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Introduction

Power and energy scaling of light sources continues to drive developments of novel laser
technologies [Sar15, Fen15, Neg15, Bro14]. A beam of coherent radiation containing high
optical power is particularly appealing because it maximizes the nonlinear interaction be-
tween light and matter. This interplay opens a broad portfolio of applications ranging from
scientific experiments to industrial tasks. The former foster advanced frequency conversion
techniques and access domains of extreme excitation energy [Sch15, Fab15]. The latter are,
for example, nonthermal welding and cutting [Dau05, Hec13]. In this context, it has always
been the ultimate goal to seek for maximum peak power with optimum system stability,
reliability, and compactness.

Mode-locked oscillators followed by high-power amplifiers have typically been based on
Ti:sapphire (short for titanium-doped sapphire) as gain medium in the past 20 years. This
material has been employed as working horse due to its remarkable gain bandwidth that
enables direct generation of intense pulses with a duration as short as 25 fs (1 fs = 10−15 s)
at kilohertz repetition rates [Mou86, Eil08]. However, a limitation of this technology exists
in terms of power scalability. This bound is given by the thermal management of the gain
medium as well as by the complexity of the Q-switched green pump sources. Typical output
parameters of the amplifiers which are based on rod-type crystals are in the range of few
millijoule pulse energy at 1 kHz repetition rate with certain capacities for improvement by
aggressive cryogenic cooling [Tza05, Coh].

The introduction of Yb:YAG thin-disks lifted the restrictions of established technologies
and paved the way towards power scalability beyond former limits [Kuh15, Neg13]. Adolf
Giesen pioneered this gain geometry at University of Stuttgart which exploits longitudinal
heat flow parallel to the laser beam [Gie94, Bra95]. This direction of the temperature gra-
dient is advantageous because it supports a high transverse mode quality and enables at
the same time an effective cooling due to a large contact area with the heat sink [Sch14].
Yb:YAG is beneficial for high-power lasers as it makes the generation of ultrashort pulses
with high energy possible and exhibits a low quantum defect. Powerful laser diodes at the
pump wavelength of 940 nm/980 nm (1 nm = 10−9 m) are readily available. The combina-
tion of an active material that supports ultrashort pulses while limiting power dissipation
into heat and a smart geometry of the gain medium which enables efficient cooling led to
record-breaking average powers and pulse energies.
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Introduction

Despite of the promising performances, up to now it remained challenging to achieve sub-
picosecond pulse duration at the multi-millijoule pulse energy level with the heralded tech-
nique. In fact, ultrashort pulse generation from Yb:YAG-based systems suffers from the
limited gain bandwidth which causes severe gain narrowing in amplifying stages during
energy boosting. This restriction is tackled by intense and broadband seeding [Wun15].
Femtosecond Er:fiber technology has shown to be pivotal on this pathway as it enables to
produce pulses of high brilliance and coherence with a tailor-cut spectral intensity distri-
bution for seeding of an ytterbium-based amplifier chain [Bri14, Sel10].

For applications in ultrafast science it is essential to reach a pulse duration that enables
the access to nonlinear interactions such as white-light generation in bulk dielectrics. Trig-
gering this exemplary effect is a crucial benchmark as it implies the capability of driving
nonlinear frequency conversion stages such as optical parametric amplifiers. These in turn
can be used to generate ultraintense few-cycle pulses in a broad frequency range that spans
across the ultraviolet to the terahertz spectral domain (1 THz = 1015 Hz).

With intense beams of coherent radiation in a wide spectral range it is possible to excite
and explore a broad portfolio of transitions in matter. In particular, the terahertz fre-
quency domain is appealing because a non-perturbative regime of light-matter interaction
can be reached with extreme field amplitudes. Exemplary topics that can be studied are
the interplay of electronic charges, spins and the ionic backbone. Furthermore, elementary
excitations such as magnons, phonons, or energy gaps induced by strong electronic correla-
tions may be investigated [Pas10, Kam11, Kim12]. The transient character of the electric
field of a multi-terahertz pulse can be exploited to analyze the behavior of condensed-matter
systems under extreme electrical bias which cannot be applied under stationary conditions
[May15, Pas13]. One example of such phenomena is the transient breaking of chemical
bonds under high-field conditions which results in the appearance of the atomic origin of
an electronic band structure.

Investigations of the named phenomena have so far been carried out with electric fields
of up to several 10 MV/cm [Sel08a, Sel08b, Gun09, Jun10]. These were generated in fre-
quency conversion stages driven by an Er:fiber-Ti:sapphire hybrid setup. A new system,
that is the topic of this thesis, is bound to go beyond this status while preserving the capa-
bilities for sub-cycle sampling of the generated electric field transients. A footprint similar
to the one of the existing laser systems should be conserved to benefit from the ease of use
of table-top instruments with capabilities comparable to large-scale facilities. The idea of
this project is to combine femtosecond fiber and high-power thin-disk laser technology to
harness the benefits of both geometries in a hybrid amplifier system. Femtosecond oscilla-
tors based on erbium fibers are known to exhibit outstanding pulse energy stability and low
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noise operation as well as flexibility in terms of coherence-preserving spectral tunability
[Ern07, Mou06, Kra10, Kum12, Bri14, Wun15]. In combination, these aspects lead to a
fiber-based ultrafast seed source that generates broadband and intense seed pulses at the
wavelength of the laser transition of ytterbium. The thin-disk geometry provides scalability
of the average power and pulse energy. In combination with advanced compression tech-
niques, this novel gain geometry paves the way towards peak power scaling beyond former
limits. Linking all profitable features of both laser technologies is rewarding and leads to a
top-notch driving source for ambitious experiments in ultrafast science. The realized goal of
this thesis was to built a laser system that produces multi-millijoule pulses at few-kilohertz
repetition rate with a pulse duration below one picosecond. This report describes the im-
plementation and is organized in four chapters.

A general introduction to high-power ultrafast lasers is given in chapter 1. Techniques
applicable to increase the average power, pulse energy, and peak power are discussed in de-
tail. Basic considerations on the scaling properties of laser output parameters explain the
complexity of the challenging task to built a top-notch source of coherent light. The gain
medium is an essential component of every laser and amplifier. Four established geome-
tries of this active element are presented. Especially, fibers and thin disks are highlighted
as these technologies are employed in the presented laser system and are pivotal for its
functioning. Subsequently, prominent dopants and hosts for high-power lasers and criteria
for their selection are discussed. The properties of ytterbium as a dopant are introduced,
supplemented by a characterization of yttrium aluminium garnet, which is employed as
host crystal in the presented thin-disk amplifier.

The main part of this report deals with the description of the laser system. It is presented
in the same sequential arrangement as the light pulses propagate during their amplification.
The construction of an ultrafast fiber laser seed source is presented in chapter 2. A brief
introduction to the theoretical background of the employed femtosecond erbium-fiber laser
technology is given, and the functioning of a 40-MHz mode-locked oscillator, which forms
the system origin, is explained. The relatively low output pulse energy of this laser source
is boosted in a femtosecond fiber amplifiers, which is discussed subsequently. Furthermore,
it is presented how erbium technology can be utilized for frequency conversion in highly
nonlinear fibers. This technique is implemented in the presented seed source and enables
spectral shifting from erbium to ytterbium laser transition and gain bandwidth. Spectrally
shifted seed pulses are temporally stretched following the concept of chirped-pulse ampli-
fication. The idea of this technique and an implementation of a grating-based stretcher
is presented. An Yb:fiber amplifier that boosts the pulse energy completes the ultrafast
seed source. The versatile applications of this elaborate fiber system are outlined at the
end of the chapter. In this context, beneficial features like synchronous driving of multiple
amplifiers by a single oscillator and the generation of sub-10-fs pulses as well as retrofitting
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Introduction

updates like the implementation of passive carrier envelope phase stability are presented.

The main pulse energy gain in this laser system is acquired in a regenerative thin-disk
amplifier which is presented in chapter 3. First, the resonator design is introduced and its
layout is motivated by consideration of the stability of laser cavities and the properties of
thin disks as gain media. Thereafter, dynamics and instabilities in amplifiers are discussed.
The most relevant of these phenomena for the presented system is the deterministic chaos
and especially the regime of period doubling, which is studied in detail. A simulation un-
veiling the impacts of the dynamics on the pulse energy is elaborated. The performance
of the laser system is characterized at the end of the chapter. This analysis comprises the
spectral intensity distribution, average output power, and pulse energy as well as the stabil-
ity. Furthermore, the conversion efficiency from pump to signal light and the mode-quality
are characterized.

Applications of the implemented system and more general of multi-millijoule lasers are
discussed in chapter 4. One example is the driving of frequency conversion stages like
optical parametric amplifiers. In this context, the theoretical framework of these widely
applicable tools of ultrafast optics is introduced. Generating white light by the same driv-
ing source as used for supplying energy to the optical parametric amplification is beneficial.
A stable supercontinuum from a thin dielectric plate has been demonstrated with the sub-
picosecond pulses of the presented Yb:YAG thin-disk amplifier system. The concept and
suggestions for the design of a high-power optical parametric amplifier are outlined. Target
output parameters like the pulse energy, center wavelength, and the bandwidth are defined
by the goal to generate intense multi-terahertz pulses. The synthesis of the long-wavelength
transients and their compression to a single-cycle duration is presented. The chapter con-
cludes with an outlook to the future where high harmonic generation and applications of
coherent x-rays are highlighted as attractive options.
The thesis is summarized with a system overview and a survey of the achieved specifications.
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Einleitung

Die Skalierung der Durchschnittsleistung und Impulsenergie von Strahlungsquellen treibt
fortwährend die Entwicklung neuer Lasertechnologien voran [Sar15, Fen15, Neg15, Bro14].
Eine große Leistungsdichte in einem kohärenten elektromagnetischen Strahlungsfeld ist ins-
besondere deshalb reizvoll, weil sie die nichtlineare Wechselwirkung zwischen Licht und
Materie maximiert. Diese Interaktion bietet den Zugang zu einem weitgefächerten Einsatz-
gebiet, das sich von wissenschaftlichen Experimenten bis hin zu industriellen Anwendun-
gen erstreckt. Dabei werden in der Forschung ausgeklügelte Frequenzkonversionstechniken
ausgenutzt, um in Bereiche extremer Photonenenergien vorzudringen [Sch15, Fab15]. Für
die Industrie relevante Anwendungen sind beispielsweise das nichtthermische Schweißen
und Schneiden verschiedenster Materialien [Dau05, Hec13]. Aus diesen Anwendungen her-
aus begründet sich die stete Zielvorgabe, nach maximaler Spitzenleistung der Systeme bei
gleichzeitig größtmöglicher Stabilität, Zuverlässigkeit und Kompaktheit zu streben.

In den letzten 20 Jahren wurden Kombinationen aus modengekoppelten Oszillatoren ge-
folgt von Hochleistungsverstärkern typischer Weise mit Titan dotiertem Saphir (Ti:Saphir)
als aktivem Medium gebaut. Dieses Material findet dank seiner bemerkenswerten Verstär-
kungsbandbreite, die eine direkte Erzeugung von energiereichen Impulsen mit einer Dauer
von nur 25 fs (1 fs = 10−15 s) bei einer Wiederholrate im Kilohertz-Bereich ermöglicht,
weit verbreitete Anwendung [Mou86, Eil08]. Der Leistungsskalierbarkeit dieser Technologie
sind jedoch Grenzen gesetzt. Diese sind gegeben durch die Wärmeleitungseigenschaften des
Verstärkungsmediums und durch die Komplexität der gütegeschalteten Pumplichtquellen,
die im grünen Spektralbereich emittieren. Typische Leistungsparameter von Verstärkern,
die auf stabförmigen Laserkristallen beruhen, liegen im Multi-Millijoule-Energiebereich bei
Wiederholraten von einem Kilohertz. Dabei ist ein geringes Verbesserungspotenzial durch
aggressive kryogene Kühltechniken noch vorhanden [Tza05, Coh].

Die Einführung von Yb:YAG-Scheibenlasern (Yb:YAG: Ytterbium dotiertes Yttrium-Alu-
minium-Granat) erlaubte es, die Grenzen etablierter Verstärkungsgeometrien zu durch-
brechen, und ebnete dabei den Weg zu einer Leistungsskalierbarkeit, die unübertroffen
ist [Kuh15, Neg13]. Als Erster demonstrierte Adolf Giesen an der Universität Stuttgart
diese Technik, die sich einen longitudinalen Wärmefluss parallel zum Laserstrahl zunut-
ze macht [Gie94, Bra95]. Diese Richtung des Wärmegradienten erlaubt dank einer großen
Kontaktfläche mit der Wärmesenke sowohl eine hohe transversale Modenqualität als auch
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Einleitung

eine effiziente Kühlung. Yb:YAG eignet sich besonders für die Anwendung in gepulsten
Hochleistungslasern, da es die Erzeugung von ultrakurzen Lichtimpulsen ermöglicht und
zudem einen sehr geringen Quantendefekt aufweist. Halbleiterbasierte Pumplichtquellen
mit großer Ausgangsleistung in den Absorptionsbanden von Ytterbium bei einer Wellen-
länge von 940 nm (1 nm = 10−9 m) beziehungsweise 980 nm sind problemlos verfügbar. Die
Kombination eines laseraktiven Materials, das die Erzeugung ultrakurzer Lichtimpulse mit
geringem Wärmeeintrag unterstützt, und einer Verstärkungsgeometrie, die eine leistungsfä-
hige Kühlung ermöglicht, führte zu neuen Rekorden sowohl der mittleren Ausgangsleistung
als auch der Impulsenergie.

Trotz der vielversprechenden Leistungsparameter bestand bisher noch die hier bewältig-
te Herausforderung Impulse mit einer Dauer im Sub-Pikosekunden-Bereich mit Multi-
Millijoule-Energie unter Verwendung der neu eingeführten Technik zu generieren. Die Er-
zeugung ultrakurzer Lichtimpulse mit Yb:YAG-basierten Lasersystemen wird durch die be-
grenzte Verstärkungsbandbreite erschwert. Bei der Skalierung der Impulsenergie führt dies
in allen Verstärkern zu einer starken Abnahme der spektralen Bandbreite. Diesem Hinder-
nis wird in dieser Arbeit durch intensive, breitbandige Impulse am Eingang der Verstär-
kungsstufen entgegnet [Wun15]. Die auf mit Erbium dotierten Fasern (Er:Faser) basierende
Technologie nimmt bei diesem Prozess eine zentrale Rolle ein [Bri14]. Sie erlaubt die Be-
reitstellung kohärenter Lichtimpulse mit großer spektraler Brillanz und maßgeschneiderten
Spektren, die zur Skalierung der Impulsenergie in ytterbiumbasierten Verstärkersystemen
bestens geeignet sind [Sel10].

Für Anwendungen der Ultrakurzzeitphysik ist es von entscheidender Bedeutung, eine Im-
pulsdauer zu erreichen, die den Zugang zu nichtlinearen Wechselwirkungen wie der Erzeu-
gung eines Weißlichtkontinuums in einem Dielektrikum ermöglicht. Diesen Effekt auslösen
zu können, ist ein ausschlaggebender Maßstab für die Realisierbarkeit weiterer Frequenz-
konversionsstufen, wie zum Beispiel die von optisch-parametrischen Verstärkern. Diese wie-
derum können dazu eingesetzt werden, Lichtimpulse sehr großer Intensität mit nur wenigen
Schwingungszyklen des elektrischen Feldes in einem Spektralbereich zu erzeugen, der sich
vom ultravioletten bis in den Terahertz-Bereich (1 THz = 1015 Hz) hinein erstreckt.

Mit einer starken, kohärenten Lichtquelle, die einen großen Spektralbereich abdeckt, ist
es möglich, eine Mannigfaltigkeit von Übergängen in Materie anzuregen und zu untersu-
chen. Dabei ist der Terahertz-Frequenzbereich von besonderem Interesse. Dieser erlaubt
dank extremer elektrischer Feldstärken den Zugang in ein nichtperturbatives Regime der
Licht-Materie-Wechselwirkung. Beispielhafte Themengebiete, die studiert werden können,
sind die Wechselwirkungen elektrischer Ladungsträger mit Spins und dem ionischen Kri-
stallgitter. Darüber hinaus können Elementaranregungen wie Magnonen, Phononen oder
auch Energielücken, die durch starke elektronische Korrelationen hervorgerufen werden,
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untersucht werden [Pas10, Kam11, Kim12]. Der transiente Charakter des elektrischen Fel-
des von Multi-Terahertz-Impulsen kann ausgenutzt werden, um das Verhalten von Materie
unter starker elektrischer Vorspannung zu analysieren, die unter stationären Bedingungen
nicht erreichbar sind [May15, Pas13]. Ein Beispiel dafür ist das vorübergehende Aufbrechen
chemischer Bindungen unter dem Einfluss hoher elektrischer Felder, was zur Herausbildung
des atomaren Ursprungs der Bandstruktur in Festkörpern führt.

Untersuchungen der erwähnten Phänomene wurden bisher mit elektrischen Feldstärken von
bis zu 100 MV/cm durchgeführt. Diese wurden in Frequenzkonversionsstufen erzeugt, die
von Ti:Saphir-basierten Systemen getrieben sind. Das Thema der vorliegenden Arbeit ist
die Entwicklung eines neuen Lasersystems mit dem Ziel, die bestehenden Leistungspara-
meter zu übertreffen, wobei die Möglichkeit gewahrt bleiben soll, elektrische Feldtransien-
ten mit einer Subzyklen-Genauigkeit abtasten zu können. Die äußeren Abmessungen des
Aufbaus sollten dabei ähnlich denen existierender Lasersysteme sein, um von der Benutzer-
freundlichkeit kompakter Aufbauten profitieren zu können, die dennoch ein Leistungspo-
tenzial vergleichbar zu Großforschungseinrichtungen haben. Dieses Projekt begründet eine
neue Generation von Strahlungsquellen zum Treiben nichtlinearer Prozesse. Hierbei wird
Femtosekunden-Faser- mit Hochleistungs-Scheibenlasertechnologie kombiniert, um die Vor-
teile beider Verstärkungsgeometrien in einem hybriden Lasersystem zu nutzen. Oszillatoren,
die auf Er:Fasern beruhen, sind für ihre besondere Impulsenergiestabilität, den Betrieb mit
niedrigem Rauschniveau sowie die Flexibilität in Bezug auf kohärenzerhaltende spektrale
Abstimmbarkeit bekannt [Ern07, Mou06, Mou07]. Diese Eigenschaften zeichnet die rea-
lisierte faserbasierte Ultrakurzpulsquelle aus, die breitbandige und intensive Lichtimpulse
mit der Zentralwellenlänge des Ytterbium-Laserübergang und seiner Verstärkungsbandbrei-
te emittiert. Zusätzlich gewährleistet die Geometrie eines Scheibenlasers die Skalierbarkeit
der erzeugbaren Durchschnittsleistung und Impulsenergie. Im Zusammenspiel mit hochent-
wickelten Techniken zur zeitlichen Impulskompression ebnet dieses neue Verstärkerkonzept
den Weg zu einer Steigerung der Spitzenleistung über bisherige Grenzen hinaus. Die Zu-
sammenführung der vorteilhaften Eigenschaften beider Lasertechnologien ist einträglich und
führt zu einer leistungsfähigen Quelle kohärenter Strahlung für die Durchführung anspruchs-
voller Experimente im Bereich der Ultrakurzzeitphysik. Das realisierte Ziel dieser Arbeit
war es ein Lasersystem zu bauen, das die Erzeugung von Impulsen mit Multi-Millijoule-
Energie bei einer Wiederholrate von wenigen Kilohertz und einer Impulsdauer von unter
einer Pikosekunde erlaubt. Die Umsetzung dieser Vorgabe ist in dieser Ausarbeitung dar-
gelegt, die in vier Kapitel untergliedert ist.

Eine Einführung in die Grundlagen von Ultrakurzpuls-Hochleistungslasern ist in Kapitel 1
gegeben. Verschiedene Methoden zur Skalierung der Durchschnittsleistung, Impulsenergie
und der Spitzenleistung werden im Detail erläutert. Dabei verdeutlicht die Betrachtung der
Skalierungseigenschaften der Ausgangsparameter von Lasern die Komplexität der Aufgabe,
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Einleitung

eine leistungsstarke Quelle kohärenter Strahlung zu bauen. Das Verstärkungsmedium ist ein
Kernstück jeden Lasers. Vier bewährte Geometrien dieses aktiven Elements werden vorge-
stellt. Dabei wird ein besonderer Fokus auf Glasfaser- und Scheibenlaser gelegt, welche im
hier präsentierten Lasersystem Verwendung finden und entscheidend zu dessen Erfolg bei-
tragen. Im Anschluss daran werden für Hochleistungsanwendungen bedeutende Dotierstoffe
und Wirtsmaterialien sowie Kriterien für deren Auswahl diskutiert. Die Eigenschaften von
Ytterbium werden vorgestellt und durch eine Charakterisierung von Yttrium-Aluminium-
Granat ergänzt, da diese Materialkombination im präsentierten Scheibenverstärker zum
Einsatz kommt.

