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Kurzfassung der Arbeit

Ultrakurzpuls-Laserstrahlquellen mit hohen Spitzen- und Ausgangsleistungen sind
derzeit Gegenstand zahlreicher Forschungs- und Entwicklungsarbeiten. Diese Laser-
systeme werden zum Beispiel in der Materialbearbeitung, in der Medizin und im wis-
senschaftlichen Bereich eingesetzt. Das Konzept des modengekoppelten Scheibenla-
sers ist dazu pradestiniert, die Anforderungen an hohe Ausgangs- und Pulsspitzenleis-
tungen direkt aus einem Hochleistungsoszillator ohne zusatzliche Verstarkerstufen zu
ermdglichen.

Durch die Scheibengeometrie des laseraktiven Mediums, typischerweise mit einer Di-
cke im Bereich von 100 bis 300 pm und einem Durchmesser von 6 bis 20 mm, wird
eine effektive Wéarmeabfuhr erreicht, um gute Strahlqualitdten bei hohen Ausgangs-
leistungen zu erzielen. Durch das diinne laseraktive Medium sind bei hohen Spitzen-
leistungen nichtlineare Effekte vernachléssigbar. Die Kombination aus Scheibenlaser
und sattigharem Halbleiterspiegel (SESAM) bildet ein System, das lber die Flachen
der Moden auf der Scheibe und dem SESAM leistungsskalierbar ist. Es ermdglicht
hohe Ausgangsleistungen bei kurzer Pulsdauer.

Im Rahmen der hier vorgestellten Arbeit wurde das Potenzial (neuartiger) Ytterbium-
dotierter Laserkristalle fir den Einsatz in passiv modengekoppelten Scheibenlaseros-
zillatoren untersucht. Folgende Laserkristalle wurden nach Materialeigenschaften wie
z. B. der thermischen Warmeleitfahigkeit und der Emissionshandbreite, die hohe Aus-
gangsleistungen und ultrakurze Pulsdauern im Bereich von Pikosekunden (10™2) und
Femtosekunden (10™°) ermoglichen, selektiert und eingehender analysiert:
Yh:Sc,SiOs, Yh:CaGdAIO,, Yh:CaF, und Yb:Lu,Os3.

Die Eignung dieser Kristalle im Dauerstrichbetrieb wurde durch maximale Ausgangs-
leistungen von 280 W fir Yb:Sc,SiOs, 152 W fiir Yb:CaGdAIO,, 250 W fir Yb:CaF,
und 670 W fiir Ybh:Lu,O5 gezeigt. In passiv modengekoppelten Scheibenlaseroszillato-
ren wurde mit Yb:Sc,SiOs eine mittlere Ausgangsleistung von 27,8 W bei einer Puls-
dauer von 298 fs demonstriert. Mit Yb:CaGdAIO, wurden bei 300 fs 28 W bzw. bei
einer kiirzeren Pulsdauer von 197 fs 20 W demonstriert.
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Extended Abstract

Ultrafast laser sources with pico- and femtosecond pulse duration open new prospects
for applications in industry and medicine. In material processing ultra-short pulse du-
rations are used for high-precision material ablation of different materials [1], for ex-
ample processing carbon-fibre reinforced plastics (CFRP) of high quality [2]. In medi-
cine high intensities and short pulse durations are used for ablation and for systematic
influencing of tissues by irradiation [3], respectively. All these applications rely on
reliable, compact, innovative, powerful, and efficient ultrafast laser sources.

For the generation of short laser pulses several mechanisms can be used, which differ
with respect to the achievable pulse durations and pulse energies [4]. This work focus-
es on the generation of femtosecond pulses by means of semiconductor saturable ab-
sorber mirrors (SESAM) [5]. Such devices consist of a semiconductor mirror structure
with an incorporated saturable absorber and exhibit an increase in reflectivity with in-
creasing light intensity.

