33 and 1.25 mrad at 17.35 MHz with and without gas, respectively. 

Both turbomolecular pumps were running at their maximum speeds during these 

measurements, and the nozzle’s backing pressure during the measurement with gas 

was 3.4 bar as during the XUV light spectra acquisition. Our laser noise is comparable 

to the typical values of free-running ultrafast TDL oscillators [11,30]. We therefore 

expect that CEO stabilization of a TDL oscillator can also be achieved with an 

intracavity HHG process.  
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Fig. 4. Amplitude and phase noise measurements of the mode-locked TDL 
oscillator output in free-running operation with and without gas. 

5.2.4 Conclusion 

In conclusion, we have reported the first intracavity HHG inside a mode-locked TDL 

oscillator, generating XUV light down to a wavelength of 60.8 nm (17th harmonic, 

20.4 eV) at a repetition rate of 17.35 MHz. The conversion efficiency and flux of this 

proof-of-principle experiment are limited by the long pulse duration and the moderate 

peak power. However, TDL oscillators are power-scalable and have already been 

operated at 10 times higher intracavity peak power [31]. Moreover, we recently 

generated 35 fs pulses with 73 MW intracavity peak power from a Yb:Lu2O3 Kerr lens 

mode-locked TDL oscillator operating in air [23]. The corresponding optical spectrum 

was three times larger than the gain spectrum. We expect that by using materials with 

a broader gain bandwidth such as Yb:CALGO [22], substantially shorter pulse 

durations should be within reach of ultrafast TDL oscillators. Therefore, further 

optimization of laser parameters to reach performance similar to state-of-the-art HHG 

systems at the megahertz repetition rate [8,16] appears feasible. In combination with 

phase-matching optimization of the HHG process [3,32], this should significantly 

increase the conversion efficiency and allow for generating higher-energy photons. 

Furthermore, more efficient extraction schemes [33–35] should significantly increase 

the XUV flux available in future experiments. Our approach of HHG inside a TDL 

oscillator can lead to a novel class of coherent XUV light sources, which combines 

efficient megahertz repetition rate operation at a high XUV flux with a compact and 

portable design. Such systems will be highly attractive for driving a large number of 
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applications ranging from high-resolution imaging to XUV spectroscopy and 

attosecond science. 
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Chapter 6    

Conclusion and outlook 

This thesis presented new frontiers of ultrafast TDL oscillators operating in the 

sub-100-fs pulse duration regime. The developed single-stage ultrafast laser sources 

possess a high potential to directly drive applications in industry and science without 

the need for additional amplification or nonlinear pulse compression. The combination 

of excellent spatiotemporal beam properties, sub-100-fs pulse durations and laser 

operation at tens of watt of average power at MHz repetition rates offers versatile 

advantages to perform measurements at higher signal-to-noise ratios and shorter 

acquisition times. In the framework of this thesis the potential of sub-100-fs TDL 

oscillators for applications in metrology and THz time-domain spectroscopy has been 

investigated. Additionally, a novel class of single-stage extreme ultraviolet (XUV) light 

sources was demonstrated by driving high harmonic generation (HHG) directly inside 

the cavity of an ultrafast TDL oscillator. Yet, further performance improvement is 

required to unleash the full potential of this promising ultrafast laser technology.  

The key ingredient for pushing the performance of sub-100-fs TDL oscillators was 

the combination of Yb-doped gain materials with broader gain bandwidth and the 

Kerr lens mode-locking scheme. The gain material Yb:Lu2O3 possesses a gain 

bandwidth which is beneficial for the generation of sub-100-fs pulse durations. Its 

thermal conductivity remains excellent even at high doping concentrations. Operating 

the developed Kerr lens mode-locked (KLM) Yb:Lu2O3 TDL oscillator in the regime of 

strong intracavity self-phase modulation (SPM) enabled the generation of shorter 

pulse durations than supported by the spectral gain bandwidth. Record average 

powers of TDL oscillators were achieved in the sub-100-fs and sub-50-fs pulse duration 
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regime. The experimental optimization of this systems for laser operation with sub-