Der Hauptteil dieser Ausarbeitung befasst sich mit der Beschreibung des Lasersystems.
Die Reihenfolge der Darstellung entspricht der Abfolge, in welcher ein Lichtimpuls das
System durchläuft. Der Aufbau der Ultrakurzpulsquelle wird in Kapitel 2 erläutert. Die
theoretischen Grundlagen der Femtosekunden-Fasertechnologie werden zu Beginn in kurzer
Form erläutert, wobei das Funktionsprinzip des modengekoppelten Oszillators mit einer
Wiederholrate von 40 MHz, der den Ausgangspunkt des Verstärkersystems bildet, erklärt
wird. Die Verstärkung der geringen Impulsenergie am Ausgang des Oszillators mittels eines
Femtosekunden-Faserverstärkers wird im Anschluss beschrieben. Darüber hinaus wird ge-
zeigt, wie die auf Erbium beruhende Glasfasertechnologie im Spektralbereich um 1.55µm
dazu eingesetzt werden kann, Frequenzkonversion in hoch nichtlinearen Germanosilikatfa-
sern zu realisieren. Diese Technik kommt im vorgestellten Seedsystem (seed engl. für: Samen,
Saat, Keim; impliziert das Induzieren von stimulierter Emission in einem Verstärker) zum
Einsatz und dient dabei zur Verschiebung der spektralen Energiedichte der Lichtimpulse
vom Erbium- auf den Ytterbium-Laserübergang. Um dem Konzept der Verstärkung zeitlich
gestreckter Impulse zu folgen, wird die Dauer der spektral verschobenen Impulse vergrößert.
Die Idee hinter dieser Strategie sowie die Umsetzung eines gitterbasierten Impulsstreckers
werden ausführlich erläutert. Die Seedquelle wird durch einen Yb:Faservorverstärker ver-
vollständigt, der die Energie der Lichtimpulse auf 100 nJ erhöht. Am Ende diesen Kapitels
wird die Vielseitigkeit des Femtosekunden-Er:Faser-Systems erörtert. Zu ihren vorteilhaften
Eigenschaften gehört beispielsweise das Betreiben paralleler Verstärker mit gemeinsamem
Eingangssignal, die Erzeugung von Impulsen mit einer Dauer von weniger als 10 fs sowie die
Möglichkeit einer flexiblen Nachrüstung, die eine Stabilisierung der Träger-Einhüllenden-
Phase ermöglicht.

Die Steigerung der Impulsenergie in den Multi-Millijoule-Bereich wird mittels eines re-
generativen Yb:YAG-Scheibenverstärkers erreicht, der in Kapitel Kapitel 3 beschrieben
ist. Dabei wird zunächst auf die Konzeptionierung eingegangen, die auf einer Stabilitätsbe-
trachtung des optischen Resonators beruht und die Eigenschaften der Verstärkung in einem
dünnen Lasermedium berücksichtigt. Im Anschluss daran werden dynamische Phänomene
und Instabilitäten in Lichtverstärkern betrachtet. Hierbei sind für das vorliegende System
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das Regime eines deterministischen Chaos und insbesondere der Bereich periodischer Ver-
dopplung von besonderer Bedeutung. Eine Methode zur Simulation der Auswirkungen die-
ses Verhaltens wird dafür erarbeitet. Die Ausgangsparameter des Lasersystems werden am
Ende des Kapitels präsentiert. Diese Charakterisierung umfasst das Spektrum, die Durch-
schnittsleistung und Impulsenergie sowie deren Amplitudenstabilität. Darüber hinaus wird
die Konversionseffizienz von Pump- zu Signallicht sowie die Modenqualität analysiert.

Anwendungen des präsentierten Systems sowie von Lasern mit einer Impulsenergie im
Multi-Millijoule-Bereich im Allgemeinen werden in Kapitel 4 vorgestellt. Ein Beispiel
hierfür ist das Treiben von Frequenzkonversionsstufen wie einem optisch-parametrischen
Verstärker. In diesem Zusammenhang wird das theoretische Gerüst dieser vielfältig an-
wendbaren Technik der Ultrakurzzeitoptik eingeführt. Es stellt sich heraus, dass es vor-
teilhaft ist, dieselbe Strahlungsquelle für die Erzeugung eines Weißlichtkontinuums nutzen
zu können, die auch den anschließenden optisch-parametrischen Verstärker mit treibenden
Lichtimpulsen versorgt. Es wird gezeigt, dass in einem dünnen, dielektrischen Plättchen ein
stabiles Weißlichtkontinuum mit den Sub-Pikosekunden-Impulsen aus dem beschriebenen
Yb:YAG-Scheibenverstärkersystem erzeugt werden kann. Vor diesem Hintergrund werden
ein Konzept eines optisch-parametrischen Verstärkers hoher Leistung dargelegt und Überle-
gungen für dessen Auslegung erläutert. Spezifikationen wie die angestrebte Impulsenergie,
Zentralwellenlänge und spektrale Bandbreite werden dabei durch das Ziel definiert, mit
Hilfe dieses Frequenzkonverters Multi-Terahertz-Impulse zu erzeugen. Die Synthese solcher
langwelliger elektrischer Feldtransienten sowie deren zeitliche Kompression auf die Dauer
einer einzelnen Lichtschwingung werden dargelegt. Das Kapitel endet mit einem Ausblick,
der die Erzeugung hoher Harmonischer und die Einsatzgebiete kohärenter Röntgenstrah-
lung als reizvolle Anwendungen herausstellt [Had15].
Die Arbeit schließt mit einem Überblick über das Gesamtsystem und einer Zusammenfas-
sung der erreichten Leistungsparameter.
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1. Concepts of high-power ultrafast lasers

The success of lasers in science and industry causes an ongoing quest for more and more
versatile and powerful coherent radiation sources. Key parameters are the average power,
pulse energy and duration as well as the peak power. The frontiers are continuously ad-
vancing, promoted by a multitude of interests. For industrial applications higher average
powers enable to supply production facilities with a minimum number of lasers. Projects
like inertial fusion drive the development of sources with high pulse energy. The nonlin-
ear and extreme-nonlinear optics community as well as attosecond science push the limits
towards higher peak powers and shorter pulse duration. The inherent interdependences of
the scaling parameters cause a collective advancement that stimulates progress in all fields
at the same time.
Researchers face challenging tasks when breaking new grounds in the laser development.
Due to high-brightness pump sources, it is possible to generate average powers that exceed
the 100 kW-level [Li13]. Powerful cooling techniques have to be applied to deal with the
deposited thermal energy. As a consequence, the heat conductivity dictates the selection of
host materials and the geometry of the gain media. Aggressive cryogenic cooling is some-
times enforcedly implemented if the heat removal capacity of liquids at room temperature
is too low. Laser active elements and pump wavelengths are adapted to achieve a low quan-
tum defect. Pump sources of high spectral brilliance are installed to ensure efficient energy
transfer. At the same time, peak power scaling calls for large gain bandwidths to achieve
ultrashort pulse durations, as the Fourier calculus states. High pulse energies necessitate
extreme pump intensities and large energy storage capacities. This fact is an additional
requirement for gain media and pump sources. Generally, the demand of components with
supreme optical quality goes along with increasing power levels because scattering at de-
fects can cause a rapid heat up and degradation. Also, the requirement of a clean local
environment rises because the intense laser beams create a potential that attracts dust
particles similar to the effect exploited for optical tweezers.
The maximum performance of a laser is typically limited by the stored energy density in the
active medium. If the average power is increased excessively, the amplifying crystal can suf-
fer from thermally induced degradation. The temperature can rise locally because too much
excess energy is deposited in the phonon bath which in the end causes the crystal lattice
to melt. The subsequent crystallization leads to stress and consequently to fractures. To
avoid this effect, the average power has to be kept below thermal damage thresholds. This
restriction limits the maximum pump intensity and the circulating power. Photo-induced
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1. Concepts of high-power ultrafast lasers

defects are caused by too high peak intensities. These scale with the inverse mode size and
increase for higher pulse energies and shorter durations. A concept to avoid excessive peak
powers is to use longer pulse durations which leads to the idea of chirped-pulse amplifi-
cation, introduced in section 1.2.3. The repetition rate is naturally connected to all these
parameters and therefore not independently scalable for high pulse energy laser systems.
This chapter introduces concepts and ideas to tackle challenges that have to be faced in
the development of top-notch high-power ultrafast lasers. First of all, the fundamentals of
lasers are briefly repeated in section 1.1. Several ideas for the scaling of laser output param-
eters in terms of pulse energy, average power, and peak power are introduced in section 1.2.
Thermal management and geometries of the gain medium are discussed in section 1.3. Fi-
nally, criteria for the selection of gain materials and hosts are outlined in section 1.4 and
Yb:YAG is highlighted as one prominent example.

1.1. Fundamentals of lasers

The first fully functional laser was based on ruby and has been developed by Theodore
Mainman in 1960 [Mai60b, Jav59, San59, Mai60a]. The acronym laser stands for light
amplification by stimulated emission of radiation. Basic elements of a laser are an active
medium that has to be population-inverted by a pump source and a cavity which provides
a positive feedback to support the light amplification.
The transition of an electron from the so-called upper laser level to the ground state can
be stimulated by a photon with energy equal to the spacing of involved states of the laser
active medium. Photons emitted because of this transitions are said to be in the same
radiation mode as the one that initially triggered the electron relaxation. As a consequence,
both photons have the same phase, polarization, and propagation direction. Stimulated
emission causes an increase of the number of photons in a radiation mode hence gain
in the electromagnetic field. The higher the population inversion, the more gain can be
accumulated, whereby the number of photons increases exponentially in the avalanche-like
stimulated emission process.
A population inversion can only be generated in a system with at least three states of
different energy. Besides the two states which are directly involved in the laser transition,
a third energy level is required that supplies electrons in a fast non-radiative process to the
long-lived metastable upper laser level. The energy difference between the afore mentioned
two states is the so-called quantum defect. It causes heating in the active medium and is
equal to the energetic difference between the signal of a laser and its pump wavelength.
One has to differentiate between continuously emitting and pulsed laser sources. The latter
operation mode can be achieved either actively by control of the energy supply as well as by
influence of the feedback mechanism or passively by locking longitudinal resonator modes.
Oscillators are based on the latter concept, where the mode-locking can be realized, for
example, by saturable absorber mirrors (see section 2.1.1).
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1.2. Scaling of the output parameters of lasers and amplifiers

While for a laser it is implied that a positive feedback is given to acquire a gain in the
radiation field, an amplifier leads to an increase of the photon number in a certain radiation
mode without this mechanism. Therefore, it is a prerequisite to inject seeding photons into
an amplifier to obtain an output with defined spectrum, phase, and polarization. One
can differentiate between amplifiers which are passed only ones and others with multiple
transition through the active medium. An example of the former ones are the fiber-based
amplifiers presented in chapter 2. So-called regenerative systems which are used for pulsed
laser sources, like the Yb:YAG thin-disk system presented in this thesis, are one instance
of the latter ones.

1.2. Scaling of the output parameters of lasers and amplifiers

When a new cutting-edge high-class laser is to be built, one has to precisely specify the
prime target applications of the system and to define which output parameter shall be
scaled with respect to existing coherent light sources. Regardless of whether the average
power, pulse energy or the peak power is addressed always all other parameters will be
influenced to a certain instance. The scaling techniques introduced here may be combined
for simultaneous upgrades of more than one parameter.

1.2.1. Average power - mode size

The average power of a laser is easily measurable with thermal sensors and calibrated photo
diodes. Maximum average powers are important in industry for cost saving laser processing,
in military for forceful weapons, and in science for low quantum yield processes. So far,
staggering 100 kW have been demonstrated [Li13].
The key inputs for average power scaling are proper pump sources, laser active media
with high energy storage capacity, and hosts of high thermal conductivity in combination
with effective heat management. The arrival of high brilliance pump diodes at various
wavelengths was a major step forward compared to flash lamps, used for the very first
lasers, and virtually no limitation in pump power is given any more.
Typical laser active ions are transition metals and rare earth elements. Their selection
depends amongst others on the desired wavelength, bandwidth, energy storage capacity,
and compatibility with the host material. The crystal matrix must possess good thermal
conductivity for removal of waste heat. This residual energy originates from the unavoidable
quantum defect. Typical values of the thermal conductivity are in the range of a few W/mK
for crystals installed in high-power lasers [Pet11].
In order to scale the average output of a given laser setup it is straight forward to increase the
pump power. This strategy is feasible until an energy flux density of the light field is reached
which is above the damage threshold of the laser crystal or other optical elements. Further
power scaling can be achieved by increasing the mode volume inside the active medium and
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1. Concepts of high-power ultrafast lasers

adaption of the spot sizes at critical components in the resonator. Thereby, a larger number
of active ions can contribute to the lasing process and the average power and energy density
can be kept at tolerable levels. The mode profile along the resonator has to be adjusted
accordingly, and fundamental mode operation may be hard to achieve for beam diameters
on the order of few centimeters. Regardless of the systems dimension, it always has to
be ensured that waste heat can be removed continuously without energy accumulation.
Otherwise this deposition would lead to heating of the host and eventually to thermally
induced degradation. Therefore, the thermal conductivity of the host material sets the
limit of power scaling via the mode diameter. A gain medium geometry is introduced in
section 1.3.2 that permits efficient heat removal and consequently lifts the limitation of a
maximum mode size, given by thermal conductivity.

1.2.2. Pulse energy - regenerative amplification

The pulse energy is determined by the average power of a laser system divided by its
repetition rate. Benchmarks obtained in state-of-the-art laser systems span as many as
18 orders of magnitude. For example, 120 pJ are generated at a repetition rate of 10 GHz
[Bar09]. At the National Ignition Facility the laser system is designed to deliver 1.8 MJ in
up to 7 shots per day [Hay07].
Regenerative amplifiers are most suitable to increase pulse energies from the sub-nanojoule
domain, which may be generated by the required seed sources, to levels of up to hundreds
of millijoules at repetition rates in the kilohertz range. Their operation principle can be
divided into four parts. At the beginning of one cycle, the gain medium is pumped, energy
accumulates, and a high population inversion is produced. Then, a seed pulse is coupled
into a resonator that is built around the population-inverted medium by an optical switch.
The pulse circulates in the closed cavity for multiple times and extracts the stored energy.
Once it has reached the desired level, the high-energy pulse is released from the amplifier
by a second switching process.
Pump light may be applied continuously or pulsed, depending on the repetition rate in
relation to the upper-state lifetime of the active medium. Cavity losses should be minimized
for high efficiency operation. Dispersion of the cavity components leads to accumulation
of higher-order spectral phase during the circulations in the resonator which can be crucial
for the generation of ultrashort pulses. It mainly arises from optical switches like Pockels
cells which are based on β-barium borate (BBO) or potassium titanyl phosphate (KTP)
crystals, acousto-optic modulators, and other dispersive media. Additionally, the pulse
duration may be influenced by spectral narrowing that comes as a consequence of limited
gain bandwidth for any active medium.
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1.2. Scaling of the output parameters of lasers and amplifiers

1.2.3. Peak power - chirped-pulse amplification

The peak power of a laser pulse is defined as the instantaneous power that is reached at the
maximum of the temporal intensity profile. This figure of merit is key in nonlinear optics
for phenomena which are sensitive to the pulse intensity. Larger peak intensities enable to
probe and exploit higher perturbative orders of light-matter interaction. Furthermore, in
extreme nonlinear optics, where the electric field instead of the intensity is relevant, highest
possible fields are desirable to trigger a rich variety of effects.
The peak power of a laser pulse with a duration of 100 fs and an energy of 1 mJ is calculated
as fraction of these two numbers. In this definition a square temporal pulse intensity is as-
sumed. If the exact profile is known, more precise values may be specified by an integral
calculus. The peak intensity for the given numbers is calculated to be 10 GW which com-
pares to typical average powers of 1 GW to 2 GW of nuclear power plants built in the turn
of the millennium. Assuming a beam diameter of 0.5 cm the peak intensity is 50 GW/cm2.
This value is above typical damage thresholds of laser active media or optical components
and their coatings, which are typically in the range of few GW/cm2. Excessive peak powers
lead due to multi-photon absorption to the formation of a high free-electron density. Con-
sequently, the chemical bonds are broken and the crystal lattice is destroyed. Peak power
scaling by direct pulse energy increase is therefore limited, and the following strategies are
necessary to circumvent this issue.
In order to scale the peak power either the energy of a pulse can be increased or its tem-
poral duration has to be shortened. Once the bandwidth limit of a certain spectrum is
reached, only the former parameter remains. Pulse energy scaling and its limitations have
been discussed in section 1.2.2 where excessive peak intensities are identified as important
factors. By sequentially manipulating the temporal structure and scaling the pulse energy,
the achievable field amplitudes can be increased beyond former limits. This manipulation
technique which lowers the peak power is called chirped-pulse amplification and is illus-
trated in figure 1.1. The upper panel shows the pulse intensity in time domain, and the
corresponding spectral profiles and phases are depicted below.
The sequence starts with a weak pulse (a). It is assumed to be bandwidth-limited and
consequently a constant spectral phase is shown in (e) for the assumed Gaussian spectral
intensity distribution. In a second step, the pulse is sent through an arrangement that
adds a spectral phase which leads to a temporal stretching (b). Whereas the pulse energy
content and spectrum remain unchanged, the phase dispersion is no longer zero (f) and the
peak intensity is lowered. In this example only linear chirp is assumed. The pulse is now
safely amplified facilitated by the lowered peak intensity, and no nonlinear phase is accu-
mulated. Correspondingly, the temporal and spectral intensity is increased without change
of the profile and spectral phase, as shown in figure 1.1 (c)/(g). In a last step, the spectral
phase is compensated (h) in an appropriate setup, and a temporally compressed pulse of
high energy content (d) is obtained. It features a peak power that would not have been
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Figure 1.1.: Illustration of chirped-pulse amplification. The four sequences show the input
pulse and its evolution after passage of a stretcher, amplifier, and compressor in time and
spectral domain. (a)-(d) Temporal intensity profile (green). (e)-(h) Spectral intensity
(blue) and phase (red).

achievable without the described manipulations. This procedure enables peak power scaling
up to levels well above damage thresholds of the laser crystal. In reference to section 1.2.1
to following shall be noted: It is assumed that the gain geometry determines the maximum
mode size at the active element, and therefore no peak power scaling in possible by an
increase of the beam diameter.
The spectral intensity distribution can change significantly during amplification. It assimi-
lates to the gain profile and bandwidth of the employed laser active ion. Especially for high
gain on the order of several tens of dB, the spectral width is reduced due to gain narrowing.
Figure 1.2 (a) simulates this process via four exemplary spectra. Fourier transforms of (a)
are shown in (b) where a constant phase is assumed. The shortest pulse duration is ob-
tained for the broadest spectral distribution, as stated by Fourier analysis. This statement
is in contrast to the behavior illustrated in (c). In this case, if a large spectral phase is
added, a bandwidth reduction leads to temporal shortening. Durations at full-width-at-half-
maximum of the four spectra are plotted against the spectral bandwidth in figure 1.2 (d)
for both bandwidth-limited and strongly chirped pulses. The described behavior manifests
itself in a positive slope in case of a stretched pulse. Applied to the situation in an amplifier,
this gradient has the following implication: An initially broadband pulse that is stretched
to a certain pulse duration will experience spectral narrowing during amplification because
of the limited gain bandwidth of the active medium. This is also true for Fourier limited
pulses. However, because of the large chirp of the non-compressed pulses, their spectral
components dominantly contribute to either the leading or trailing edge of the temporal
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Figure 1.2.: Simulation of the influence of gain narrowing on the temporal duration
for chirped and bandwidth-limited pulses. (a) Imitation of gain narrowing in spec-
tral domain. Temporal intensity profiles for bandwidth-limited (b) and strongly chirped
(c) pulses. (d) Visualization of the temporal duration at full-width-at-half-maximum
(FWHM) versus spectral bandwidth. The color code is the same in plots (a)-(d).

intensity envelope. Consequently, when the amplitude of the spectral wings is reduced, the
temporal intensity becomes shorter. This is in contrast to bandwidth-limited pulses. For
these figure 1.2 (d) shows a negative slope. The Fourier-limited pulses show the intuitive
behavior that a bandwidth reduction leads to a longer temporal duration. As a result of
this analysis it becomes clear that the duration of strongly chirped pulses at the input of an
amplifier is different than at the output. Gain narrowing leads to a temporal shortening and
consequently an increase of the peak intensity. This variation is important when damage
thresholds are concerned. An estimation on the generated spectral bandwidth has to be
made to determine the required stretching ratio at the input.