The combination of SESAM and thin-disk laser allows for a compact and reliable ul-
trafast laser source with high pulse energy and high average output power in a diffrac-
tion-limited beam. The key advantage of the thin-disk technology is thereby the high-
power capability in combination with good beam quality and high optical-to-optical
efficiency due to the nearly one dimensional heat flow. The primary element of a thin-
disk laser is thereby the thin active crystal which has the geometry of a disk with a
thickness of typically 100 to 300 um and a diameter of 6 to 20 mm. The efficient heat
dissipation is achieved due to the high ratio of cooled surface to pumped volume. Due
to the combination of large pump spot and short optical length inside the laser crystal,
the limiting non-linear effects occur at several orders of magnitude higher pulse ener-
gies. Therefore high pulse energies can be achieved without the need for temporal
stretching. The nearly one-dimensional heat dissipation in the axial direction and the
short propagation length through the crystal drastically reduce the thermal lensing ef-
fect compared to rod lasers. A very important property arising from the thin-disk ge-
ometry is power scaling: the output power can e.g. be doubled by doubling the pump
power and the pump area on the disk, leaving the overall pump intensity constant. This
concept also applies for SESAM mode-locked thin disk lasers: here the output power
can be scaled by multiplying the mode areas on gain medium and SESAM by the same
factor [5, 6].
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In thin-disk laser operation Yb:YAG, due to its good thermal conductivity of
10.7 W/(mK) (undoped) [7], was up to now the material of choice for high average
continuous wave output powers [8]. Recently, the generation of femtosecond pulses
<600 fs in a passively mode-locked Yb:YAG thin-disk laser was demonstrated [9].
Shorter pulse durations of 200 fs were demonstrated in a Kerr-lens mode-locked thin-
disk laser [10].

The aim of this work is the investigation of the suitability of various ytterbium-doped
laser crystals (besides Yb:YAG) for high-power femtosecond thin-disk laser systems.
Several laser crystals have therefore been selected and tested due to their beneficial
properties - such as thermal conductivity and the broad emission bandwidth - for high-
average output power and short pulse durations: Yb:Sc,SiOs, Yb:CaGdAIO,, Yb:CaF,,
Yb:Lu,O3, Yb:Yal;(BOs),, and epitaxially grown Yb:KY(WOy), or Yb:KLu(WO4),.
Due to their availability only the first four could be used for experimental studies. The
potential of these crystals for high-power thin-disk laser operation could be demon-
strated with a maximum CW output power of 280 W for Yb:Sc,SiOs, 152 W
Yb:CaGdAIO,, 250 W for Yb:CaF, and 670 W for Yb:Lu,O3. In a Yb:Sc,SiOs pas-
sively mode-locked thin-disk laser an average output power of 27.8 W with 298 fs of
pulse duration was demonstrated. For Yb:CaGdAIO, pulse durations of 300 fs with an
average output power of 28 W and shorter pulses with 197 fs with 20 W could be
achieved. These pulses were nearly transform limited (TBP < 0.315). The beam prop-
agation factor was measured to be M2 < 1.1.

This work is organized as follows: an introduction to the Yb%*-ion, which was used as
the dopant for the host materials in this work, is given in Chapter 2.

Chapter 3 introduces the reader to the pulse dynamics within a laser in general and the
soliton mode-locking in particular. Chapter 3 also describes the design and functionali-
ty of a SEmiconductor Saturable Absorber Mirror (in short: SESAM).

Chapter 4 deals with the calculation of relevant laser parameters to prepare the experi-
mental investigation. The simulation of the thermal behaviour in fluorescence and la-
ser operation at the surface of the disks and the phase front deformation are investigat-
ed and compared to the experimentally determined data.

Chapter 5 to Chapter 8 describe the experimental investigation of the crystals
Yb:Sc,SiOs, Yh:CaGdAIO,, Yb:CaF, and Yb:Lu,O3 respectively. Firstly, the absorp-
tion and the thermal behaviour of the crystals are investigated both in lasing and non-
lasing operation. Secondly, the wavelength tuning range is investigated in CW opera-
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tion for Yb:Sc,SiOs, Yh:CaGdAIO, and Yb:CaF, to confirm the potential for the gen-
eration of ultra-short pulses. Furthermore, the potential of high output power in con-
tinuous wave laser operation is demonstrated, followed by experiments of Yb:SSO and
Yb:CALGO in passively mode-locked thin-disk laser operation.

In order to show the potential of Yb:Yal3(BOs),, and epitaxially grown Yb:KY(WO,),
or Yh:KLu(WOy,), for the generation of ultra-short pulses, Chapter 9 summarizes their
material properties. As already mentioned, these materials were not available for ex-
perimental investigations.

Chapter 10 summarizes the results and provides an outlook for further developments
and optimizations of Ytterbium-doped laser active materials for the generation of ul-
tra-short pulse durations.
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