100-fs pulses has been discussed in more detail in this thesis. In an initial configuration 

the laser cavity was folded once on the disk. Laser operation at 10.7 W of average 

power with 88-fs pulses and 4.5 W with 49-fs pulses was demonstrated, albeit at 

moderate optical-to-optical efficiencies below 6%. In the extreme case, laser operation 

in the strongly SPM-broadened regime enabled the generation of pulse durations as 

short as 35 fs at 1.6 W of average power. Further optimization targeted an increased 

round-trip gain by folding the laser cavity a second time on the disk. In this 

configuration 95-fs pulses were generated at 21 W of average power while featuring 

an almost three times higher optical-to-optical efficiency of 16%. This is the highest 

average power so far demonstrated by a sub-100-fs oscillator [1] and a four times 

higher value than achieved by sub-100-fs TDL oscillators prior to this thesis [2,3]. The 

result shows that TDL oscillators are capable of operating in the sub-100-fs pulse 

duration regime at optical-to-optical efficiencies comparable to the one of sub-100-fs 

Yb-based bulk oscillators [1]. The average power of Yb:Lu2O3 TDL oscillators mode-

locked with saturable absorber mirrors (SESAMs) has been scaled to 141 W at 

somewhat longer pulse durations of several hundred femtoseconds [4]. It can be 

anticipated that similar power-scaling should be feasible for sub-100-fs Yb:Lu2O3 KLM 

TDL oscillators. Further improvement of the performance should be possible by: 

• Increasing the beam radius in the Kerr medium [5] to scale the intracavity 

peak power. An experimental investigation whether this approach results in 

improved output performance can be realized straightforward by increasing 

the radius of curvature of the concave mirrors that form the intracavity focus 

together with according adjustment of the cavity lengths. 

• Increasing the pump spot diameter [6]. The cavity design needs to be adjusted 

for laser operation with increased beam diameter on the disk. The challenge of 

this approach lies in optimization of the laser performance at a reduced width 

of the stability zone with respect to thermal lensing.  

• Folding the cavity multiple times on the disk [7]. By applying a multi-pass 

scheme higher round-trip gain enables laser operation at an increased output 

coupler transmission. As demonstrated in this thesis, assuming constant 

intracavity performance, even higher average powers can be expected. 

However, higher round-trip gain also causes stronger gain narrowing. An 
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according increase of the SPM in the cavity is required for the generation of 

sub-100-fs pulses. It is suggested to decouple the Kerr lens mode-locking 

mechanism and the generation of SPM for more freedom in the cavity 

optimization. Decoupling can be achieved i.e. by placing additional Brewster 

plates in the cavity at positions where a Kerr lens has minor effect on the cavity 

dynamics [8]. The multi-pass cavity design should be as well robust against 

thermal lensing of the disk. Even minor thermal lensing can be strongly 

promoted by folding the cavity several times on the disk. Also, soft-aperture 

effects of the Kerr lens mode-locking scheme have to be considered for an 

optimized pump spot overlap. 

• Implementing multiple disks in the cavity [9]. Combined with multiple passes 

on each disk the total round-trip gain can be further increased. This approach 

enables as well to split the generated heat load onto multiple disks which can 

suppress effects of thermal lensing further. However, implementing multiple 

thin-disk heads with individual pump sources, cooling and electronics is rather 

costly and adds more complexity into the full system. 

• Laser operation in vacuum / controlled atmosphere [10,11]. Air inside the laser 

cavity leads to the accumulation of parasitic nonlinearities for laser operation at 

high intracavity peak powers. Laser operation in vacuum or a controlled 

atmosphere (i.e. purged with helium) suppresses parasitic nonlinearities and 

enables further increase of the intracavity peak power which can result in 

improved output performance [10]. Placing the TDL oscillator in a controlled 

environment requires engineering efforts and automatization, i.e. the usage of 

motorized translation stages for the optimization of the system.  

 

Laser operation of the KLM Yb:Lu2O3 TDL oscillators in the strongly SPM-broadened 

regime enabled the generation of 35-fs pulses. In this thesis even shorter pulse 

durations of 30 fs were generated by the first KLM Yb:CALGO TDL oscillator. This is 

the shortest pulse duration so far achieved by a TDL oscillator. At that time, this pulse 

duration was equal to the shortest one generated by Yb-based bulk oscillators [12]. The 

very broad gain bandwidth of Yb:CALGO is attractive as it supports the generation of 

sub-20-fs pulse durations. Yet, the full gain bandwidth of Yb:CALGO has not been 

exploited and by laser operation in the SPM-broadened regime even much shorter 
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pulse durations are feasible. Further progress in the growing technology should enable 

improved Yb:CALGO crystal qualities. It can be anticipated that improved Yb:CALGO 

disks will enable the development of sub-30-fs TDL oscillators operating at the watt 

level of average power.  