1.3. Geometries of gain media

Amplification of laser light is achieved by spatial overlap of the beam with a population-
inverted medium. Four geometries of the active medium are established in solid-state laser
technology and are shown in figure 1.3.
A classical laser rod is depicted in figure 1.3 (a). The cavity that is necessary to provide
feedback is formed by highly reflective mirrors. One of them is made partially transparent
and used as output coupler. The gain medium has the shape of a rod and typical dimen-
sions of few millimeters up to centimeters along the beam direction. Pump light is coupled
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Figure 1.3.: Illustration of gain geometries. (a) Rod, (b) optical fiber, (c) thin-disk, and
(d) slab laser.

either radially or collinear. Waste heat is removed by liquid coolants from the surfaces
perpendicular to the laser beam direction.
The operation principle of an optical fiber is illustrated in figure 1.3 (b) in a ray optics pic-
ture. Light is confined by total internal reflection in a cylindrical geometry by discrete (see
upper right corner) or continuous radial refractive index variation. Maximum spatial over-
lap is exploited as pump and generated laser beam propagate collinear, as indicated at the
bottom. Typical dimensions along the propagation direction are on the order of centimeters
to meters for active optical fibers. Signal light is confined to an inner core which can be seen
in the cross section. Stress rods may be integrated in the surrounding cladding. These parts
introduce an anisotropy in the refractive index profile and force the electromagnetic field
to oscillate in a defined plane. Thereby linear polarization is preserved. A polymer coat
protects the optical fiber and leads in the picture of ray optics to total internal reflection
for the pump light. The geometry of optical fibers features an extremely large surface with
respect to the active volume. This geometrical aspect supports efficient heat exchange with
the coolant that can be either liquid or gaseous. The maximum pulse energy which can
be generated in an optical fiber is relatively low compared to other gain geometries. This
fact is a consequence of the small mode-field diameter of the optical fiber, which is in the
range of a few microns, that leads to high peak intensities already at modest pulse energy
levels. This property is exploited in highly nonlinear fibers where the mode-field diameter
is artificially scaled down to efficiently drive nonlinear processes which are accessible only
with high field intensities.
Another design that shows a high surface-to-volume ratio is a thin disk. Figure 1.3 (c) illus-
trates how this can be utilized in amplifiers. A thin disk of the laser medium is population-
inverted by a pump beam that is imaged to the front facet by a combination of suitable
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1.3. Geometries of gain media

optical components, as shown in figure 1.5. A water-cooled heat sink consisting of a combi-
nation of diamond and copper is soldered to the back side and provides efficient heat flow in
beam direction. An I-shaped cavity is formed by an output coupler and the thin disk itself.
The disk thickness is typically a few 100µm and its diameter is on the order of 10 mm.
The fourth geometry which may be distinguished utilizes a slab-shaped gain medium and
is illustrated in figure 1.3 (d). Pump light is coupled via the upper and lower surfaces
which are employed at the same time as reflectors and cooling surfaces. A resonator may
be formed by the slab itself in combination with additional optical elements around the
population-inverted medium. A mentionable property of this geometry is the lacking cylin-
drical symmetry.
All geometries share the goal to provide the largest possible interaction volume between the
population-inverted medium and the cavity mode in combination with the most effective
cooling scheme. A summary of selected attributes of the four discussed geometries is given
in table 1.1.

Table 1.1.: This table summarizes properties of different gain geometries.
gain geometry rod optical fiber thin disk slab
single-pass gain (SPG) medium large small medium
SPG per unit length high low high high
damage threshold medium low high high
max. average power medium low high high
max. pulse energy medium low high high
surface-to-volume ratio small large large medium
cooling efficiency low high high high
heat flow direction transversal transversal longitudinal transversal
thermal lens strong weak weak weak
beam quality high high high low

The presented laser system targets at high pulse energies. It is based on an amplifier chain
which is seeded by a fiber-based front-end. For the generation of high pulse energies, both
the thin disks and slab-shaped gain media are applicable. However, the mode quality that
is obtained from the former is superior to the latter geometry. Therefore, the combination
of a fiber laser front-end and a regenerative thin-disk amplifier is chosen.

1.3.1. Optical fibers

Optical fibers as gain medium feature several positive aspects. One concerns the obtainable
mode quality. In this context the mode-field diameter is the relevant value and may be
adjusted via the core radius depending on the emission wavelength. Possible transverse field
distributions in lasers obeying cylindrical symmetry are described by Laguerre polynomials
with a Gaussian envelope. Whether one of these modes contributes to the lasing or not
depends on its spatial overlap with the population-inverted volume and mode-dependent
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1. Concepts of high-power ultrafast lasers

losses, which may be introduced artificially if desired. If the population-inverted cross
section is kept small enough compared to the laser wavelength, only the fundamental TEM00

mode can exist and propagate, because it has the smallest spatial extend. If such a single-
mode fiber is installed, users benefit from high beam quality at the output. This property
is relevant, for example, for diffraction limited focussing in microscopy applications.
Another positive feature concerns the polarization state of the generated electromagnetic
field. The cylindrical symmetry can be broken by introduction of anisotropy in the index
profile. This modification is facilitated by stress applying rods embedded in the cladding, as
illustrated in figure 1.3 (b). As a consequence, two directions in the refractive index profile
are distinguishable, and linearly polarized light, which is coupled to either of these so-called
fast and slow axis, will remain in its electric field orientation state. This fixation enables,
besides other benefits, optical switching schemes based on polarization rotation which can,
for example, be applied for insertion into and extraction from regenerative amplifier cavities.

1.3.2. Thin disks

The thin-disk geometry is of great advantage for the generation of high average powers
and large pulse energies because it handles the heat management in an elegant and subtle
way. Waste heat is removed via the backside of the population-inverted medium which is
soldered to a water-cooled diamond heat sink, as presented in figure 1.3 (c). Therefore,
the heat flow is effectively one dimensional parallel to the beam direction. Temperature
gradients are minimized by this geometry which suppresses thermal lensing effects and
maintains a high transverse mode quality. The heat sink consists of a diamond substrate
that is directly soldered to the thin disk and an additional copper block. The latter has
a volume larger than the former and is flushed with water from the backside. Diamond is
chosen because of its large heat conductivity and its thermal expansion coefficient that is
similar to YAG.
Figure 1.4 shows the disk geometry in closer detail. It is indicated in the side view that
the front surface is anti-reflection coated. This transition layer ensures efficient coupling
of both laser and pump light to the gain medium. The backside is made highly reflective
because the disk itself acts as a resonator mirror. At the same time, the overall pump
absorption can be increased by repeated passages through the laser medium.
The disk has a typical lateral dimension of 10 mm and a thickness of a few hundred mi-
crons. It is designed to have a radius of curvature in the range of 4 m up to 20 m which may
change to larger values upon thermal load during laser operation. Some disks are slightly
wedged to prevent Fabry-Pérot-like interferences in the generated spectrum, as indicated
in figure 1.4 (b).
Only the disk center is exposed to pump light, as illustrated in figure 1.4 (a). The maxi-
mum radius of the population-inverted circle rmax is given by tangential trajectories formed
by total internal reflection. It has to be avoided that a closed path exists which could
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Figure 1.4.: Schematic of a thin-disk laser medium. (a) Top view with pumped area of
radius rmax indicated in gray. One possible closed trajectory is drawn (black solid line).
It is composed of tangents to the population-inverted volume that impinge the outer disk
frame at the angle of total internal reflection θt. (b) Cross section of a thin disk in side
view with excited volume indicated in gray. Rectangular profile (top) and beveled analog
with wedged-shape (bottom). The lines indicate paths through the medium which could
contribute to undesired lateral lasing [Eic12].

experience net gain and hence would reduce the disks population inversion by undesired
lateral lasing.
Figure 1.4 (b) displays a profile of two disks in side view. The top schematic shows rect-
angular edges, and one closed path is indicated that could support a laser mode in the
cross-sectional plane. Beveling of the disk can avoid this potential source of undesired las-
ing, as shown in the bottom disk profile of figure 1.4 (b).

The thin-disk gain geometry requires a sophisticated pump geometry. Inversion in the thin
medium can only be built up efficiently by multiple passages of the pump beam through
the laser active crystal because of the small single-pass absorption. A profile of the pump
cavity is drawn in figure 1.5 (a). The pump light, which may be delivered by a collimated
multi-mode fiber, is injected from the direction opposing the disks front facet. It is first
focused onto the disk (gray area in the center) and then collimated by the same spherical
mirror (indicated in blue). Retro-reflecting prisms (yellow) displace the beam for repeated
passages through the gain medium. The optical path is shown in figure 1.5 (a)-(c), where
(b) and (c) are cuts in the prism and focussing mirror plane. The illustration shows only
four disk reflection for clarity.

Typical pump cavities are built to have as many as 16 or even more passes through the
gain medium. An effective absorption of more then 90% of the injected pump power can
be achieved in such configurations. The pump cavity is manufactured as single monolithic
block and is water-cooled. This design ensures constant thermal conditions, and the strong
structural shape shields from the surrounding environment.
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Figure 1.5.: Cross sections of the pump cavity in a thin-disk laser head. Numbers label
the beam path and relate all graphs. (a) Side view of the profile with indicated pump
beam path (black), disk (gray), retro-reflecting prisms (yellow), and parabolic mirror
(blue). The black dashed arrow indicates the signal beam direction. (b) Top view in
the parabolic mirror plane. Arrows point along the beam path which passes the disk
multiple times. (c) Top view in the plane of the retro-reflecting prisms with numbers
labeling subsequent beam positions.

1.4. Prominent gain media and hosts

Solid state laser media consist of a transparent medium that is hosting laser active ions.
Both integral parts influence parameters like the absorption and emission spectrum, laser
transition bandwidth, and maximum achievable output power. A combination of host and
dopant has to be selected depending on the target specifications and applications. For ex-
ample, the doping concentration and the temperature of operation are important aspects
to be considered.
Typical dopants are ions of rare earth element and transition metals. The dopants electron
configuration and energy level splitting mechanisms determines the emission wavelength.
In particular, strong spin-orbit splitting and consequently short laser emission wavelengths
are found for doping with neodymium (1064 nm) and ytterbium (1030 nm) ions. A smaller
energy splitting leads to longer wavelengths for thulium (2010 nm) and holmium (2080 nm)
ions.
Broad emission spectra are required for ultrashort pulse generation. These can result from
homogeneous broadening mechanisms like the coupling to phonons or inhomogeneous con-
tributions as given by the crystal field interaction in amorphous hosts.
Host materials should in general exhibit favorable thermo-mechanical as well as thermo-
optical properties, and their lattice constant should be in the range of the impurity ion size.
Thermal conductivity is of particular importance for high-power applications.
The technologically most relevant host for high-power applications is yttrium aluminium
garnet (YAG, Yb3Al5O12). Its properties are discussed in section 1.4.2. In combination
with Yb3+ ions as dopant, the emission bandwidth limits achievable pulse durations to more
than 500 fs at high pulse energy. Other candidates with similar properties are sesquioxides
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1.4. Prominent gain media and hosts

[Pet11, Pet05]. These oxides of semimetals and metals contain three oxygen atoms with two
other elements. In particular, lutetium (Yb:Lu2O3) and scandium (Yb:Sc2O3) promise large
absorption bandwidth and high thermal conductivity [Pet07, Pet00, Tok09, Pet08, Mar07].
Alternative hosts are yttrium vanadates (Yb:YVO4) and CALGO (Yb:CaAlGdO4) that
both feature a smooth and broad emission spectrum. A systematic investigation of addi-
tional informative parameters like pump wavelength and absorption bandwidth, absorption
and emission cross section as well as the fluorescence lifetime of potential materials can be
found in [Süd09].

1.4.1. Ytterbium ions as laser active dopant

Ytterbium belongs to the rare earth elements. The electronic structure of this group, in
which neodymium, erbium, ytterbium, thulium, and holmium are technologically important
members, is 4fN5s25p65d06s2. N is the number of electrons in the 4f shell and depends
on the specific element. When it is used as a dopant in a host, two 6s and one of the
4f electrons form an ionic bond. This configuration leaves a triple-ionized ytterbium ion
(Yb3+) behind. The remaining N − 1 electrons populate the 4f energy levels. All rele-
vant absorption and emission features result from transitions in their substructure. The 4f
levels are split by Coulomb interaction amongst the 4f electrons (∼ 10.000 cm−1) and by
spin-orbit coupling (∼ 3000 cm−1). Because the 5s2 and 5p6 electrons screen the atom from
its surrounding, the crystal-field splitting is only on the order of 200 cm−1 wave numbers
[Sve10].
A long radiative lifetime is found because electric dipole transitions within the 4f shell are
parity-forbidden. The resulting upper-state lifetime is about 1.3 ms in Yb:YAG at room
temperature due to the weak transition probability [Sen04]. Coupling between electrons
and phonons is weak because of the screening mediated by 5s2 and 5p6 orbitals. This fact
leads to short depolarization times and consequently to a narrow emission bandwidth. Still,
the spectral intensity profile emitted from Yb:YAG is broad enough to support a sub-100-fs
pulse duration [Mat10].
Both, the emission and absorption profile of Yb:YAG are shown in figure 1.6 for a doping
concentration of 20 at.%. The most prominent absorption is located at a wavelength of
940 nm and features a large bandwidth. Contrary, the zero-phonon line, which is located at
969 nm, has a narrow bandwidth which is demanding for high-power pump diodes. How-
ever, the quantum defect of 5% is lower compared to 9% when pumping at a wavelength
of 940 nm. Regardless of this fact, the higher frequency is typically used for pumping be-
cause the cooling efficiency of the employed gain geometry is efficient enough to tolerate
the lower quantum efficiency. The largest emission cross section is found at 1030 nm wave-
length where the bandwidth is relatively narrow. Contributing energy-level manifolds of
Yb3+ ions are 2F7/2 and 2F5/2. No excited-state absorption, cross relaxation, upconversion
or concentration quenching is observed [Don03]. The latter phenomenon is a reduction of
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Figure 1.6.: Absorption (a) and emission (b) spectrum of Yb:YAG with a doping concen-
tration of 20 at.% at room temperature. [Don10].

the lifetime of electronic levels due to additional non-radiative channels. Conventionally a
pump wavelength of 940 nm is used to exploit the broad absorption with a bandwidth of
18 nm [Yeh06]. To further increase the quantum efficiency of 91%, one can exploit the zero-
phonon line at 969 nm to obtain a defect of only 6% [Smr14]. An attractive feature is that
the doping concentration of Yb3+ ions in YAG can be chosen high compared to neodymium
where typical values are below 2% [Sem13]. The temperature- and concentration-dependent
emission spectrum has been evaluated by [Don03] for up to 30 at.%. A high doping concen-
tration supports a large absorption per unit length which is important for thin gain media.
However, the maximum possible values are typically not used in order to reduce the density
of heat generation.
A drawback of Yb3+ ions is their quasi-three level nature. This energetic structure is caused
by thermally populated 4F7/2 states which are located ∼ 612 cm−1 above the ground level.
Resonant absorption of laser light by the ∼5% thermally populated lower-laser-level Stark
states can decrease the operation efficiency. Substantial population inversion at room tem-
perature can only be achieved at pump intensities in the range of 1.5 kW/cm2 to 10 kW/cm2

[Don03].
The laser transition of Yb:YAG with a doping concentration of 20 at.% occurs at a wave-
length of 1030 nm, and the line profile has at room temperature a full-width-at-half-maximum
of 9.6 nm [Don10, DL93].

1.4.2. Yttrium aluminium garnet as host crystal

Yttrium aluminium garnet is popular as a host material because of the following properties:
The crystal is of cubic symmetry, an optically isotropic material, and can be manufactured
in large quantities of high optical quality. Generally, the host medium influences strongly
the emission wavelength, bandwidth, upper-state lifetime, and the transition cross section
for both absorption and emission. This connection between host and dopant is mediated by
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the local electronic environment in the crystal matrix. Yb:YAG has a lower thermal con-
ductivity (∼11 K/(W/mK)) than, for example, Yb:ScO (18 K/(W/mK)) but its absorption
bandwidth of 12.5 nm is about five time larger than for other ytterbium hosts. This prop-
erty enables efficient optical pumping with relatively low demand on the brilliance of the
pump sources. Additionally, it is mechanically robust with a Mohs hardness of 8.5 which
is important for the manufacturing of laser gain media.
The optimum doping concentration of Yb:YAG thin-disks is about 12 at.%. This level
ensures higher absorption compared to other Yb3+ hosts and is low enough to have a
manageable density of heat generation. The former property is of particular importance
for thin gain media because of the short interaction length. Specified upper-state life-
times range from 800µs to 1.3 ms depending on the temperature. This value is three
times the corresponding parameter of Yb:KGW. Longer upper-state lifetimes enable to
accumulate more energy and are therefore important for the generation of intense pulses
[Li13, Don10, Süd09, Bru02].

1.5. Nonlinear light-matter interaction

High-power ultrafast lasers generate large light intensities, and the short pulses are as-
sociated with high peak electric fields. This fact has consequences for the interaction of
electromagnetic fields and matter which is mediated by the dielectric polarization P (t) of
the interaction medium

P (t) = ε0
∑
i

χ(i)Ei (t) . (1.1)

Here, ε0 is the vacuum permittivity, Ei the electric field tensor of order i, and χ(i) is the
optical susceptibility tensor of order i + 1. Classical effects like absorption and scattering
as well as nonlinear phenomena such as second harmonic generation or three and four
wave mixing processes are explained by equation 1.1 in combination with the following
expressions. The nonlinear wave equation

∇2E− 1
c2
∂2

∂t2
E = 1

ε0c2
∂2

∂t2
PNL (1.2)

describes the propagation of electromagnetic radiation in matter, and the second time
derivative of the nonlinear polarization PNL is a source term for emitted electromagnetic
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fields. In particular, the nonlinear polarization of second order P(2) (t) reads as

P(2) (t) = ε0χ
(2) [2E∗1E1 + 2E∗2E2 OR

+ E2
1 exp (−2iω1t) + E2

2 exp (−2iω2t) + c.c. SHG

+ 2E1E2 exp (−i (ω1 + ω2) t) + c.c. SFG

+ 2E1E∗2 exp (−i (ω1 − ω2) t) + c.c. ] . DFG

(1.3)

Here, E1/2 are the electric field vectors of two interacting beams at frequencies ω1/2 and c.c.
abbreviates the complex conjugate. Each line in equation 1.3 represents a different compo-
nent of the resulting nonlinear polarization and explains the origin of optical rectification
(OR), second harmonic (SHG) as well as sum (SFG) and difference frequency generation
(DFG). These phenomena are exploited repeatedly throughout the presented laser system.
Examples are frequency shifting in highly nonlinear fibers (see section 2.2), the frequency
conversion in optical parametric amplifiers (see section 4.1), and the generation of multi-
terahertz radiation via difference frequency generation (see section 4.2.1).
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2. Ultrafast fiber laser seed source

A regenerative amplifier for the generation of multi-millijoule pulses relies on a high-quality
seed source. Parameters like the center wavelength and bandwidth as well as the temporal
intensity profile and the energy of the injected pulses are important factors.
The highest achievable pulse intensity scales with the seed energy for a given population
inversion in the absence of gain saturation. In order limit the effect of gain narrowing, it
is desirable to keep the total gain small for a certain target energy. This statement and its
implications on the spectral intensity profile are important for the generation of ultrashort
pulses where a broad bandwidth is essential. A seed source with high pulse-to-pulse energy
stability provides a basis for operating an amplifier with low pulse energy fluctuations. Fiber
lasers show these favorable property intrinsically as both the spatial confinement of the
optical mode and the robustness against environmental influences provide ideal conditions
for insensitive amplification.
The mode quality is an issue that has to be addressed in the design of a laser. It is measured
as deviation from a Gaussian beam concerning waist diameter and divergence angle and
is expressed as M2 factor. In principle, the generated mode of a regenerative amplifier
can increase in quality compared to its injected counterpart. However, it is important to
match the wave fronts and the beam diameter of the seed to the cavity mode profile. This
adaption is beneficial for the exploitation of the full seed pulse energy and to avoid spatial
chirp because of spectrally dependent mode evolutions. A spatially varying spectrum makes
phase management extremely difficult or even impossible. The output of a collimated single-
mode fiber has an M2 factor close to unity and is therefore ideally suited for seeding as it
has the highest beam quality amongst all laser sources.
It is of great importance to match the spectrum of the seed light to the line profile of the gain
medium. Typically, this criterion is fulfilled automatically because the same combination
of dopant and host is employed in the oscillator and the amplifier chain. In particular for
ultrafast amplifiers, the spectral bandwidth of the seed is crucial as the full bandwidth
of the gain medium in the amplifying stage must be exploited to achieve shortest possible
pulse durations. The presented laser system makes use of Er:fiber technology for generating
a broadband and intense seed and an Yb:YAG thin-disk amplifier for pulse energy boosting.
Therefore, the capabilities that come with optical fibers to tailer-cut spectra are mandatory
and invaluable. The technique used for spectral shifting from the erbium to the ytterbium
gain bandwidth is discussed in section 2.2.
An ultrafast fiber laser seed source is introduced in this chapter. It combines all features
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of fiber technology listed above. Particularly femtosecond erbium fiber lasers form the
basis, as explained in section 2.1. Subsequently, frequency conversion in highly nonlinear
fibers is discussed in section 2.2, and it is explained how erbium fiber technology can drive
ytterbium-based high-power amplification stages. A concept and the implementation of
chirped-pulse amplification and phase management is presented in section 2.3. The chapter
concludes with an overview of the versatility of the ultrafast erbium fiber seed source in
section 2.5 and bridges to the subsequent chapters.

2.1. Femtosecond erbium fiber laser technology

Fiber laser technology has experienced a rapid development as a consequence of its ap-
plications in telecommunication systems. In particular, erbium-doped silica fibers play a
central role. These feature a relatively broad emission spectrum centered at the wavelength
of minimum loss in silica at 1550 nm. Pulsed operation with a defined spectral phase can be
achieved via nonlinear polarization rotation or SESAM (semiconductor saturable absorber
mirror) mode-locking. Stability, ease of use, and compactness excel such fiber laser sys-
tems, making them a working horse for research, industrial micro-machining, and medical
applications.
Fiber lasers are light sources of high-coherence making them attractive for application in
ultrafast spectroscopy, confocal microscopy, and precision metrology [Feh15]. It is of great
advantage for scientific applications that the fiber dispersion profile and the waveguide
properties can be tailored via germanium doping [But02]. This possibility enables the
fabrication of highly nonlinear fibers for ultrabroadband and spectrally tunable pulse gen-
eration. Furthermore, due to the spectral tunability and energy scalability, erbium fiber
laser technology can be applied to build flexible and powerful seed sources for high-power
amplifiers based on various gain media [Bri14, Fer13].
Erbium-doped silica fibers exhibit laser transitions at wavelengths of 1530 nm and 1550 nm.
The three-level system involves the states I15/2 (ground state), I11/2 (pump level), and I13/2

(upper laser level) [Bar91]. Its fluorescence lifetime of the upper laser level is 10 ms. Erbium
can be pumped by a wavelength of 980 nm and 1480 nm. Because of its use in telecom-
munications, reliable pump diodes are readily available. The amorphous character of the
glass matrix and the associated inhomogeneous broadening cause a relatively broad gain
bandwidth of 45 nm [Jar98, Phi01].

2.1.1. 40-MHz mode-locked oscillator

A mode-locked oscillator is a source of low energy pulses with a defined phase, spaced by the
inverse repetition rate which is given by the length of the installed optical fibers. Beneficial
characteristics are the high pulse-to-pulse energy stability and the low timing jitter.
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Figure 2.1.: Schematic of a SESAM mode-locked oscillator. Passive (black) and active
Er:fiber (green), WDM: wavelength-division multiplexer, SESAM: semiconductor sat-
urable absorber mirror, β2: dispersion parameter, splitter: 70/30, output coupler: 70/30.

The oscillator of the presented laser system is based on core-doped erbium fibers as ac-
tive medium, and a schematic of the setup is shown in figure 2.1. Related telecommu-
nication technologies have proven to provide a high reliability and flexibility. There-
fore, erbium doped fiber is employed as working horse in large variety of applications
[Sel09, Kra10, Kra11, Kum12, Bri14, Wun15]. All elements throughout the seed system
are made from purely single-mode and polarization-maintaining fibers. This approach pro-
duces highest beam quality and suppresses detrimental influences of temperature variations
and stress-induced changes on the polarization. Pump light at a wavelength of 976 nm is
provided by a single-mode laser diode which is fiber coupled (see figure 2.1). It has an
integrated fiber Bragg grating for spectral filtering and is protected from reflections by an
optical isolator. The pump source is operated well above the lasing threshold in order to
obtain a stable average power and low amplitude noise. Excess power is split to reduce the
injected portion to 30% of the diode output. The continuous wave pump light is coupled
to the active fiber by a wavelength-division multiplexer (WDM). Working principles of the
installed components are explained in detail in [Agr93].
The gain medium is an Er:fiber of 90 cm length which is connected to a three-port circula-
tor. Its group delay dispersion is positive (β2 > 0) which is overcompensated by the other
optical fibers in the oscillator to support soliton pulse formation. Amplified light from the
active fiber is transmitted from the first to the second circulator port and is reflected on a
semiconductor saturable absorber mirror (SESAM). This component introduces intensity-
dependent losses that lead to passive mode-locking. The coupling between the longitudinal
resonator modes mediates pulsed operation and enables manipulation of the temporal in-
tensity profile by adding a spectral phase. The SESAM is from gallium arsenide, has an
absorbance of 34%, a relaxation time of 2 ps, and is directly fusion-spliced to the fiber end
facet without free-space propagation. Reflected light is routed from the second to the third
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Figure 2.2.: Output spectrum of the mode-locked Er:fiber oscillator in linear (a) and
logarithmic scale (b). Pave: average output power, λc: center wavelength, frep: repetition
rate, FWHM: bandwidth at full-width-at-half-maximum.

port of the circulator and is split by an output coupler. 30% of the energy is extracted for
seeding of amplifiers. The rest remains in the closed fiber loop and maintains the pulsed
operation. An isolator suppresses reflections which might interfere with the pulses circulat-
ing in the oscillator and would cause perturbations.
The combination of active and passive fibers is designed to have an overall negative dis-
persion. This sign criterion is a requirement for operation in the solitonic regime where
fundamental solitons are generated. These feature a smooth spectral shape and their
temporal intensity profile, which is proportional to a hyperbolic secant, has bandwidth-
limited duration. The second- and third-order derivatives of the propagation constant β

with respect to the angular frequency ω at a wavelength of 1550 nm of the Er:fiber are
β2(Er) = 49.7 ps2/km and β3(Er) = 0.005 99 ps3/km. Corresponding values of the passive
fiber (SMF28) are β2(SMF28) = −19.65 ps2/km and β3(SMF28) = 0.1214 ps3/km. A solitonic
regime is accessed by choice of an optical fiber combination that shows a negative net β2

while the erbium fiber length has to be kept long enough to provide the required gain.

Figure 2.2 shows the oscillator spectrum which possesses a center wavelength of 1561 nm
and a bandwidth at full-width-at-half-maximum of 6.9 nm. The smooth intensity distribu-
tion is characteristic for solitonic pulses. A plot in logarithmic scale is given in figure 2.2 (b).
It reveals Kelly sidebands three orders of magnitude below the peak intensity. These orig-
inate from constructive interference between the pulse and radiation that is emitted from
the soliton to stabilize itself.
The repetition rate of the oscillator is engineered to be 40 MHz by adjustment of the fiber
length. Its average output power is 1.0 mW and hence the pulse energy is 25 pJ. The pulses
that are circulating in the oscillator exhibit a sech2 intensity profile. Their duration varies
during the propagation along the optical fiber between the bandwidth limit of these funda-
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mental solitons and a duration of about 250 fs at the output. [Bri14].

Spectral shifting to the ytterbium gain bandwidth will be described in section 2.2. For
this reason it shall be mentioned that optional oscillator designs and operation modes ex-
ist. An ytterbium-based oscillator has been demonstrated with a pulse energy of 10 nJ that
operates in the normal dispersion regime [Ild04]. However, driving multiple parallel ampli-
fiers with a common oscillator and the possibility of tailor-cutting spectra starting at erbium
wavelength is of great advantage. More beneficial features are presented in section 2.5 and
motivate the employment of erbium-based technology.

2.1.2. Femtosecond fiber amplifiers

The maximum pulse energy generated directly from most fiber oscillator designs is typically
less than 1 nJ. Therefore, fiber amplifiers are required to increase the energy while preserv-
ing the favorable properties of waveguides. These grant access to high peak powers with
low amplitude noise and energy fluctuations which is necessary amongst others to reliably
drive optical nonlinearities for frequency conversion.
Fiber amplifiers can either be directly fusion-splice to an oscillator or connected by a fiber
plug. In both ways the beneficial features of an all-fiber assembly are maintained. The
repetition rate of the oscillator can be kept during amplification due to the extreme gain
achievable in a single passage through erbium-doped fibers. Pump light from fiber-coupled
laser diodes is injected to the gain medium via wavelength-division multiplexers. Scaling is
feasible by combination of pump diodes and the employment of longer active fibers.
A gain as large as 30 dB can be reached in a single passage through an amplifier. As a
consequence, the pulses can reach critical peak intensities that are triggering nonlinearities
during amplification in the optical fiber. Insertion of additional dispersive fibers in front of
the amplifier enables to lower the peak intensities by adding chirp to achieve longer pulse
duration. This technique makes ot possible to scale the pulse energy in a controlled way
particularly with respect to the evolution of nonlinear broadening of the generated spectral
intensity distribution.
Reduction of the repetition rate at constant pump power makes further pulse energy scaling
possible. Pulses may be picked by a fiber-integrated electro-optic modulator. This device is
based on a Mach-Zehnder interferometer implemented as lithium niobate waveguide. Pulse
suppression ratios as high as 40 dB can be achieved which is sufficient particularly when
the laser system is targeting at nonlinear frequency conversion.

The above-mentioned concepts are employed in the setups depicted in figure 2.3 and 2.4. In
particular, figure 2.3 shows how pulses from the 40 MHz oscillator are temporally stretched
by the passage of 1.5 m fiber with normal dispersion. Subsequently, their energy is amplified
moderately in a 90-cm-long erbium-doped fiber resulting in an average power of 50 mW.
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Figure 2.3.: Schematic of a femtosecond Er:fiber amplifier supplying parallel channels for
synchronized experiments. Low-energy seed pulses are first temporally stretched in an
optical fiber with normal dispersion β2 > 0 (red) and then sent to an Er:fiber amplifier.
The pump light at a wavelength of 976 nm is combined with the laser emission at 1550 nm
by a wavelength-division multiplexer (WDM). Isolators prevent neighboring components
from detrimental reflections. Four channels of equal power are realized by sequential
fiber-based beam splitters with ratio of 50:50. The repetition rate in the first channel is
reduced to 10 MHz by an electro-optic modulator operated in pulse-picking mode.

Pump light at a wavelength of 976 nm is provided by a fiber-coupled laser diode. The pulse
energy is equally divided by sequential fiber-based 50:50 splitters and propagates in four
separate channels. These serve as synchronized seed sources for parallel experiments. The
pulse train in channel one is reduced in repetition rate to the second subharmonic of the
oscillator by pulse-picking via an electro-optic modulator. This device exhibits an insertion
loss of 3.7 dB, and the average power drops to less than 1 mW at a repetition rate of 10 MHz.
Therefore, a second erbium-based pre-amplifier is installed, as shown in figure 2.4. It has an
active fiber length of 180 cm, and the pump light enters in the direction opposing the pulse
propagation. The intention of this pump design is to create a population inversion along
the active medium that is positively correlated to the increasing pulse energy during ampli-
fication. This approach is used to suppress contributions of amplified spontaneous emission
promoted by residual non-depleted population inversion. Furthermore, if the stored energy
would be completely extracted towards the fiber end, the generated gain may be reduced by
absorption of laser light. The peak intensity growth along with pulse energy as function of
the position in the active fiber. When it reaches a level at which nonlinearities are efficiently
driven, the spectrum starts to be broadened by self-phase modulation. Finally, an average
output power of 185 mW at 1550 nm wavelength is generated from 850 mW of pump light
at 976 nm, and the spectral intensity distribution is broader and more structured than its
oscillator analog.
The pulses of the femtosecond Er:fiber amplifier chain accumulate dispersion upon propa-
gation through the waveguides. A silicon prism sequence with an apex distance of 14 cm is
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Figure 2.4.: Schematic of a femtosecond Er:fiber amplifier, silicon prism sequence, and
highly nonlinear fiber assembly. WDM: wavelength-division multiplexer, HNF: highly
nonlinear fiber. The red arrow indicates the direction of propagation. Silicon prisms are
Brewster-cut and placed at an apex distance of 14 cm. The lens has a focal length of
30 cm and the folding mirror is placed in its focal plane.

installed to compensate for the spectral phase, as shown at the bottom of figure 2.4. Due to
the Brewster-cut prisms and high-quality optical components, its throughput is larger than
95%. Additionally, this setup enables pulse compression via spectral phase manipulation.
The temporal pulse profile, characterized by second harmonic frequency-resolved optical
gating (SHG-FROG), is shown in figure 2.5. A temporal duration at full-width-at-half-
maximum at the output of the prism sequence of 105 fs is retrieved.
The recorded FROG trace is shown in figure 2.5 (a), and the small reconstruction error of
0.0140 underlines the good reconstruction depicted in (b). The temporal intensity profile
(c) has a full-width-at-half-maximum of 105 fs and a flat phase. A small satellite pulse can
be identified with an amplitude below 0.1. The spectral intensity profile (d) is centered
at a wavelength of 1550 nm and shows a residual phase that is dominated by third order
dispersion.

2.2. Frequency conversion in highly nonlinear fibers

Adaptability and flexibility are listed amongst the beneficial features of mode-locked and ul-
trabroadband Er:fibers lasers. This statement refers to the wavelength tunability mediated
by frequency conversion in highly nonlinear fibers. The gain bandwidth of Er:fibers limits
achievable pulse durations to more than 50 fs when no nonlinear broadening mechanisms are
exploited. This value compares to 10 fs routinely obtained from Ti:sapphire lasers. Highly
nonlinear fibers lift this drawback and enable the generation of spectra that support few-
femtosecond pulses by frequency conversion. Key is a reduced mode-field diameter which
leads to an increase in peak intensity that causes the pulses to trigger nonlinear processes.
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Figure 2.5.: Pulse characterization by frequency-resolved optical gating (FROG) of the
femtosecond Er:fiber amplifier output, introduced in section 2.1.2. The dataset is
recorded with the light source operating at a repetition rate of 10 MHz and an aver-
age output power of 110 mW. (a) Color map of recorded (128 pixels× 128 pixels grid)
and (b) retrieved FROG trace in amplitude with a reconstruction error of 0.0140. Re-
trieved (c) temporal intensity (solid blue line) and phase (dashed green line) as well as
(d) spectral intensity (solid red line) and phase (dashed green line). The pulse duration
at full-width-at-half-maximum is 105 fs, and the Fourier limit of the retrieved spectrum
is 80 fs.
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2.2. Frequency conversion in highly nonlinear fibers

Additionally, the proximity between the zero dispersion wavelength in fused silica fibers
and the 1550 nm erbium laser transition is largely beneficial. Germanium doping enables
even to shift this special point and additionally to tailor the dispersion properties of optical
fibers.
Ultrashort pulses imply intense peak electric fields. Consequently, contributions of higher-
order susceptibilities to the polarization in a transmissive material have substantial impact
in the spectral intensity distribution. Mathematically, the electric field effects of linear and
nonlinear nature of electromagnetic pulses propagating in a dielectric medium are described
by the induced polarization P

Pα = ε0
(
χ

(1)α
β Eβ + χ

(2)α
βγ EβEγ + χ

(3)α
βγδ E

βEγEδ + . . .
)

. (2.1)

Here, ε0 denotes the vacuum permittivity, and χ(n) are tensors of order n acting on an
electric field Ei. Terms of higher order in the electric field are responsible for nonlinear
mixing processes whereby new frequency components are generated, as it has been pointed
out in section 1.5. The even-order susceptibilities vanish in materials exhibiting inversion
symmetry. In such media χ(3) becomes the leading order. These third-order nonlinearities
describe interactions of four photons.
Self-phase modulation is one example of a nonlinear effect which is important in highly
nonlinear fibers. It can be described in terms of a refractive index n that depends on the
spatiotemporal intensity profile of the propagating pulse.

n = n0 + 1
2n2I (t,x, y) (2.2)

Here, n2 denotes the nonlinear refractive index that is proportional to χ(3), I is the pulse
intensity which depends on time t and the spatial coordinates x and y that span the plane
perpendicular to the propagation direction. New frequency components will be generated
in pulses exhibiting self-phase modulation. Red colors in the leading and blue-shifted
frequency components in the trailing edge of the pulse are generated during the propagation
in a normally dispersive medium.
Another effect to be considered is stimulated Raman scattering. This four-photon process
involves the excitation and annihilation of vibrational transitions with an energy of ~ωvib.
For a spectral bandwidth of the laser pulses covering the energy of such lattice excitations,
this process becomes stimulated and the efficiency is strongly enhanced.
A requirement for nonlinear interactions of all kinds is the spatial and temporal overlap
of the involved pulses. The confinement in optical fibers, exerted by the waveguide, is
ideally suited and provides naturally a large interaction volume. Propagation behavior of
pulses and evolution of their intensity profile may be derived from Taylor expansion of the
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2. Ultrafast fiber laser seed source

propagation constant β (ω) around a frequency ω0.

β (ω) = n (ω) ω
c
≈ β0 + β1 (ω − ω0) + 1

2β2 (ω − ω0)2 + . . . (2.3)

Here, n (ω) denotes the refractive index at angular frequency ω. βi is the i-th derivative of
β with respect to ω. β1 is identified as the inverse of the group velocity, and β2 is the group
delay dispersion. These parameters account for change of the temporal intensity profile of
pulses during propagation [Bri14].
It has been demonstrated in [Sel09] both theoretically and experimentally, that combina-
tions of optical fibers can be designed for the generation of tailored spectra. One particular
implementation is presented in section 2.2.1.

2.2.1. Spectral seed adaption to the ytterbium gain bandwidth

Yb:YAG as laser gain medium has been introduced in section 1.4, and its emission cross
section is shown in figure 1.6. The lack of spectral overlap between Yb:YAG and Er:silica
fibers is obvious. If an ytterbium-based amplifier shall be seeded by an Er:fiber laser
front-end, one has to match the spectrum to the emission profile of the corresponding
gain medium. This spectral shift is not only an inevitable requirement but also comprises
several degrees of freedom. Amongst these quantities is the bandwidth, distribution of
spectral weights, and the temporal intensity profile of the seed pulses. The former two
will be addressed here, whereas the latter one is discussed in section 2.3. All three named
parameters influence the spectral profile and consequently the minimal temporal duration
as well as the maximum achievable power at the output of subsequent amplifiers.
A highly nonlinear fiber is installed in the presented laser system to shift the spectrum of
the erbium-based amplifier, which is used as seed, to the gain profile of Yb:fibers. This
combination of waveguides is shown in figure 2.6. Pulses at erbium emission wavelength of
1550 nm are coupled to free space via a collimator. Detrimental reflections are suppressed
by an isolator. A silicon prism sequence is installed in order to control and manipulate the
spectral phase of the pulses injected to the fiber combination. This degree of freedom enables
to fine-tune the temporal pulse profile and consequently to trigger the intended nonlinear
frequency shift. A lens of 30 cm focal length is installed in a 1:1-imaging configuration.
Thereby, spectral components may be sharply cut by insertion of a razor blade in the
Fourier plane which is located at the folding mirror, if desired.
The actual frequency conversion process takes place in a highly nonlinear fiber of only
3.5 mm length. It is installed within an assembly starting with a collimator which has
an 8.0-cm-long standard telecom fiber attached. This piece of single-mode polarization-
maintaining fiber has its zero-dispersion below the minimum wavelength of the spectrum of
the erbium amplifier hence the pulses experience negative dispersion. The properties of the
optical fiber are similar to the SMF28-type by Corning which features a mode-field diameter
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2.2. Frequency conversion in highly nonlinear fibers
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Figure 2.6.: Schematic of a prism sequence and highly nonlinear fiber combination. Red
arrows indicate the propagation direction. Pulses from an Er:fiber amplifier at wave-
length λin are coupled to free space by a fiber collimator. A free-space isolator suppresses
detrimental reflections. The chirp of the pulses is controlled via a silicon prism sequence
employing a lens of 30 cm focal length in an 1:1-imaging configuration. SM/PM-F1:
polarization-maintaining fiber similar to the Corning type SMF28, HNF: highly nonlin-
ear fiber from Sumitomo, SM/PM-F2: polarization maintaining fiber for wavelength of
1030 nm.

of 10.5µm. Pulses undergo a solitonic compression because the group velocity dispersion
is negative at a wavelength of 1550 nm. The waveguide length is optimized for minimum
pulse duration at the transition to the next component. This subsequent piece is a highly
nonlinear germanosilicate fiber from Sumitomo with a length of 3.5 mm. It is directly fusion-
spliced to the pulse compressing fiber. As stated before, the pulses undergo a solitonic
compression in the telecom fiber and show minimum pulse duration at the transition to
the highly nonlinear element. There, pulse fission sets in as the spectral conversion due
to a combination of nonlinear processes starts. These lead to the formation of a red-
shifted soliton at a wavelength of 2µm and an ultrabroadband dispersive wave centered
at 1µm. The fission is caused by a zero-dispersion point of the highly nonlinear fiber
that is within the pulse spectrum after the nonlinear broadening in the compressing fiber.
Figure 2.7 depicts the generated spectral intensity distribution with a center wavelength of
1030 nm which can be fine-tuned by material insertion in the prism sequence. A second
collimator including 10.0 cm passive fiber is directly fusion-spliced to the frequency shifting
highly nonlinear fiber. The mode-field diameter of this last segment supports only the
propagation of light at wavelengths around 1030 nm with minimum loss. Consequently,
residual spectral components at the fundamental driving erbium laser frequency are strongly
attenuated. At the same time, the peak intensity is reduced to a level at which no further
nonlinear frequency conversion is triggered hence the spectral intensity distribution remains
unchanged. The polarization, mode profile, and coherence properties of the pulses entering
this fiber assembly are fully conserved in this monolithic layout. Also, this design guarantees
maximum pulse-to-pulse energy and spectral stability [Kum12].
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Figure 2.7.: Spectrum of the dispersive wave generated by the highly nonlinear fiber
(HNF) recorded by an optical spectrum analyzer with a resolution of 0.1 nm. Only
the frequency-shifted components in the ytterbium gain bandwidth are depicted. An
average power of Pave = 3 mW is contained in the plotted spectral intensity distribution.
The center wavelength is λc = 1030 nm, and a bandwidth at full-width-at-half-maximum
(FWHM) of 70 nm is obtained. The repetition rate of frep = 10 MHz leads to a pulse
energy of Epulse = 300 pJ.