 

The development of the 35-fs KLM Yb:Lu2O3 TDL oscillator and the 30-fs KLM 

Yb:CALGO TDL oscillator demonstrated that the thin-disk geometry is suitable for the 

generation of shortest pulse durations. Compared to standard end-pumped bulk 

oscillators, the thin-disk concept features a design advantage for the generation of the 

short pulse durations. In standard end-pumped bulk oscillators pump and laser beam 

co-propagate in the gain medium for improved overlap. Co-propagation is achieved 

by launching the pump beam from outside into the bulk gain medium via a dichroic 

cavity mirror. While being transmissive for the pump beam, the dichroic mirror limits 

the supported spectral bandwidth for lasing at the shorter wavelength side. In 

contrast, in the thin-disk geometry, pump and laser beam are folded in reflection over 

the disk. As such, the spectral limitation to shorter wavelengths does not exist. This 

allows the optimization of optical coatings for a broader spectral range, extended 

towards shorter wavelengths. In the presented results the optical spectra of the 

shortest pulses generated expands towards the shorter wavelength range well below 

the corresponding pump wavelength. In comparison, standard Yb-based bulk 

oscillators generating similar short pulse durations require a shift to longer central 

wavelengths. This shift reduces the overlap with the gain spectrum which can cause 

losses in efficiency. In the thin-disk geometry such a shift is not required. However, 

reabsorption effects of the broad spectra in the gain medium still need to be further 

investigated. It can be anticipated that the thin-disk geometry will profit from further 

optimization of broadband optical coatings.  

The potential of the developed sub-100-fs Yb:Lu2O3 TDL oscillators for applications in 

metrology was demonstrated by detecting and stabilizing the carrier envelope offset 

(CEO) frequency (fCEO). Prior to this work it was uncertain whether fCEO stabilization 

could be achieved for oscillators operating in the SPM-broadened regime. Although 

their laser parameters appear suitable, cavity and fCEO dynamics could prevent a 

stabilization [13,14].  
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In the presented configuration the TDL oscillator generated 50-fs pulses at 4.5 W 

of average power and 61 MHz of repetition rate. Self-referenced fCEO detection was 

realized by the use of a standard nonlinear f-to-2f interferometer. The short pulse 

duration enabled the generation of the required coherent super continuum by 

launching only few mW of the available average power into a photonic crystal fiber. 

An preceding nonlinear pulse compression was not needed. Thus, almost the full laser 

output remained available for applications. The fCEO was stabilized up to a bandwidth 

of 10 kHz to an external radio-frequency reference by applying an active feedback to 

the current of the pump diode. A tight phase lock was achieved with a residual in-loop 

integrated phase noise of 197 mrad (integrated from 1 Hz to 1 MHz).  

A preliminary study investigated the potential for full frequency comb 

stabilization by simultaneously stabilizing the fCEO and the repetition rate (frep).  

Stabilization of the frep to an external reference was enabled by mounting a cavity 

folding mirror onto a controlled piezoelectric transducer (PZT). Simultaneous 

stabilization of fCEO and frep was achieved in the range of minutes. Long-term 

stabilization was limited by the travel range of the PZT that could not compensate for 

the drift of the cavity length. Cross-talking between both stabilization loops required 

to limit the frep stabilization bandwidth in order not to loose the fCEO lock. As such, the 

frep-stabilization bandwidth was only 35 Hz with a residual timing jitter of 7 ps 

(integrated from 1 Hz to 1 MHz). When both stabilization loops were locked, the 

integrated phase noise of fCEO increased to 745 mrad. Further investigations need to 

determine the origin of the introduced noise at ~20 kHz into fCEO by the frep 

stabilization. Once this noise source is determined and eliminated a frep stabilization 

with larger bandwidth and reduced timing jitter can be expected while the tight lock 

of the fCEO should be maintained. 

For long-term frep stabilization a combination of two PZTs is suggested. A slow 

PZT corrects the long-term drift with larger travel range and a fast PZT is optimized 

for response at higher frequencies. A reduction of the mass of the mounted mirror 

should be considered for larger frep-stabilization bandwidth. Investigations utilizing 

fCEO-stabilization techniques can enable locking with larger bandwidth, e.g., by  

placing an optical-to-optical modulator inside the oscillator [15]. It is anticipated that 

by further power-scaling frequency combs based on sub-100-fs TDL oscillators will 
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operate in the near future at tens of watt. Furthermore, this study is of particular 

interest for the generation of XUV frequency combs via intra-oscillator HHG.  