Figure 2.7 depicts the spectrum generated by the described highly nonlinear fiber. The
center wavelength is tuned to 1030 nm, and the full-width-at-half-maximum is 70 nm. An
average power of 3 mW is contained in the depicted spectrum which corresponds to a pulse
energy of 300 pJ at a repetition rate of 10 MHz. The smooth intensity distribution is
beneficial for amplification and subsequent compression. The pulse duration at the output
collimator in figure 2.6 is still on the order of a few hundred femtoseconds. Such a short pulse
duration causes inevitably nonlinear effects during amplification. Therefore, the concept of
chirped-pulse amplification is applied in the subsequent stages where the energy is increased.

2.3. Chirped-pulse amplification and phase management

Amplification to a pulse energy in the multi-millijoule range requires stretching of the tem-
poral pulse profile in order to reduce the peak intensity. Thereby, the B-integral is kept
low, nonlinear effects are reduced, and optically induced damage is circumvented. The
B-integral (compare equation 3.11) is a measure for the nonlinear phase shift of light, and
its idea is based on weighting the position-dependent intensity with the nonlinear refractive
index along the optical path. The concept of chirped-pulse amplification is presented in
section 1.2.3. Here, implementations of pulse stretchers and compressors are introduced.
There are different types of optical assemblies adding spectral phase to a light pulse. Ex-
amples are chirped mirrors and fiber Bragg gratings as well as stretchers based on angle-
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Figure 2.8.: Schematic of a Treacy-type grating stretcher/compressor. Small black arrows
indicate the direction of propagation. (a) Top view with lenses of focal lengths fi and
grating distance out of focus zi. (b) Beam path through a double-folded setup. Numbers
1-12 label the sequential beam positions. The folding mirror is placed in the symmetry
plane drawn in (a).

dispersive elements like prisms or gratings in transmission or reflection. These examples
differ in throughput efficiency, tunability and precision of higher-order phase as well as in
the amount of chirp that can be generated.
Components based on multiple dielectric layers of varying thickness, such as chirped mir-
rors, exploit Fabry-Pérot-like techniques. These enable a precise but non-variable phase
control up to the fourth order. Prism systems become impractically large when a group
delay dispersion on the order of a few ps2 has to be generated. This drawback is lifted
by gratings with high line frequencies owing to their larger angular dispersion. In the case
of transmission gratings pulses propagate through the substrate material. This source of
unintended and uncontrollable additional higher-order dispersion is circumvented by reflec-
tive gratings. These are therefore best suited when it comes to high-power applications
requiring precise phase control.
Martinez suggested in 1987 a grating-based arrangement (see figure 2.9) that adds anoma-
lous dispersion to a pulse [Mar87]. The assembly of Treacy complements with focusing
elements (see figure 2.8) which makes it possible to add normal dispersion [Tre69]. Pulses
are either stretched or compressed by these systems depending on their initial sign and
amount of chirp.
The Treacy geometry is typically employed as stretcher in amplifiers contributing normal
dispersion themselves. Thereby, the pulses remain stretched during amplification, and if
they are subject to self-phase modulation, new frequency components are generated. In
contrast, spectra can also be narrowed by self-phase modulation due to destructive inter-
ference if the sign of the chirp is disregarded.
The concept of the Treacy arrangement is illustrated in figure 2.8 and can be explained as
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2. Ultrafast fiber laser seed source

follows: First, a pulse of constant phase is injected to the stretcher and angularly dispersed
by a reflection grating. The wavelength-dependent diffraction angle is given by the grating
equation

sin (β) + sin
(
β′
)

= mλ

d
. (2.4)

Here, β/β′ is the incident/diffracted angle at wavelength λ measured with respect to the
grating normal, m is the diffraction order, and d is the grating constant.
After the passage of a telescope, the spatially dispersed colors are collimated by a second
grating. A folding mirror reflects the beam, and the setup is passed a second time. During
the propagation in the stretcher, each frequency component propagates along a different
optical path and thereby a varying total phase is accumulated for each wavelength. The
differential phase corresponds to the generated chirp.

The setup shown in figure 2.8 (a) can be folded in the shared Fourier plane of both lenses.
As a consequence, only one focusing element and a single grating is required. In such cases,
the beam is redirected by a horizontal retro-reflector, as depicted in figure 2.8 (b). The
folding is of advantage because it adds stability and alignment precision due to inherently
congruent grating positions. Moreover, the setup is less expensive due to a lower count of
component, and the compactness leads to a smaller footprint.

The accumulated group delay dispersion (GDD) for the Treacy-type setup is given by
the second derivative of the spectral phase φ with respect to the angular frequency ω

d2φ

dω2 = −2ω
c

(dβ′
dω

)2 (
z1 +M2z2

)
. (2.5)

Here, c is the speed of light, M = f1/f2 is the magnification ratio of the telescope, and zi is
defined in figure 2.8. The derivative of the diffraction angle β′ with respect to the angular
frequency ω is given by

dβ′
dω = 2πmc

ω2d

√
1−

(
2πmc
ωd − sin (β)

)2
. (2.6)

In folded stretchers the magnification ratio is unity. Also, z1 and z2 are equal and typically
chosen to be positive, as shown in figure 2.8. If this offset from the focal distance of the
installed lens or curved mirror is set to zero, all optical paths are equal, and no differential
spectral phase is accumulated. If z1/2 is increased, the amount of phase dispersion gener-
ated is enlarged accordingly.
It is possible to choose zi to be negative whereby the added dispersion becomes anomalous,
as it can be seen from equation 2.5. However, the arrangement suggested by Martinez
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Figure 2.9.: schematic of a Martinez-type grating stretcher/compressor. (a) Top view with
angle of incidence β and diffraction angle β′ both measured with respect to the grating
normal. The variable b is the normal distance of the gratings. (b) Beam path through
a double-folded arrangement. The numbers 1-4 label the sequential beam positions at
the grating.

generates anomalous dispersion in a more compact fashion with a lower count of compo-
nents. This second scheme is depicted in figure 2.9 (a) and functions as follows: A pulse of
constant phase is first angularly dispersed by a diffraction grating. The spatially dispersed
beam is collimated by a second parallel grating. A folding mirror reflects the beam, and the
arrangement is passed in reversed direction. The group delay (GD) of the Martinez-type
setup is given by the first derivative of the phase φ with respect to the angular frequency
ω by

dφ
dω = − λ

2πc2

(
λ

d

)2 b

cos (β′ (ω)) . (2.7)

Here, b is the perpendicular grating distance. The group delay dispersion can be readily
obtained by differentiation of the group delay with respect to the angular frequency ω. A
double-folded geometry is depicted in figure 2.9 (b). It features compactness and a low
count of components, both beneficial properties as explained above. After diffraction of
the input beam at the grating, a horizontal retro-reflector deflects the separated colors and
the disperser is passed a second time. Thereby, the beam is collimated, and a vertical
retro-reflector folds the path again. The setup is passed a second time in reversed direction
at a different height.
It should be noted that the alignment precision of the gratings is of major importance.
Non-parallel surfaces and misaligned optical paths lead to spatial chirp and mode distor-
tion. Such objectionable beam features prevent bandwidth-limited compression and lower
the mode quality.
An exemplary stretcher-compressor combination is simulated based on dimension, distances,
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Figure 2.10.: Calculated spectral phase derivatives for the experimentally realized se-

tups. (a) Group delay dispersion (GDD) for a Treacy-type stretcher (black solid line),
a Martinez-type compressor (red solid line), and the combination (blue solid line). (b)
Zoom on the residual GDD of the combination. (c) Third-order dispersion of the Treacy-
type stretcher (black dashed line), the Martinez-type compressor (red dashed line), and
the combination (blue dashed line). (d) Zoom on the residual third-order dispersion.

and angles implemented in the presented laser system. The result is plotted in figure 2.10.
The line frequency of the gratings is 1/d = 1760 lines/mm, the angle of incidence is 72.7° for
both stretcher and compressor, the parameter z is 74 cm, and the grating separation in the
compressor is b = 1.49 m. The first diffraction order m = 1 is used, and the magnification
ratio M is unity by definition in folded setups.
Figure 2.10 (a) shows the calculated group delay dispersion for the stretcher, compressor,
and the combination. The goal is to achieve the least possible residual spectral phase after
both arrangements are passed while adding enough chirp to obtain a largely stretched pulse
with strongly reduced peak intensity for amplification in between. The residual group de-
lay dispersion is shown in figure 2.10 (b). Second-order phase is desired to symmetrically
stretch the pulses, whereas higher-order dispersion is to be minimized. These lead to asym-
metry in the temporal intensity profile and are tough to compensate. In this context, it is
important to nicely balance the quadratic chirp of the stretcher and compressor. A simu-
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Figure 2.11.: (a) Scanning electron microscopy image of the line profile of the multilayer
dielectric grating. (b) Color-coded simulation of the angle- and wavelength-dependent
diffraction efficiency. The numbers written on the color-code refer to the first diffraction
order.

lation is shown in figure 2.10 (c) with a zoom on the residual third-order dispersion in (d).
It becomes clear from the discussion of figure 2.10 that the design of compressor and
stretcher have to be mutually adapted. For the given numbers a group delay dispersion of
105 ps2 is calculated at a wavelength of 1030 nm. Figure 2.10 (b) reveals the uncompen-
sated contributions. Residual second-order dispersion leads to a symmetrically broadened
temporal intensity profile. The calculated residual linear chirp of the combination amounts
to 0.45× 10−9 ps2 at a wavelength of 1030 nm.
At last, the quadratic chirp is considered, as shown in figure 2.10 (c). The residual of
the combination is depicted in figure 2.10 (d) and amounts to 30× 10−12 ps3. Third-order
spectral phase leads to an asymmetric temporal intensity profile. Such modifications are
generally not desired but may be exploited to influence the pulse shape.

There are additional contributions to the phase dispersion beyond the stretcher and com-
pressor that have to be included in the design of a chirped-pulse amplifier. These originate,
for example, from nonlinear crystals, self-phase modulation in air, substrates of optical
components which are passed, and the gain medium itself. A smart amplifier design is
therefore required for ultimate control and high-quality phase management.

2.3.1. Nanosecond pulse duration from a grating stretcher

The necessity of chirped-pulse amplification has been motivated in section 2.2.1, and the
concept of a pulse stretcher is introduced in section 2.3. Here, the implementation of a
grating stretcher is presented that extends the pulse duration from femto- to nanoseconds.
The stretcher is based on a multilayer dielectric reflection grating. Its line profile is
depicted in figure 2.11 (a) and possesses a symmetric geometry. The clear aperture of
240 mm× 70 mm makes a large grating separation possible and enables consequently a high
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Figure 2.12.: Spectral and temporal intensity profile at the output of the stretcher. (a)
Spectrum with a bandwidth of 13.6 nm at full-width-at-half-maximum (FWHM). (b)
Temporal intensity distribution recorded by a digital sampling oscilloscope with a band-
width of 30 GHz.

stretching ratio. Fused silica is used as a substrate material, and the thickness of 50 mm
provides maximum rigidity and ideal stability. The line frequency is 1760 lines/mm, and the
coating is optimized for a wavelength of 1030 nm with a bandwidth of 10 nm. A simulation
of the angle- and wavelength-dependent diffraction efficiency is presented in figure 2.11 (b).
Theoretical predictions are typically 2% higher than experimental data. The diffraction ef-
ficiency in the spectral range of the amplifier is larger than 95%. This value is higher than
for gold coated gratings which is beneficial because the effective diffraction losses in the
stretcher and compressor are kept at a low level. Also it is found out that in high-power ap-
plications the absorption of gold coated elements leads to head-induced stress which causes
the beam profile at the stretcher/compressor output to be distorted.
The stretcher is set up in a Treacy-type arrangement, as illustrated in figure 2.8 (b). A
focusing mirror with a radius of curvature of 1600 mm is installed. This large value enables
a wide tuning range for the z parameter and consequently a high stretching ratio, as can
be deduced from equation 2.5.
Figure 2.7 depicts the stretcher input spectrum which is generated in the highly nonlinear
fiber, introduced in section 2.2.1. The stretcher has a finite transmission bandwidth due to
geometric limitations and therefore acts as spectral filter. Additional attenuators may be
installed in the spatially dispersed beam to spectrally fine-tune the output.
The spectrum after the stretcher is plotted in figure 2.12 (a). It has a bandwidth of 13.6 nm
at full-width-at-half-maximum around the center wavelength of 1030 nm. An average power
of ≈ 1 mW is contained in the depicted spectral intensity distribution. The repetition rate
is 10 MHz which implies a pulse energy of 100 pJ.
Figure 2.12 (b) shows the temporal intensity profile that is recorded by a digital sampling
oscilloscope with a bandwidth of 30 GHz. The pulse duration at full-width-at-half-maximum
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2.4. Seed pulse energy boosting and spectral fine tuning

is 1608 ps, the profile is smooth, and no satellite pulses are visible. The slight asymmetry
in the temporal shape nicely resembles the spectral intensity distribution.

It is important for the design of a chirped-pulse amplifier to estimate the peak intensi-
ties and powers that are to be expected. Therefore, the pulse duration after a planned
amplifier has to be determined. Spectral narrowing which has to be taken into account
for large gain stages has to be included in the calculation, as outlined in figure 1.2. The
effect of gain narrowing on the temporal pulse profile is illustrated in figure 2.13 for the
experimentally recorded spectrum and pulse duration. These results have been calculated
in the following way: First, the stretcher output spectrum is Fourier transformed assum-
ing a constant phase. The corresponding temporal and spectral intensity distributions are
shown in figure 2.13 (a)/(b) and a bandwidth-limited pulse duration of 163 fs (FWHM) is
obtained. In a second step, which is plotted in figure 2.13 (c)/(d), an artificial quadratic
spectral phase of 68 ps2 is added to match the experimentally determined pulse duration
of 1608 ps. The experimentally recorded temporal pulse profile is plotted as black dashed
line in figure 2.13 (d) to support the visualization. These two steps are also applied to
a spectrum of smaller bandwidth assuming the same chirp. This method simulates the
gain narrowing while keeping the nonlinear dispersion constant. Figure 2.13 (e)/(f) illus-
trates the bandwidth-limited case where a duration of 1.54 ps (FWHM) is obtained. In
figure 2.13 (g)/(h) the quadratic phase, determined in (d), is added to the spectrum. The
duration of the artificially narrowed but still stretched pulse at the output of an assumed
amplifier is 230 ps (FWHM). This value can now be utilized for the estimation of expectable
peak powers and intensities.

2.4. Seed pulse energy boosting and spectral fine tuning

In principle, a regenerative amplifier can be seeded with arbitrary low-energy pulses if
amplified spontaneous emission is neglected. However, the performance of ultrafast laser
systems depends strongly on the temporal pulse profile, spectral shape, and seed pulse
energy. This fact has been discussed in the introduction of chapter 2. So far, the temporal
profile and the laser wavelength have been dealt with, and the experimental realization has
been described. In the following, the seed pulse energy and its spectral profile is discussed.
In particular, the implementation of a fiber-based Yb:amplifier is presented.

2.4.1. Ytterbium fiber pre-amplifier

The pulse energy at the stretcher output is only 0.1 nJ. This low value is a consequence of
the nonlinear frequency shifting process as well as the spectral filtering and limited efficiency
of the stretcher. A gain of 80 dB would be required to obtain, for example, 10 mJ in one
amplification stage. If one assumes 100 nJ of seed pulse energy, this reduces to 50 dB. The
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Figure 2.13.: Simulation of temporal shortening by introduction of artificial spectral nar-
rowing for strongly chirped pulses. Left column: Spectral intensity distribution (red
solid line) and phase (green solid line). In (e)/(g) the original spectrum (black dashed
line) is a guideline to the eye. Right column: Temporal intensity profiles (blue solid line).
The duration at full-width-at-half-maximum (FWHM) is given for each corresponding
spectrum and phase. For comparison, the experimentally determined temporal profile is
indicated in (d) (black dashed line). Exclusively linear chirp is assumed in the calcula-
tions.
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2.4. Seed pulse energy boosting and spectral fine tuning
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Figure 2.14.: Schematic of the Yb:fiber pre-amplifier which is seeded by stretched pulses
of 1608 ps (FWHM) duration with a bandwidth of 13.6 nm (FWHM) around the center
wavelength of 1030 nm. A free-space isolator prevents the system from detrimental
reflections. Two laser diodes (A/B) are combined in both pump directions and coupled
to the active Yb:fiber by wavelength-division multiplexers (WDM). The pre-amplifier
input and output is coupled via a fiber collimator.

difference of 30 dB in gain is very significant and of outstanding importance when spectral
narrowing is concerned. An additional broadband Yb:fiber pre-amplifier stage is therefore
implemented to increase the seed pulse energy to the nanojoule-level. The spectral band-
width is maintained throughout this linear Yb:fiber stage.
A schematic of the seed system with details on the additional Yb:fiber pre-amplifier is shown
in figure 2.14. The pulse energy is increased in a single passage through a ytterbium-doped
fiber which has single-mode and polarization-maintaining properties and a length of 1.5 m.
It is pumped by four wavelength-stabilized laser diodes where two are combined in both di-
rections. Isolators at each driving source suppress detrimental reflections of residual pump
light. The laser diodes pumping in pulse propagation direction are centered at a wavelength
of 974 nm and at 976 nm for the opposing orientation, respectively. Each diode generates up
to 850 mW of average power. The pre-amplifier is operated at a repetition rate of 10 MHz
and is seeded by pulses of 1608 ps (FWHM) duration with a center wavelength of 1030 nm
and a bandwidth of 13.6 nm (FWHM).

Figure 2.15 illustrates the average output versus the seed power for three different pump
conditions. An average power of 1 W is generated if the pump diodes are operated at their
maximum power of 850 mW each. The repetition rate is 10 MHz, and pulses with an en-
ergy of 100 nJ are generated. For seed powers larger than 90µW the pre-amplifier shows
saturation which manifests in a plateau of the average output power for all pump levels.
The maximum seed power level of more than 500µW ensures deep saturation. This point
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Figure 2.15.: Average output power of the Yb:fiber pre-amplifier versus seed power for
four pump power levels (Ppump).

of operation is beneficial because of a relatively low sensitivity to amplitude fluctuations of
the seed. The pulse energy is increased from 50 pJ to 100 nJ which corresponds to a gain
of 33 dB. A conversion efficiency from pump to signal light of 44% is calculated when an
effective 25% loss of pump power in the combiners and isolators is taken into account.
The Yb:fiber pre-amplifier operates in a fully linear regime concerning the accumulated
nonlinear phase due to the pulse duration of more than 1.5 ns. Consequently, the ampli-
fied spectrum remains essentially unchanged independent of the output power. Nonlinear
broadening mechanisms are absent, and the phase is well-behaved. Therefore, also the
stretched temporal pulse profile is maintained, as plotted in figure 2.12.

The Yb:fiber pre-amplifier completes the ultrafast fiber laser seed source. In summary,
seed pulses with a duration of about 1.6 ns and an energy of 100 nJ are generated at the
output of the Yb:fiber pre-amplifier. The spectrum is centered at a wavelength of 1030 nm
and has a bandwidth of 13.6 nm (FWHM) which covers the full Yb:YAG gain bandwidth.
A repetition rate of 10 MHz supports seeding of both fiber-based high-power amplifiers
at megahertz repetition rate [Wun15] and solid-state multi-millijoule-class systems [Fis16].
Features like the robustness against environmental influences, alignment stability, reliabil-
ity, and the turn-key operation qualify this system as an ideal and widely applicable seed
source.

2.5. Advantages of a femtosecond erbium fiber seed source

The ultrafast fiber laser seed source introduced in chapter 2 features a large versatility
concerning its applications where three examples are presented in the following. Amongst
them is the possibility to seed multiple parallel amplifier channels. Moreover, an assembly
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Figure 2.16.: Illustration of one possible application of four parallel channels of a fem-
tosecond Er:fiber seed source. The oscillator is connected by a fiber plug (FP) and can
be substituted in a plug-and-play fashion. An electro-optic modulator is installed and
enables subharmonics repetition rates of the oscillator beneficial, for example, in lock-in
detection schemes.

with a highly nonlinear fiber can be added that enables the generation of sub-10-fs pulses.
A third example is the compatibility of the fiber amplifier chain with different oscillators.

2.5.1. Synchronous amplifiers seeded by a single oscillator

A particular advantage of Er:fiber technology is the possibility to seed multiple parallel
amplifiers with a single oscillator. This option is possible because of the low saturation
power of the seed in Er:fiber amplifiers and the high single-pass gain. An example of paral-
lel amplifiers seeded by one oscillator is depicted in figure 2.16. The generated pulse trains
from individual branches are naturally synchronous.
Figure 2.16 illustrates how the output of the implemented femtosecond Er:fiber oscillator
at a repetition rate of 40 MHz is first boosted in energy to provide sufficient power for
saturation of multiple amplifiers and subsequently split into four equal parts. The first
channel is utilized for seed generation of a regenerative Yb:YAG thin-disk amplifier. A
second channel is equipped with another Er:fiber amplifier and a highly nonlinear fiber
for frequency conversion. Sub-10-fs pulses are generated and can, for example, be utilized
for pump-probe setups or electro-optic sampling of ultrafast phenomena. A common seed
source for parallel amplifiers comprises a valuable advantage. The experiments that may be
sampled by the sub-10-fs pulses may be driven by a second synchronized channel. Addition-
ally, an electro-optic modulator is installed and enables control of the repetition rate and
pulse-picking. Subharmonics of the oscillator repetition rate are beneficial for modulation
in lock-in techniques as they are routinely employed in detection schemes of high sensitivity
measurements. The inherent low timing jitter lowers the requirements of an active pulse
synchronization that may be needed additionally [Adl07].
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2. Ultrafast fiber laser seed source

The two remaining channels of the presented setup are readily prepared for the installation
of additional amplifier chains. Generation of seed pulses for a Tm:fiber and an ytterbium-
doped photonic crystal fiber amplifier is sketched as exemplary application. The possibility
of spectral shifting, provided by nonlinear frequency conversion in highly nonlinear fibers,
paves the way for parallel operation of lasers operating at various spectral ranges. Subse-
quent coherent combination could be utilized for synthesis of ultrashort pulses with a joint
spectrum composed from amplifiers employing different gain media.

2.5.2. Generation of sub-10-fs pulses

Temporally resolving arbitrary short effects is in terms of a mathematical description pos-
sible even with pulses that are much longer than the actual phenomenon of interest. The
recorded signal from an experiment is the convolution of the sampled feature and the probe
pulse itself. However, in practice it is beneficial to use a Dirac-delta-like function. For
example, in electro-optic sampling, which is a technique to resolve the electric field of an
electromagnetic transient, pulses with a duration of only a few femtoseconds support a high
measurement bandwidth [Sel08b]. The temporal intensity profile of these short pulses is an
approach towards the Dirac delta ideal.
Synthesis of sub-10-fs pulses in the near-infrared spectral domain requires a bandwidth of
several hundred nanometers [Sel09]. Figure 2.17 illustrates the setup used for generating
such an ultrabroadband spectrum and its compression. The setup and the involved phys-
ical processes are similar to the ones exploited for the spectral shift from the erbium to
the ytterbium gain bandwidth, illustrated in figure 2.6 and discussed in section 2.2. How-
ever, the huge spectral bandwidth required for a sub-10-fs pulse at a center wavelength of
1550 nm requires modifications, for example, concerning the collimation after the spectral
broadening in the highly nonlinear fiber.
The generation process starts with a femtosecond Er:fiber amplifier that increases the pulse
energy up to 10 nJ. Its repetition rate of 10 MHz is set by an electro-optic modulator. This
amplifier branch is targeted to be used for optical sampling and is seeded by the 40 MHz
Er:fiber oscillator. Temporal compression of the generated pulses is achieved by passage of
a silicon prism sequence, and a pulse duration of approximately 100 fs is measured. An in-
tentional chirp may be applied by varying the insertion of dispersive material and the apex
distance of the silicon prism sequence to fine-tune the spectrum which is generated subse-
quently in the highly nonlinear fiber. Analog to the technique described in section 2.2, the
pulses undergo a solitonic compression in an 8.1-cm-long optical fiber. The spectral broad-
ening and fission into a solitonic part and a dispersive wave happens in a highly nonlinear
germanosilicate fiber from Nufern with a length of 5.36 mm [Bri14]. A 200-µm-long coreless
fiber piece is attached at the end facet to increase the beam diameter in order to suppress
the optical tweezers effect.
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Figure 2.17.: Setup for the generation of sub-10-fs pulses in the near-infrared spectral
domain similar to figure 2.4 whereby the gray shaded area with the black dashed frame
emphasizes the differences. The repetition is controlled by an electro-optic modulator.
A free-space isolator (ISO) prevents the driving femtosecond Er:fiber amplifier from
detrimental reflections. Pulses are compressed and their chirp may be fine-tuned by a
silicon prism sequence. The spectrum is broadened in a highly nonlinear fiber (HNF)
and collimated by an off-axis parabolic mirror (PM). A SF10 prism sequence is passed
to compress the broadband pulses. It includes a f = 37.5 cm spherical mirror (SM) in
an 1:1-imaging configuration. Spectral components may be sharply cut by a razor blade
(RB) that is positioned in the Fourier plane of the SM, which is located at the folding
mirror (FM) surface. Pick-up mirrors (PM1/2) redirect the beam towards the frequency
conversion section and, after the spectral shift, to the experiment.
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Figure 2.18.: Characterization of the sub-10-fs pulses by frequency-resolved optical gating.
The setup is operated at 10 MHz repetition rate, and the average output power after
compression is 5 mW. (a) Recorded (128 pixels× 128 pixels grid) and (b) retrieved FROG
trace in amplitude with reconstruction error of 0.0119. (c) Temporal intensity (solid blue
line) and phase (dashed green line). (d) Reconstructed spectral intensity distribution
(solid red line) and phase (dashed green line) as well as experimentally recorded spectrum
(solid black line).

The beam is collimated by an off-axis parabolic mirror with a focal length of 5 mm. It is
sent through a SF10 prism sequence in a folded 1:1-imaging configuration. The focussing
mirror has a radius of curvature of 75 cm. A razor blade may be inserted at the folding
mirror to sharply cut spectral components in the Fourier plane of the concave mirror. The
generated near-infrared spectrum is shown in figure 2.18 (d) as black solid line. It features
a bandwidth of more than 350 nm (FWHM) and is centered at a wavelength of 1200 nm.

The repetition rate of the sampling laser can be controlled by an electro-optic modulator
and may be set to subharmonics of the oscillator. This controllability is beneficial for lock-
in detection schemes if an experiment is driven by one of the parallel amplifier channels
and a triggered effect is sampled by the sub-10-fs pulses. An average power of 5 mW is
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2.5. Advantages of a femtosecond erbium fiber seed source

obtained at the output of the SF10 prism sequence if the repetition rate is set to 10 MHz.
Consequently, the pulse energy is 500 pJ. The temporal pulse profile, retrieved from second
harmonic frequency-resolved optical gating, is depicted in figure 2.18. A good agreement
between the recorded (a) and reconstructed (b) FROG trace is obtained and results in a
small reconstruction error of 0.0119. The temporal intensity profile (c) shows a duration
of 9.6 fs (FWHM) and a flat phase after the compression. Also, the reconstructed and
experimentally recorded spectra (d) agree very well.
The sub-10-fs pulses enable to optically sample multi-terahertz transients on a sub-cycle
time scale.

2.5.3. Implementation of passive carrier-envelope phase stability

Mode-locked oscillators generate trains of pulses which are mutually coherent and show well
defined spectral phase. However, a difference between group and phase velocity originates
from chromatic dispersion of the oscillator. This feature causes the oscillating electric field
of a pulse to slip below its envelope. The rate of this slip, meaning after which time interval
the electric field distribution is reproduced, is termed carrier-envelope offset frequency. An
illustration and more detailed explanation is given section 4.2.1 whereas here the implica-
tions are discussed.
The position of the electric field with respect to the envelope becomes relevant if a pulse
contains only few or, in the ultimate case, a single oscillation period of the electric field.
Effects in extreme nonlinear optics are sensitive to the momentary electric field of a pulse
rather than to its intensity. It is therefore highly desirable for the observation of such ef-
fects to be able to control the carrier-envelope offset frequency and phase. In particular,
efficient exploitation of field-dependent effects and their sampling is only feasible with full
control or elimination of the carrier-envelope offset frequency. Locking of the frequency
to zero comprises the beneficial feature that the electric field distribution of all pulses is
equal. Furthermore, control over the carrier-envelope offset phase by insertion of dispersive
material into the phase-locked beam makes it possible to shift the field distribution below
the envelope.
An all-passive way of phase locking of an Er:fiber laser system has been demonstrated in
[Kra11]. The technique is based on difference frequency generation between a dispersive
wave at 860 nm and a soliton at a wavelength of 2µm. Both are generated simultaneously in
one highly nonlinear fiber, and the injected pulses are produced in an Er:fiber amplifier. As
these spectral components share the same underlying frequency comb, the carrier-envelope
offset frequency is exactly canceled in the difference frequency generation process. The out-
put is a broadband spectrum centered at 1550 nm wavelength. In subsequent amplification
stages used for pulse energy boosting, the property of a vanishing carrier-envelope offset
frequency is maintained.
It is indicated in figure 2.16 that the oscillator is connected to the system by a conventional
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2. Ultrafast fiber laser seed source

fiber plug. This way of linking individual components of the fiber setup opens a pathway
for trouble-free exchange of the oscillator source. If required for experimental reasons, the
regularly installed femtosecond Er:fiber oscillator can be replaced with the described passive
phase locked source.
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3. Regenerative thin-disk amplifier

Pulse energies in the multi-millijoule domain can only be generated by amplifiers with large
gain. A single passage through active fibers is enough to provide a high gain, however
millijoule-level outputs are not accessible with this amplification geometry. Contrary, mul-
tiple passages through the laser medium have to be exploited in thin-disk, rod, and slab
amplifiers to obtain an increase of the pulse energy that has the same magnitude. Typ-
ically, multipass geometries or regenerative amplification schemes are employed because
these provide an effective interaction length that is sufficient for large energy transfer from
the population-inverted medium to the pulses. The repeated passage of the laser crystal
enables to achieve an effective gain that is much larger compared to the change in pulse
energy after a single passage [Hön97, Neg13]. In this chapter, the implementation of a
regenerative amplification scheme that employs a thin disk as active medium is discussed.
In combination with the ultrafast fiber laser seed source, which is presented in chapter 2, a
class of hybrid high-energy lasers is introduced that defines a new family of driving sources
for ultrafast experiments.
A technique for the injection and extraction of light pulses into and from a regenerative
amplifier is introduced in section 3.1. The theoretical framework on the stability of cavi-
ties, presented in section 3.2, and amplification dynamics of lasers, discussed in section 3.3,
motivates the system design and explains its behavior. Section 3.4 deals with temporal
pulse compression and connects to section 2.3, where stretching of the seed is discussed.
In combination, the sections 2.3 and 3.4 explain the implementation of the chirped-pulse
amplification concept. The output parameters of the laser system are specified in detail in
section 3.5. This characterization of the presented properties comprise not only the average
output power and pulse energy but also the pulse-to-pulse energy stability and mode quality.
All quantities contain valuable information and demonstrate the outstanding performance
of the thin-disk amplifier system.

3.1. General setup for seed injection and extraction

A regenerative amplifier consists of a cavity containing the gain medium and an optical
switch for coupling of the seed pulses. In particular, this switching mechanism is required
to insert and trap low energy seed pulses and to release them after the amplification. In
the following, the coupling technique of the presented system will be introduced. It relies
on polarization manipulation and a schematic is depicted in figure 3.1.
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3. Regenerative thin-disk amplifier

The beam path starts at the fiber collimator. Two Faraday isolators (isolator 1/2) are
passed and the polarization is rotated into the s direction. Due to Brewster’s angle, the
pulses pass the thin-film polarizer (TFP 1) with minimum reflection loss. Subsequently,
a half-wave plate (λ/2) rotates the polarization axis to compensate for the effect of the
Faraday rotator. Another thin-film polarizer (TFP 2) is passed under Brewster’s angle by
the p-polarized beam. Finally, the combination of a quarter-wave plate (λ/4) and a Pockels
cell is passed and the end mirror is reached. Depending on the state of the Pockels cell,
which can generate a quarter-wave retardation, pulses are either routed into the amplifying
cavity or they are sent directly to the laser output.
The seed pulses from the Yb:fiber pre-amplifier, described in section 2.4.1, are coupled to
free space by a fiber collimator. From a mechanical perspective, the fiber-based feed pro-
vides the convenient feature of a flexible positioning. More important, the fiber seed source
grants highly stable operation with beneficial noise properties and a linearly polarized out-
put. In addition, the beam shows ideal collimation properties with high mode quality and
an M2 factor close to unity. The seed source is protected from detrimental reflections by
a sequence of two isolators where both show a signal rejection of > 38 dB and a transmit-
tance of > 90%. Their operation relies on polarization-dependent filters combined with the
Faraday effect. The magneto-optical phenomenon of Faraday rotation breaks time-reversal
symmetry and Lorentz reciprocity. As a consequence of the involved Faraday effect, the
polarization axis of pulses from the fiber output is rotated twice by 45°, and the pulses
arrive at the first thin-film polarizer (TFP 1) in the p-polarized state. At this element
Brewster’s angle ensures transmission with minimum loss. The subsequent half-wave plate
first rotates the plane of the electric field oscillation to 45° which is then compensated for
by the Faraday rotator. Afterwards, the beam passes another thin-film polarizer (TFP 2).
Thereafter, its linear polarization is converted to be circular upon a first passage of the
quarter-wave plate. For seed pulse injection (A), the Pockels cell is not active and has no
effect. Both waveplates and the Pockels cell are bidirectional components and time-reversal
symmetry is fulfilled. Consequently, the second passage of the quarter-wave plate in re-
versed direction causes an additional phase retardation, and the polarization axis is rotated
into the s direction. Therefore, it is reflected at the thin-film polarizer (TFP 2) and enters
the cavity.
To understand the trapping mechanism and to get a feeling for the timing of switching
processes, it is helpful to note that the seed pulses are temporally spaced by 100 ns which
is more than it takes to circulate the resonator one-time (this takes 31 ns). Consequently,
only a single seed pulse is propagating in the cavity at a time.
Inside the resonator the polarization remains unchanged which is a requirement for circulat-
ing the pulse multiple times during the amplification. Trapping (B) is achieved by applying
a voltage to the Pockels cell crystal which causes an additional phase retardation of π/2
in a single passage. As the quarter-wave plate and the Pockels cell are passed twice, the
accumulated phase adds to 2π, and the polarization state is re-established hence the pulse

46



3.1. General setup for seed injection and extraction

iso
la
to
r 1

iso
la
to
r 2

TF
P
1

TF
P
2

Fa
ra
da
y

ro
ta
to
r

Po
ck
el
s

ce
ll�/

2
�/
4

ou
tp
ut

ca
vi
ty

(A) injection of
a seed pulse

45°

-45°

45° circ circ
circ circ

(D) extraction of
the amplified pulse

circ circ
circ circ

(B) pulse trapping
for amplification

circ
circ

(C) residual pulses
during ampl. cycle

45° 45° circ
-45° circ

collimator

en
d

m
irr
or

Figure 3.1.: Insertion and extraction mechanism for the regenerative amplifier in top view
with illustration of the polarization in different situations (A - D). The polarization-
dependent reflectivity and transmission properties of Brewster’s angle are exploited for
pulse routing. A black double arrow indicates p and the circle surrounded by a ring
s polarization. Angles refer to linear polarization given with respect to s polarization.
Circular polarization (circ), Brewster-type thin-film polarizer (TFP), waveplate (λ/x),
red arrows indicate the direction of propagation.

stays trapped. During each amplification cycle, which lasts much longer than the temporal
spacing of the seed pulses, the residual pulse train from the optical fiber system propagates
to the end mirror and is directly routed to the output due to the phase retardation of 2π
(C).
Once the target energy is reached by the trapped seed pulse, the Pockels cell is switched
to its inactive state (D). Consequently, the polarization axis is rotated from s to p orien-
tation by the quarter-wave plate. The pulse transmits the thin-film polarizer (TFP 2) and
experiences a phase shift in the Faraday rotator with a sign opposite to its first passage
during the insertion. In combination with the half-wave plate the beam is rotated into the
s polarization state and is reflected by the subsequent thin-film polarizer (TFP 1).
The seed source has a repetition rate of 10 MHz and only one out of 1000 pulses is trapped
and boosted to high energy. Therefore, a background of pulses remains that could poten-
tially disturb the amplification. These residual pulses propagate along the same path as
the dedicated ones which are targeted to be amplified up to the quarter-wave plate. During
an amplification cycle the Pockels cell is constantly supplied with high voltage. This oper-
ation mode causes the p-polarized residual seed pulses to experience a phase shift of 2π, as
illustrated in figure 3.1. Therefore, these directly transmit the thin-film polarizer (TFP 2)
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Figure 3.2.: Illustration of characteristic time scales in the regenerative amplifier. The
pulse intensity (I) is plotted along the ordinate. (a) Reduction of the oscillator repetition
rate of 40 MHz (25 ns temporal pulse spacing) whereby the red windows indicate pulse
picking at the second sub-harmonic at 10 MHz/100 ns by the electro-optic modulator. (b)
Pulse train of the seed light entering the regenerative amplifier. A high voltage sequence
(blue) is applied to the Pockels cell with a ramp time of less than 10 ns for pulse trapping
in the resonator. (c) Evolution of the intensity of a pulse during an amplification cycle.
The high voltage (blue) is at constant level and causes in combination with the quarter-
wave plate a phase shift of 2π. During this period the energy increases exponentially
(green) as the pulse circulates in the resonator. The path length is 929 cm causing a
cavity-internal repetition rate of 32.3 MHz that translates to a spacing of 31 ns. (d) Plot
of three amplification cycles spaced by 0.1 ms - 1.0 ms according to a repetition rate of
1 kHz - 10 kHz. One cycle has a duration of 620 ns - 744 ns corresponding to 20 - 24
roundtrips.

again and do not reach the thin disk. This setting ensures that only one pulse is trapped
and amplified in the cavity at a time, and interference of multiple pulses does not occur.
The spare pulse train of the seed source passes the Faraday rotator in reversed direction
and, by virtue of the broken time-reversal symmetry, the polarization is rotated to −45°.
A s polarization is reached after passage of the half-wave plate which causes deflection by
the thin-film polarizer (TFP 1).
For the sake of completeness it shall be mentioned that as long as there is no pulse trapped
inside the cavity, all seed pulses pass the resonator one-time before being routed out again.
Also, during this phase the quality factor Q is very low and no unintended cavity dumping
or Q-switching is initiated.