 

Another promising application of the developed sub-100-fs KLM Yb:Lu2O3 TDL 

oscillator is the generation of broadband THz radiation at MHz repetition rates. In the 

performed studies optical rectification (OR) in gallium phosphide (GaP) was driven in 

a simple collinear geometry. Sub-100-fs pulses emitted by the oscillator enabled the 

direct generation and detection of THz radiation without need for amplification or 

nonlinear pulse compression. In our experimental results we confirm that OR of 1-μm 

pulses in GaP is suitable for the generation THz radiation with spectra expanding to 

about 7 THz and demonstrate 0.3 mW of THz average power in a spectrum expanding 

to 5 THz. As such, sub-100-fs KLM TDL oscillators are suitable as single-stage driving 

laser system for linear THz time-domain spectroscopy.  

In an initial study the laser generated 50-fs pulses at 4 W of average power and 

61 MHz of repetition rate. Quasi single-cycle broadband THz pulses were generated 

in 0.5 mm thick GaP, albeit only at a few μW of THz average power. The THz spectrum 

was centered at around 3.4 THz and extended from 1 THz to nearly 7 THz. A 

spectroscopic characterization of GaP in the THz and infrared range was performed. 

Corresponding calculations attributed the origin of the observed dips in the measured 

THz spectra to not-optimized phase matching. As benchmark application of the 

developed source for THz time-domain spectroscopy the absorption spectrum of 

water vapor was measured in a range of up to 5 THz with a sub-50-GHz resolution.  

A second study investigated the impact of the GaP crystal thickness and driving 

pulse duration on the generated THz spectrum in more detail. Different pulse 

durations were realized by adapting the KLM Yb:Lu2O3 TDL oscillator of the initial 

study. The pulse duration was varied between 50 fs and 220 fs by adjusting the 

introduced group delay dispersion, output coupler transmission and hard aperture 

diameter. This allowed for high-fidelity measurements with almost time-bandwidth 

product limited soliton pulses at discrete operation parameters. Although the average 

power varied for laser operation at different pulse durations between 3 W and 7 W 

average power, a significant impact of the driving laser average power onto the shape 

of the THz spectrum was not observed. Based on the experimental results a simple 

method has been presented to estimate the THz spectrum in dependence of the driving 



Conclusion and outlook       149 

pulse duration and GaP crystal thickness. In a power-scaled version of the KLM 

Yb:Lu2O3 TDL oscillators OR in a 0.5-mm thick GaP crystal was driven with 95-fs 

pulses at 20 W of average power and 48 MHz of repetition rate. Increasing the peak 

intensity in the GaP crystal up to 20 GW/cm2 showed the onset of saturation effects. 

At the highest peak intensity 0.3 mW of THz average power were obtained in a 

spectrum extending up to 5 THz. This corresponds to a conversion efficiency of 

1.5·10-5.  

Broadband THz radiation at several mW of THz average power is within reach via 

OR in GaP by further scaling of the average power of the driving sub-100-fs KLM TDL 

oscillator. Already up to 100 W average power have been optically rectified in GaP, 

albeit at a moderate THz average power of 80 μW [16]. Further optimization of the 

driving KLM TDL oscillators in the sub-50-fs regime would enable to exploit the 

supported THz bandwidth of GaP up to 7 THz at high THz average powers.  

 

Addionally, in a proof-of-principle demonstration HHG was driven inside the cavity 

of a mode-locked TDL oscillator. This approach benefits from the up to orders of 

magnitude higher intra-cavity peak and average powers that can be achieved inside a 

TDL oscillator cavity. Compared to intra-cavity HHG driven in passive enhancement 

cavities, coherent coupling is not required. The oscillating pulse can instead adapt to 

changes in the nonlinearity caused by the interaction with the gas jet. Gain during the 

cavity round-trip makes this approach less sensitive to losses.  

The driving SESAM mode-locked Yb:Lu2O3 TDL oscillator generated 250-fs pulses 

at 1034 nm of central wavelength and 17.3 MHz of repetition rate at an evacuated 

environment with a pressure of 10-4 mbar. The laser operated at 320 W of intracavity 

average power and 64 MW of intracavity peak power. HHG was driven at an 

intracavity peak intensity of 2.8· 1013 W/cm2 inside a high-pressure xenon gas jet. XUV 

light was extracted by placing a sapphire plate under Brewster’s angle for the driving 

laser wavelength in the vicinity of the intracavity focus. Harmonics up to the 17th order 

(60.8 nm, 20.4 eV) of the driving laser wavelength have been detected. The photon flux 

of the 11th harmonic (94 nm, 13.2 eV) was estimated to be 2.6· 108 photons/s. 