When a regenerative amplifier is discussed, one has to differentiate between several time
scales and repetition rates. Figure 3.2 illustrates the relevant time frames. First of all, the
oscillator pulse train at a repetition rate of 40 MHz, which equals a temporal spacing of
25 ns, is shown in (a). An electro-optic modulator picks every fourth pulse, as described
in section 2.1.2, and the second sub-harmonic at 10 MHz is obtained equaling a temporal
spacing of 100 ns. Second, there is the rate that determines how often a pulse is amplified
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3.2. Stability of laser cavities

in the regenerative amplifier (d). This parameter, which corresponds to the amplifier rep-
etition rate, is set via the Pockels cell and ranges typically from 1 kHz to 10 kHz (1.0 ms
- 0.1 ms), limited at the upper end only by the driving electronics. A third characteristic
time scale is given by the resonator length divided by the speed of light and is called cavity-
internal repetition rate (c). In the presented system pulses travel a distance of 929 cm in one
roundtrip which translates to a cavity-internal repetition rate of 32.3 MHz and a temporal
pulse spacing of 31 ns. This time scale is relevant for the speed of the switching process
of the Pockels cell. The full voltage required for a phase shift of π/2 has to be applied or
turned off in this temporal window of 31 ns to couple pulses to and from the cavity. If the
timing is not set properly or the ramp time is too long, the pulses may be sliced and only
a part of the energy confined in the light field is coupled in/out. Due to subtle design of
electronics, a ramp time for applying 9.5 kV of less than 10 ns is realized (b). The time for
circuit breaking and discharging in order to reach ground potential at both electrodes is
also shorter than 10 ns, which is not trivial at high voltage. A pulse stays confined within
the cavity as long as the voltage is kept at a constant high level. This duration defines
the number of roundtrips a pulse circulates in the resonator. It is naturally a multiple of
the cavity roundtrip time and ranges from 620 ns for 20 to 744 ns for 24 roundtrips for the
presented regenerative amplifier. These are typical trapping durations required for accu-
mulation of multi-millijoule pulse energy in the discussed system.
The trigger signal, required for the driving electronics, is generated optically. A pigtailed
photo diode is placed at a monitoring port of the fiber oscillator and detects the 40 MHz
repetition rate. The signal is electronically divided by a factor of four and fed into the
electro-optic modulator reducing the repetition rate of the seed light pulses to 10 MHz. In
parallel, the preprocessed voltage signal triggers a variable delay generator. This device,
which has an internal oscillator, enables to set the switching times and rates for the Pockels
cell.

3.2. Stability of laser cavities

The resonator that has to be built around a population-inverted medium is an essential
element. It provides the feedback mechanism which is required for stimulated emission.
Whether a beam is confined in the cavity or not is defined by its stability.
The beam steering in a resonator is realized by arrangements of highly reflective optical
components mapping a beam and its equiphase fronts onto itself after one or multiple circu-
lations. In the design process of a new cavity it has to be ensured to find an arrangement in
which the optical path is closed in the sense that the beam is not sent out of the cavity after
multiple roundtrips. This description implies a ray optics picture. A resonator is said to be
stable if a ray starting close to the optical axis remains confined after an indefinite number
of cycles in the cavity. Criteria for the stability analysis may be derived from ray optics
or by solving the wave equation. The latter approach additionally provides information on
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Figure 3.3.: (a) Stability diagram for laser resonators in dependence of the q parameters,
defined in equation 3.2. Letters a-e are assigned to the configurations shown in (b).
Equation 3.1 is fulfilled inside and at the borders of the white area. The dashed line
indicates symmetric assemblies. (b) Five exemplary two-mirror resonators. R1/2 refers
to the radius of curvature and d is the mirror distance. Reddish shaded areas represent
collections of rays perpendicular to the mirrors. The graphics are adopted from [Sal07].

the transversal intensity distribution as well as on the wavefront curvature and hence on
the collimation properties. In order to obtain the lowest-order solution of the wave equa-
tion, the boundary conditions on spherical surfaces have to be fulfilled, the beam has to
stay confined in transverse direction and must obey cylindrical symmetry. A fundamental
Gaussian intensity distribution, referred to as TEM00 mode, is the result.
Ray tracing is typically applied to calculate the behavior of a beam inside a cavity. A
criterion for the stability can be found in this matrix formalism that reads as∣∣∣∣A + D

2

∣∣∣∣ < 0 or 0 ≤ q1q2 ≤ 1 (3.1)

where both representations are equivalent, and their derivation can be found in [Sen10,
Sal07]. The parameters A and D are the diagonal elements of the ray tracing 2× 2 propa-
gation matrix. For the two-mirror resonators, shown in figure 3.3 (b), q1/2 is given by

q1 = 1− L
R1

and q2 = 1− L
R2

. (3.2)

L is the mirror distance and R1/2 is the radius of curvature. The second relationship given in
equation 3.1 is illustrated in figure 3.3 (a) where white areas represent the solution set and
mark stable configurations. Figure 3.3 (b) displays five specific examples of resonators. The
most simple arrangement to confine an electromagnetic field are two plane-parallel mirrors.
However, it is obvious that even minor misalignment leads to rays leaving the resonator and
consequently an unstable operation. Curved mirrors lift this constraint and the reflector
spacing becomes an important variable. The symmetric confocal and concentric configura-
tions are examples illustrating the relevance of distances. Resonators satisfying q1q2 = ±1
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3.2. Stability of laser cavities

are said to be marginally stable. These are typically implemented in high-power oscillators,
whereas amplifiers are designed to be far from the limits [Bau12, Neu08a, Neu08b, Neu10].
In the general case of cavities consisting of multiple elements it is not obvious whether an
assembly is stable or not. Regardless of the individual scheme, equation 3.1 defines the
stability.

As the number of roundtrips is finite for regenerative amplifiers, the stability criterion
is less restrictive compared to continuous wave resonators. However, the better the injected
seed beam is adapted to the internal mode profile, the higher the efficiency and the better
the beam quality. The spatial phase is of particular importance for ultrashort pulse lasers.
A spectrum that varies depending on the transversal position in a mode makes bandwidth-
limited compression virtually impossible and can lead to the generation of pulses with a
spatially varying temporal structure.
Transmissive optical elements may experience a change of their refractive power caused by
heating due to absorption and the temperature-dependence of the refractive index. Con-
sequently, the cavity mode can change dynamically. It is therefore beneficial to design the
resonator to operate far from the limits of the stability zone, shown in figure 3.3. Such
configurations provide some tolerance and take the expectable variations into account.
Additional boundary conditions for the layout and stability considerations may be given by
minimal or maximal acceptable mode sizes at specific resonator positions. Damage thresh-
olds can require enlargements of the beam diameter. On the other side, geometry and size
of gain media seek to adapt the interaction volumes which restricts the maximum mode
diameter.

3.2.1. Regenerative thin-disk amplifier cavity

Exploitation of the thin-disk gain geometry comprises a high potential in terms of scala-
bility of output power and pulse energy. In this context, this amplification technique also
necessitates a customized resonator layout. Specifically, there are two criteria that have to
be fulfilled. First, the mode size has to be matched to the population-inverted volume to
ensure ideal interaction conditions for efficient energy transfer. Second, the gain medium
has to be passed multiple times because the single-pass gain of a thin disk is small compared
to other geometries like optical fibers or slabs. The latter condition is of special importance
for thin disks and is essential for efficient conversion from pump to signal light.
Additional requirements are of particular relevance for high-power amplifiers. The average
light intensities can reach extreme levels, and the peak electric fields possess extreme mag-
nitudes associated with high peak powers for ultrashort pulses containing large amounts of
energy. Both contributions can cause defects and degradation of optical surfaces induced
either thermally or optically. Therefore, the mode diameter and its evolution along the
resonator have to be carefully regulated to limit peak amplitudes below the damage thresh-
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Figure 3.4.: Schematic of the thin-disk amplifier. The gray shaded area emphasizes the
regenerative cavity and separates it from the injection/extraction (blue shaded area) and
the pump cavity. Fiber collimator (fiber col.), free-space isolator (iso 1/2), Brewster-
type thin-film polarizer (TFP 1-5), plane dielectric mirror (M), wave plate (λ/x), Faraday
rotator (FR), Pockels cell (PC), end mirror (EM), mirror telescope (mir. tel.), concave
mirror (Mfoc), pump optics (PO), multi-mode fiber (MMF), collimating lens (col. lens).
Red arrows indicate the propagation direction.

olds of the components. Moreover, absorption in optical components that are passed causes
heat deposition and consequently thermal lensing via the temperature-dependence of the
refractive index. This unavoidable phenomenon lessens with increasing mode diameter due
to lower temperature gradients. Nevertheless, the dynamically changing refractive power
has to be taken into account in the resonator design.
Figure 3.4 displays the implemented regenerative amplifier cavity plus seed injection and
pulse extraction scheme. The resonator is framed by a dashed line and shaded in gray for
clear delimitation from the insertion/extraction scheme which is shaded in blue. Super-
scripted numbers label the beam path. First of all, seed pulses from the ultrafast fiber laser
seed source are coupled to free space by a collimator (fiber col.). The beam passes a se-
quence of isolators (iso 1/2) and a Brewster-type thin-film polarizer (TFP 1). Subsequently,
a lens telescope is inserted to adjust the mode size. Mirrors redirect the beam through a
combination of half-wave plate (λ/2) and Faraday rotator (FR) before it reaches the res-
onator. Coupling of pulses to the cavity and the subsequent trapping for amplification is
based on polarization-dependent reflection and transmission and is explained in figure 3.1.
In the resonator, the pulses first propagate through a quarter-wave plate (λ/4) and a Pockels
cell (PC) and are then reflected at the first end mirror (EM1). The polarization is rotated
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3.2. Stability of laser cavities

by double passage of the already described resonator elements, and the beam is deflected by
two Brewster-type thin-film polarizers (TFP 4/5). Subsequently, a mirror telescope (mir.
tel.) adjusts the mode size, and the path continues towards the gain medium (Yb:YAG
thin-disk). The pulses experience a first amplification and are sent repeatedly towards the
disk by plane (M) and concave mirrors (Mfoc). Once the second end mirror (EM10) is
reached, the beam direction is reversed, the pulses propagate towards the other resonator
end and the path is closed.

The cavity structure is most easily understood by identification of the principal compo-
nents. For this purpose it is helpful to locate the two plane end mirrors (EM) at first.
Reflectors are equiphase surfaces in a cavity and hence close to the plane end mirrors the
beam is nearly collimated with only small wavefront curvature. This property is of partic-
ular advantage for the beam that is coupled out of the resonator (EM1).
The gain medium (Yb:YAG thin-disk) is placed in the center of the resonator. Six steering
mirrors (M4−9/Mfoc

6/7) make multiple reflections on the disk during a single cavity passage
possible. A mirror telescope (mir. tel.) and two concave reflectors (Mfoc

6/7) with a radius
of curvature of 5 m are installed to enable operation far from the boundaries of the stability
zone. Thereby, the evolution of the mode diameter along the cavity can be adjusted, as
shown in figure 3.5. A total of six disk reflections for one full cavity roundtrip is realized
by the described arrangement.
Generally, the thin-disk geometry of the gain medium is polarization insensitive, and ad-
ditional measures must be taken to generate a linearly polarized output. The presented
resonator comprises two Brewster-type thin-film polarizers (TFP 4/5). These optical com-
ponents reflect or transmit light depending on its polarization. This property enables a
linear polarization of the generated beam, and, at the same time it is exploited for the
coupling mechanism into and out of the regenerative amplifier, as illustrated in figure 3.1.
An additional benefit is that polarization components in the injected seed beam deviating
from the s direction are transmitted and thereby filtered out. The second thin-film polarizer
(TFP 5) increases the contrast ratio between the polarization states. Components TFP 1
and TFP 3 are auxiliary and ensure a high degree of polarization and prevent light from
propagating towards the fiber collimator.
A notable feature in this amplifier setup is the intra-cavity mirror telescope. It serves as
focusing element for mode size adjustment at the gain medium and bridges at the same time
to a large beam diameter at the Pockels cell. This adaption of the beam diameter is required
to reduce the peak intensity at the β-barium borate crystal below its damage threshold. A
Galileo-type geometry avoids intermediate foci, and the radii of curvature are 600 mm and
−400 mm. The mirror spacing has large impact on the stability and evolution of the beam
diameter along the entire resonator. This degree of freedom can be leveraged during the
alignment. A spacing of 109 mm leads to the calculated profile plotted in figure 3.5. The
minimum mode size is kept large enough to prevent self-phase modulation in air, which
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3. Regenerative thin-disk amplifier

can have detrimental effects on the spectrum. It can cause shortening of the pulse duration
and consequently increase of the peak intensity. A detailed list of all distances between
components as well as tilt angles and refractive powers is given in appendix A.

Losses have to be minimized for efficient amplification. The optical elements are there-
fore processed with highly reflective coatings. All installed mirrors exhibit a reflectivity
of > 99.99%, the waveplates have a transmission of >99.95%, and more than 99.98% of
s-polarized light is reflected by the Brewster-type thin-film polarizers. By far the largest
reflection loss in this particular setup is caused by the Pockels cell. The refractive index
of its β-barium borate crystal at a wavelength of 1030 nm is nBBO = 1.6558 which causes
Fresnel losses at the air interfaces. Due to an anti-reflection coating, the transmission is
> 98.50%. Allocation of the lossy components is not only important for the cavity quality
factor but is also relevant for design considerations, particularly for the number of disk
reflections per resonator roundtrip.
A large number of passes through the laser active medium is required to reach a sufficient
effective interaction length and consequently a gain high enough to enter the millijoule-
regime when starting from typical seed pulse energies in the nanojoule-range. The exact
number at the point of operation depends on the level of population inversion, cavity losses,
and gain saturation. If the seed pulse energy is 100 nJ and the target output is 10 mJ, 150
disk reflections are required when a single-pass gain of 8% is assumed. The effective crystal
length would be 60 mm if a disk thickness of 200µm is considered. In principle, a simple
I-shaped resonator with only one single disk reflection could be implemented. Accordingly,
the number of circulations would be at least 150. The variation to a V-shaped arrange-
ment doubles the number of reflections on the disk and consequently halves the required
circulation periods. Pursuing of this idea to fold the cavity more and more often leads to
a hypothetical optical assembly that requires only a single pass with 150 reflections on the
gain medium. Clearly, this is not of practical relevance but it unveils the degree of freedom
which is identified in the parameter space containing the number of roundtrips and the
passes on the gain medium per single circulation.
A balance between the two extreme cases is found by the following consideration: The
dominant contribution to the cavity losses is given by the Pockels cell. Additionally, the
higher-order dispersion which is accumulated upon transmission through the β-barium bo-
rate crystal has to be taken into account for ultrashort pulse amplifiers. Both arguments
quest for the least possible number of roundtrips and maximization of the ratio between
gain and loss in a single circulation. However, there are also a few drawbacks. The cav-
ity length increases if more reflectors are installed which makes the system less stable and
enlarges the footprint. As a consequence, the laser becomes more sensitive to local atmo-
spheric variations of temperature, humidity, and air turbulences. Also, it has to be noted
that the angle of incidence on the thin disk has to be kept as small as possible. On the
one hand, this serves to reduce beam distortions. On the other hand, it is dictated by the
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3.2. Stability of laser cavities

geometric limitations given by the pump cavity, as it can be seen in figure 3.4.

It is of interest to operate the amplifier close to gain saturation to extract the maximum
pulse energy possible. This criterion determines the total number of reflections needed.
Because of the avalanche-like characteristics of stimulated light emission, the major con-
tribution to the gained pulse energy is added by the last few passages through the active
medium due to the exponential growth of the photon number. Therefore, it is essential
to scan the outlined parameter space to find the most efficient point of operation. Less
reflections on the disk per circulation enable a higher resolution of the sampling and the
precise setting of the number of roundtrips. Extraction of the amplified pulse at the time
when maximal energy is accumulated prevents back conversion or absorption, which would
occur for excessively long trapping times. Such a non-optimum timing causes inefficient
laser operation.

In conclusion, the discussed considerations lead to six reflections on the thin disk per single
circulation and more than 20 roundtrips in the case of the presented laser system. The
values have been found by simulation of the cavity stability and comparison of different
experimental realizations. These setting are sufficient to provide an effective interacting
length in the range of 50 mm to 60 mm to amplify the seed pulses from the nano- to the
millijoule energy range. The parameter combination can be compared to [D0̈4] and [Zap15].
The former system uses only a single disk reflection per roundtrip and consequently more
circulation periods are required to reach a comparable pulse energy. In the latter publica-
tion, a system is presented that employs a geometry where the beams are guided not only
in one plane but in three dimensions. This setup has the beauty of repeating the cylin-
drical symmetry of the pump cavity. Presumably, this makes it possible to reduced mode
distortions and to obtain high beam quality enabled by small angles of incidence and a high
degree of symmetry in the setup. A cavity with twelve disk reflections is realized in this way.

The mode diameter in the meridional and sagittal plane can evolve differently which can
lead to aberrations and a distorted beam profile. Here, the expression meridional is defined
as the plane that contains the optical axis and an object point. The sagittal plane is per-
pendicular to the afore mentioned one and contains the chief ray. One has to separately
calculate the beam parameters like diameter and wavefront curvature for these perpen-
dicular planes to be able to prevent unequal evolutions. The parameters in sagittal and
meridional plane should be matched to a high degree if a spherical mode profile is targeted.
Figure 3.5 shows the evolution of the beam diameter along the cavity of the regenerative
amplifier. The dataset has been calculated by ray tracing where an infinite number of
roundtrips is simulated. A beam diameter of about 2.5 mm results at the Pockels cell and
compares to a smaller value of 1.6 mm during the disk reflections. These two different values
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Figure 3.5.: Evolution of the beam diameter along the regenerative amplifier cavity. The
dataset is obtained from ray tracing whereby an infinite number of circulations is simu-
lated. Squares and triangles mark the positions of optical components in the resonator.
All thin-disk transitions are indicated for clarity. Mode size adaption between Pockels
cell and active medium is achieved by the intra-cavity telescope. The TEM00 mode di-
ameter is defined as full width at 1/e of the maximum intensity, and the right axis refers
to the difference between the beam diameter along the sagittal and meridional direction.

are motivated by the following considerations: The mode size is designed to be large to stay
below the damage threshold of the Pockels cell crystal. At the same time, the aperture of
this device of 7 mm limits the maximum diameter. The transversal beam extent at the po-
sitions of the disk reflections is adapted to the size of the pumped volume. Ideally, the spot
size is about 10% smaller than the population-inverted area for efficient light conversion.
As shown by the green plot that refers to the right axis in figure 3.5, the beam diameter
in the sagittal and meridional plane evolves essentially in the same way for the presented
regenerative amplifier. This result has been achieved by using smallest possible incident
angles at all components. An isotropic profile results even though the cylindrical symmetry
of the gain medium is broken by the cavity that obeys only partially mirror symmetry.

3.3. Dynamics, instabilities, and deterministic chaos in lasers

The active medium in an operating pulsed laser is a system in a state far from thermody-
namic equilibrium. Correspondingly, occupation of atomic levels contributing to stimulated
emission cannot be described by Boltzmann statistics. The population is typically calcu-
lated from rate equation models and mathematically described by time-dependent differen-
tial equations. These incorporate dynamical behavior and only under certain circumstances
stationary solutions can be found.
Variations of laser output parameters (average power or pulse energy) with transient char-
acter have to be distinguished from stationary dynamics persisting during continuous op-
eration. The former experience damping and disappear in a time interval on the order of
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3.3. Dynamics, instabilities, and deterministic chaos in lasers

milliseconds, whereas the latter show constant cyclic behavior. An example for an effect
of transient character are relaxation oscillations. These result from small deviations from
the stationary values of the population inversion and photon density in the electromagnetic
field. Typically, such phenomena appear directly after powering-on a solid-state continuous-
wave laser before the parameters settle at their steady state levels.
The effects persisting during continuous operation of pulsed lasers and amplifiers are of
great relevance for the presented system. Therefore, these phenomena are discussed in
greater detail, whereby [D0̈4] and [Gri07] are employed as a guideline, and [Kne08] is used
as reference for a general introduction to chaos.