Launching of the gas jet into the intracavity focus of the oscillator showed only a minor 

influence on the driving pulse duration. Amplitude and phase noise remained 

unaffected.  
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The second generation of intra-oscillator HHG targets higher photon fluxes and 

photon energies. This requires the improvement of the driving intracavity laser 

performance. Compared to the initially applied SESAM mode-locking scheme, Kerr 

lens mode-locking offers promising advantages for achieving shorter pulse 

durations [17]. Laser operation in the strongly SPM-broadened regime enables even 

the generation of shorter pulses than actually supported by the gain bandwidth of gain 

materials [8,18]. The developed KLM Yb:Lu2O3 TDL oscillator in this thesis operated 

with 35-fs pulses at 70 MW of intracavity peak power in ambient air. Following the 

proposed scaling law of the intracavity peak power several hundred MW should be 

feasible with sub-100-fs pulse durations in a vacuum environment [5]. The 

demonstration of HHG inside a multi-port ring-cavity based on a KLM Yb:YAG TDL 

oscillator demonstrated already that all challenges in the cavity design of can be 

successfully overcome [19].  

As HHG is a coherent process an XUV frequency comb can be obtained by 

stabilizing the fCEO and the frep of the driving laser. The preliminary study presented in 

this thesis demonstrated that full frequency comb stabilization for laser operation in 

the SPM-broadened regime is feasible. As such, the combination of Kerr lens mode-

locking, frequency-comb stabilization and intra-oscillator HHG in one TDL oscillator 

would result in a novel class of single-stage XUV frequency combs operating at MHz 

repetition rates. Such devices would be highly attractive for hands on applications in 

research fields like high-precision spectroscopy or high-resolution imaging.  

 
In conclusion, this thesis presented record performance of sub-100-fs laser oscillators 

by the combination of the thin-disk geometry, Yb-doped gain materials and the Kerr 

lens mode-locking scheme. Laser operation in the SPM-broadened regime overcomes 

the bandwidth limitation of most Yb-doped gain materials. This enables the generation 

of sub-100-fs pulses directly from the oscillator at high average power and comparably 

good optical-to-optical efficiency. Powerful sub-100-fs TDL oscillators  overcome the 

need for amplification and nonlinear pulse compression. As such, these  single-stage 

laser systems are highly attractive to drive directly many applications with almost 

transform limited pulses at MHz repetition rates. Their potential for application in 

metrology as frequency comb and for linear THz time-domain spectroscopy has been 

demonstrated. By further improvement it can be expected that sub-100-fs TDL 

oscillators will soon operate at the excess of hundred watt of average power. 
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Furthermore, the extreme nonlinear process of HHG was driven for the first time  

inside the cavity of a SESAM mode-locked TDL oscillator. Further optimization 

utilizing the Kerr lens mode-locking scheme and laser operation in the SPM-

broadened regime will enable to generate higher XUV photon energies and photon 

flux. Together with frep and fCEO stabilization, this opens the path for the development 

of single-stage XUV frequency combs in the near future.  
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This work discusses the development of high-power ultrafast laser oscillators based 

on the thin-disk geometry. The combination of the Kerr lens mode-locking scheme 

with gain materials of broader gain emission bandwidth (Yb:Lu2O3 and Yb:CALGO) 

enabled pushing the laser performance in the sub-100-fs pulse duration regime. Thin-

disk laser (TDL) oscillators operating at 21 W of average power in 95-fs pulses and 

4.5 W in 49-fs pulses are presented, which are the highest average powers so far 

achieved by a sub-100-fs and sub-50-fs laser oscillator, correspondingly. In addition, 

the generation of pulse durations as short as 30-fs is achieved, which is the shortest 

pulse duration so far directly emitted by an ultrafast TDL oscillator.  

The potential of the developed laser sources for applications in metrology is 

investigated by detecting and stabilizing carrier-envelope offset frequency. A 

preliminary study discusses further steps towards full TDL-based frequency combs by 

parallel stabilization of the repetition rate. In addition, the TDL oscillators were used 

to drive the generation of broadband THz radiation via optical rectification in gallium 

phosphide (GaP). A THz average power of 0.3 mW was obtained in a spectrum 

ranging up to nearly 5 THz. Further optimization of the experimental parameters 

resulted in the generation of a continuous THz spectrum ranging up to 7 THz. Finally, 

a proof-of-principle realization of intra-cavity high harmonic generation (HHG) inside 

a SESAM mode-locked TDL as single-stage XUV source is reported. 

The presented results confirm the potential to ultrafast TDL oscillators together 

with further power-scaling as single-stage laser sources for driving an extensive range 

of applications free of additional amplification and nonlinear pulse compression. 
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