The first Ruby laser showed irregular emission characteristics that contained unexpected
noise and bursts of photons even though it was driven in a quasi-stationary way [Sie86,
Sve10, Yar89]. Mathematical discoveries about instabilities and chaotic behavior of dy-
namic systems established a better understanding of the observed phenomena. Already
in 1892 Poincaré found that deterministic dynamic systems which are described by exact
differential equations cannot always be expected to behave in a mathematically regular
and ordered manner [Poi99]. In other words, a systems evolution may strongly depend on
its states in the past and particularly on the initial conditions. Applied to pulsed light
sources this implies a mutual dependence of sequential amplification cycles or in short, the
generated pulse energy varies despite of pumping with constant power.
Nonlinear systems may be subject to instabilities and chaotic behavior which are termed
deterministic due to their mathematical description. A sensitive dependence on the initial
conditions is prerequisite in order to experience chaos. If R = {X (t) ,Y (t) ,Z (t) , . . .} is a
vector containing the system parameters as components, then a trajectory in phase space
with time t as variable is described by R (t). The separation of two trajectories

|∆R (t)| = |R2 (t)−R1 (t)| (3.3)

may diverge exponentially which is equivalent to a positive Lyapunov exponent λ, defined
as

lim
t→∞

(
t−1 ln |∆R (t)|

)
=: λ. (3.4)

An example for irregular behavior is visualized in an abstract manner in figure 3.6 (a). First,
this hypothetical system evolves in a regular way when the free parameter µ is varied. At
some point, so-called structural instabilities appear in the trajectory leading to an irregular
regime which can also involve a chaotic domain. Further scaling of µ can lead to regular
behavior again. In fact, it has been proofed mathematically that irregular evolution, which
is expressed as λ > 0, is only possible in three and higher dimensional problems.
A particular structural instability in which stable and non-stable stationary equilibrium
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Figure 3.6.: Examples of paths into chaotic behavior. (a) Hay-fork bifurcation of the po-
tential U (x,µ) = −µ/2 x2+1/4 x4 with stable and non-stable trajectories. (b) Repeated
structural instabilities with additional chaotic regime leading to regular behavior. The
graphic is inspired by [Kne08].

states may occur, disappear or flip their order, appears through so-called bifurcations.
These are of importance for the presented laser system. An example is the hey-fork type,
which is shown in figure 3.6 (b). In this special case, the trajectory of a system depends
on a free parameter µ. In a stable regime, arbitrary initial conditions and variation of µ
leads always to the same trajectory, as indicated by the vertical arrows. In contrast, after
the hay-fork bifurcation is past, the system can evolve along two paths and also non-stable
trajectories exist.
The exemplary single parameter system shown in figure 3.6 (b) is described by

x = u (x,µ) = −Ux (x,µ) . (3.5)

Here, U (x,µ) is the potential, µ the free parameter, and the subscript represents the deriva-
tive with respect to x. Stationary equilibrium states require 0 = u (xs,µ) = −Ux (xs,µ),
where the stability is dependent on the second partial derivative.

ux (xs,µ) = −Uxx (xs,µ)
{
< 0 stable
> 0 unstable

(3.6)

Structural instabilities appear at bifurcation points u (xs,µb) if equation 3.6 is equal to
zero. A deterministic chaos is connected to the initial stationary state by a finite number
of paths containing characteristic instabilities. Regular behavior can be re-established after
a chaotic regime has been passed.

3.3.1. The regime of period doubling

Periodic systems that are subject to structural instabilities can show irregular behavior and
the pulse energy at the output alters between two distinct values or is totally chaotic. An
illustration of the relevant types of behavior is shown in figure 3.7. In (a) regular behavior is
depicted. Here, an amplifier generates pulses with equal energy at repetition rate frep. When
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Figure 3.7.: Illustration of three operation modes in a regenerative amplifier that exhibits
dynamical behavior. (a) Regular mode which shows a single-energy output (green solid
lines). All pulses are spaced by TD = 1/frep. (b) Bifurcation regime that causes the
generation of a strictly alternating train of high (blue solid line) and low energy (red
solid line) pulses. Each sub-pulse train has an effective repetition rate of frep/2. (c)
Output of an amplifier in the chaotic regime. The energy fluctuates in an irregular
manner from one pulse to the next.

a regenerative amplifier system is subject to bifurcation (b), its output is characterized by
non-constant energy of subsequent pulses. Instead, a strictly alternating train of high- and
low-intensity pulses is delivered. In fact, the presented thin-disk amplifier operates in such
a regime that is called period doubling. This operation mode is non-intentional and results
from a number of boundary conditions that are discussed below. The parameter space has
to be at least of dimension three to access this domain of deterministic dynamic behavior, as
described before. In this particular case of an amplifier, the population-inversion, gain, and
pulse energy are the involved variables. For the sake of completeness, a chaotic output is
illustrated in figure 3.7 (c) where the energy of subsequent pulses fluctuates in an irregular
way.

The phenomenon of bifurcation and consequently the period doubling in regenerative am-
plifiers appears if two conditions are met. On the one hand, the pulses must substantially
reduce the population inversion of the gain medium. In this situation the assumption of
a constant population of the upper laser level, as typically used for the derivation of rate
equations describing the lasing process, is violated. As a consequence, the standard differ-
ential equations have to be modified and can no longer be analytically solved. On the other
hand, the inverse repetition rate of the amplifier, or in other words the temporal spacing of
two subsequent pulses, has to be in the range of the upper-state lifetime of the gain medium.
In Yb:YAG this value τl is varying between 1 ms and 2 ms at room temperature depending
on the doping concentrations and purity of the material [Don03]. It is reported in [D0̈4]
that the phenomenon of bifurcation in Yb:YAG appears at repetition rates in the range
of 500 Hz to 40 kHz which includes the domain of 1 kHz to 10 kHz the presented system is
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Figure 3.8.: Illustration of a typical amplification cycle in the regime of period doubling.
(a) Four amplification cycles are shown which are spaced by the inverse repetition rate
1/frep = TD. A weak seed pulse is trapped in the resonator for the time TG (blue
window). TR is the duration of a single cavity roundtrip. The pulse intensity (green bars)
is increasing exponentially, and the amplification cycles are repeated with a dumping
rate that is the inverse of TD. (b) Indication of high and low Q phases during which
the cavity is closed/opened by the Pockels cell. Here, Q refers to the cavity quality
factor. (c) Evolution of the gain g. The dashed line is a guide to the eye to identify the
different levels. (d) Accumulated pulse energy E with respect to the available population
inversion/gain. The graph is inspired by [D0̈4].

operated in.
The time between subsequent amplification cycles may be divided into two segments for
better understanding the phenomenon, as shown in figure 3.8. In (a) four cycles are shown
whereby the introduced time scales TD and TG may be identified in figure 3.2 as well. The
state of the cavity quality factor Q and its change is indicated in (b). Correspondingly,
one/no pulse is trapped and the gain is reduced/accumulates, as shown in (c). The ac-
cumulation of pulse energy during the amplification process is illustrated in (d), and the
behavior shown in figure 3.7 (b) can be identified.
The partition of the time axis may be described as follows: First, the period of energy
deposition in the laser medium. Second, the stimulated depletion and light amplification.
The population inversion increases during the pumping period. No lasing appears because
the cavity is opened and consequently the quality factor is low. The evolution of the gain
g during this interval is described by

∂g

∂t
= g0 − g

τl
. (3.7)

Here, τl is the lifetime of the upper laser level and g0 is the small signal gain. The latter
parameter describes the increase in energy a pulse experiences from a population-inverted
medium when the seed signal is too weak to cause gain saturation.
Equation 3.7 can be analytically solved in a straight forward manner. A boundary condition
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is given by g (t = 0 s) = g1. This expression describes the gain after a high Q and at the
same time at the beginning of a low Q period. Q refers to the cavity quality factor. The
result is g2 (t = TD − TG) which is the gain at the end of the low Q segment.

g2 (t = TD − TG) = g0 + (g1 − g0) exp
(
−TD − TG

τl

)
(3.8)

In this expression TD is the inverse repetition or dumping rate of the amplifier, and TG is
the time during which the pulse is circulating inside the cavity while it accumulates energy.
Activation of the Pockels cell causes the cavity quality factor to be switched to a high value
which translates to low losses. Stimulated light emission can now start as the feedback for
the electromagnetic field is positive. As the circulating seed pulse depletes the population-
inverted medium, also the gain is reduced. This phenomenon is called gain saturation
and appears because the population-inverted medium can neither be supplied with nor
store arbitrary high amounts of energy. The effect is taken into account by modification
of equation 3.7 that describes the gain in the high Q phase. With an additional term the
expression reads

∂g

∂t
= g0 − g

τl
− gE

EsatTR
(3.9)

whereby Esat denotes the saturation energy, which is the pulse energy that reduces the
population inversion to 1/e of its initial value. E is the pulse energy, and TR is the roundtrip
time of the cavity, as illustrated in figure 3.8.
The differential equation that governs the evolution of the pulse energy E is coupled to
equations 3.9 via g and E. It reads

∂E

∂t
= E

TR
(g − l) (3.10)

and l is the effective cavity loss. Two boundary conditions have to be fulfilled. An initial
signal has to contain the seed pulse energy E (t = 0 s) = Eseed, and the gain at the begin-
ning of the high Q period has to be equal to its counterpart at the end of the low Q interval.
The system of equations 3.8 - 3.10 has to be solved numerically, and an exemplary solution
is presented in figure 3.9 for Eseed = 100 nJ, Esat = 1 J, l = 3%, g0 = 0.24, τl = 1 ms,
TR = 31 ns, and 1/TD = 10 kHz. First, 200 iterations of the amplification and pump cycle
are carried out to initialize the system to its steady state. Thereafter, the pulse energy is
calculated for more than 50 iterations with a fixed set of parameters before the gating time
is changed and the system is initialized again.
Three bifurcation points can be identified in figure 3.9. First, the laser operates in a single-
energy regime and amplifies pulses to equal intensity at the full repetition rate. After 19
circulations, the energy extraction causes substantial gain depletion. Consequently, the
active medium shows two distinct states of the population inversion for subsequent pulses,

61



3. Regenerative thin-disk amplifier

0 1 0 2 0 3 0 4 00

3

6

9
Pu

lse
 en

erg
y (

mJ
)

N u m b e r  o f  r o u n d t r i p s

b i f u r c a t i o n  p o i n t : 2 n d 3 r d1 s t

Figure 3.9.: Exemplary solution of equations 3.8 - 3.10 for variation of the gating time
TG. Used parameters are: Eseed = 100 nJ, Esat = 1 J, l = 3%, g0 = 0.24, τl = 1 ms,
TR = 31 ns, 1/TD = 10 kHz. In this simulation the pulse gains energy from the thin-disk
six times per roundtrip.

as illustrated in figure 3.8 (c). This situation is maintained up to the second bifurcation
where both branches split again, and a fourfold of pulses with different energy content is
generated. Further increase of the circulation number finally leads to a seemingly chaotic
regime. However, it is deterministically predetermined which pulse energy is produced at
a time. In particular after the first bifurcation, a strictly alternating sequence of high- and
low-energy pulses is generated. Each sub-pulse train shows half of the amplifier repetition
rate which itself is controlled via the switching rate of the Pockels cell (see figure 3.7 (b)
for comparison).
The presented laser system operates in this regime of period doubling. Boundary condi-
tions like the seed pulse energy, required gain for the target output, repetition rate, level
of population inversion, and losses lead to this situation. The bifurcation diagram for the
realized conditions which was recorded experimentally is plotted in figure 3.10. In (a) the
average output power of the regenerative amplifier is plotted as a function of the number
of roundtrips. Regular behavior in terms of average output power can be observed for all
scanned pump power levels. The monotonic increase of the average power settles off when
the gain is saturated. Back-conversion is to be expected for further increase of the number
of roundtrips. The scanned parameter range is reduced for higher pump powers to prevent
thermally induced defects and degradation by absorbed but non-extracted pump energy.
In figure 3.10 (b) the generated pulse energy is depicted as recorded while stepwise in-
creasing the number of roundtrips. At a pump power of 27 W the pulse energy is directly
related to the average output power by division with the repetition rate. The pulse inten-
sity remains still below the threshold at which depletion of the population inversion can no
longer be restored continuously. A splitting in the structure in a hay-fork bifurcation (see
figure 3.6) is recorded at 44 W and 67 W of pump power. Clear separation of two distinct
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Figure 3.10.: (a) Average output power at six pump power levels. (b) Plotting the pulse
energy versus the number of roundtrips reveals the bifurcation behavior. The color
code corresponds to (a). Solid lines are experimental data and dashed orange lines are
simulated. The dataset is recorded at a full repetition rate of 6 kHz.

pulse energies is apparent. For Ppump = 99 W the inaccessible region is complemented by
simulations. As a result of this series, an optimal roundtrip number of 21 is found for
172 W of pump power when operating at a full repetition rate of 6 kHz. These operation
conditions made it possible to generate a train of pulses containing 20 mJ of energy at an
effective repetition rate of 3 kHz. After each pulse its weaker conjugate of 4 mJ follows at
the same rate. In combination a 6 kHz train of alternating high- and low-intensity pulses
is obtained.
Despite the dynamics in the population inversion, the deterministic character of the de-
scribed phenomenon supports a high pulse-to-pulse energy stability, as demonstrated in
section 3.5. It shall be mentioned that recently a system has been published which is
similar to the presented one. However, because a microjoule seed pulse energy is used, a
millijoule output is generated without entering the regime of period doubling or determin-
istic chaos [Fat16].

The extraordinary behavior is challenging when the specification of the ideal point of opera-
tion is concerned. However, it also incorporates a potential that can be fostered and turned
into an improved system performance. In particular, this is the reversed sign of the differ-
ential energy gain in the two pulse energy branches. When the slope in the single-energy
regime is compared to the upper branch after the first bifurcation, an abrupt increase is
apparent. The change goes along with a differential energy gain that is higher than be-
fore. This increase is of particular advantage when highest peak powers are of interest. Of
course, this benefit is paid by the less intense secondary pulse train which shows a negative
slope for an increasing number of roundtrips. At the same time, the high energy pulses are
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3. Regenerative thin-disk amplifier

generated only at half the laser repetition rate, as shown in figure 3.7 (b). There are two
tendencies that can be stated for the appearance of the first bifurcation. To begin with,
the more energy is contained in the seed pulse, the higher the level at which the bifurcation
appears for the first time. Second, the larger the cavity losses, the earlier the structural
instability is triggered.
Typical ratios between pulse energies at high (20 mJ) and low levels (4 mJ) are larger than
5:1. Nonlinear frequency conversion stages increase the contrast ratio additionally, and
the low energy pulse train becomes essentially irrelevant. This statement is particularly
true for effects with a pronounced threshold such as supercontinuum generation. Complete
suppression can be implemented by installation of a second Pockels cell if required for a
particular application.
The regime of periodic doubling and chaotic behavior in Yb:YAG can be circumvented com-
pletely if the repetition rate is chosen below 500 Hz or above 40 kHz. Another way would
be to reduce the extracted gain, as shown in figure 3.10 for a pump power level of 27 W.
This strategy of course incorporates a lower output power and is therefore not acceptable
for top-notch systems. The third option requires the employment of an additional amplifi-
cation stage to achieve microjoule-level seed pulse energy. Consequently, a smaller gain is
required in the thin-disk amplifier to access the millijoule-energy domain. This technique
has recently been approved by [Fat16].

3.4. Temporal pulse compression

The temporal intensity profile of an optical pulse is an essential characteristic for ultrafast
lasers. Of course, in nonlinear optics it is primarily desirable to work towards the shortest
temporal duration supported by the Fourier limit at a given spectral bandwidth. Reduc-
tion of the temporal full-width-at-half-maximum enables to increase the peak power and
the associated electric field amplitude. The latter is essential to trigger nonlinear effects.
However, there is also a vast variety of other disciplines harnessing ultrashort pulses. Ex-
amples are research areas like photochemistry where the electromagnetic field is utilized to
start and accelerate chemical reactions or industrial applications like micromachining where
cutting and drilling of solids is carried out by photon bombardments. For these application
it is essential to modify the temporal profile of the intensity envelope in a way that supports
efficient interaction with the specimen or to improve the reaction rate. An intentionally
asymmetric or modulated profile may be beneficial for particular applications. Temporal
pulse shaping summarizes all the techniques and procedures employed to achieve these goals.

There are a number of techniques to modify the temporal pulse profile. Examples are
spatial light modulators, acousto-optic modulators, and setups employing deformable mir-
rors. Beyond these three techniques there are several more specialized methods like, for
example, phase-sensitive three-wave mixing [Yin10]. All techniques enable control of the
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3.4. Temporal pulse compression

spectral phase. However, they differ in precision, resolution, and consequently the max-
imum phase dispersion applicable. Further important characteristics are the throughput
efficiency and the maximum acceptable pulse energy. The latter three aspects are key is-
sues when it comes to the compression stage of an amplifier. In particular, chirped-pulse
amplifiers require a design for compression that fits to the stretching technique and takes
the nonlinear phase into account which is accumulated during amplification.
The compression technique that satisfies all criteria and is therefore chosen for the pre-
sented system is based on diffraction gratings. It facilitates the compensation of large
dispersion and the added phase is continuously tunable. Acceptable pulse energies are vir-
tually unlimited which is enabled by high damage thresholds and the possibility to rely
exclusively on reflective optical components with scalable apertures. The compression is
purely linear. This means that no nonlinear effects are exploited and the pulse energy can
be scaled without adaption of the geometry of the compressor. As a consequence of this
linearity, the pulses show a well-behaved phase and their spectral shape remains unchanged.

In a chirped-pulse amplification system the stretcher and compressor have to be mutually
adapted to each other. Therefore, the phase dispersion added by one chirping unit has to
be taken into account for the design of its corresponding counterpart and vice versa. Close
to bandwidth-limited compression is possible even for strongly chirped pulses if this con-
nection is respected. Precise balance and mutual compensation of second- and third-order
dispersion can be utilized to influence the exact pulse shape.

3.4.1. Sub-picosecond pulses from a grating compressor

A grating stretcher which adds phase dispersion required for chirped-pulse amplification
is introduced in section 2.3.1. It is calculated that the pulses possess a second-order dis-
persion of about 70 ps2 at a wavelength of 1030 nm. It requires appropriate techniques
to compensate for such an large chirp. The concept of a Tracy-type grating compressor
has been introduced in section 2.3. Dimensions, incident angles, and grating separations
matching the requirements given by the set up stretcher have been calculated, and the
resulting phase is plotted in figure 2.10. The parameters are determined to compensate
exclusively for spectral phase added by the stretcher. Additional accumulated higher-order
spectral phase from dispersive media which are passed is small compared to the large chirp
that is intentionally imposed on the pulse for chirped-pulse amplification. Nevertheless, this
constriction should be taken into account during the process of compression and especially
when the final temporal profile and phase is assessed.
The regenerative amplifier cavity is introduced in section 3.2.1, and it is mentioned that
the mechanism for pulse routing, trapping, and extraction is based on a Pockels cell. This
device comprises a 20-mm-long β-barium borate crystal employed for polarization rotation.
The pulses transmit the crystal twice per single circulation which sums up to an effective
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Figure 3.11.: Spectral narrowing of the Yb:YAG thin-disk amplifier spectrum for increas-
ing pump powers. (a) Spectral intensity profile at exemplary output powers. The color
code is the same in both graphs, and the spectral resolution is 1.4 nm. (b) Evolution
of the bandwidth at full-width-at-half-maximum (FWHM) versus the average output
power.

material length of more than 80 cm for typical amplification cycles. For the sake of com-
pleteness is should be mentioned that the group velocity dispersion of β-barium borate
at a wavelength of 1030 nm is 42.068 fs2/mm. This number sensitizes for a careful design
of the regenerative amplifier cavity especially concerning the number of reflection on the
amplifying disk per passage of the Pockels cell.

Ultrashort pulses can only be generated from a sufficiently broadband spectrum, as stated
by Fourier calculus. The detrimental influence of gain narrowing on the minimum supported
pulse duration has been discussed in section 1.2, and implications on stretched pulses are
outlined in section 2.3.1 (see figure 2.12). The ultrafast fiber laser seed source, introduced
in section 2, is designed to tackle gain narrowing by broadband seeding with nanojoule
pulse energy. Of course, the bandwidth reduction cannot be suppressed completely but
the remaining effective spectral width is maximized. Figure 3.11 depicts the evolution of
the injected spectrum during amplification for different power levels. In figure 3.11 (a) the
pump power is varied whereas the number of roundtrips and the seed pulse energy is held
constant. The red line in figure 3.11 (a) shows a full-width-at-half-maximum of more than
13 nm and is recorded at an average output power of less than 2 W. Compared to the spec-
tral profile of the seed, shown in figure 2.13, the intensity distribution remains essentially
unchanged. Of course, this is mostly attributed to the low gain. However, it should also be
regarded that in addition to the kilohertz train of amplified pulses there is the remaining
10 MHz idle seed pulse floor. At low gain, the average power of the idle seed and amplified
pulses is comparable and both contribute equally to the resulting spectral intensity profile,
recorded with an integration time in the range of milliseconds. For increasing pump power,
the output spectral intensity distribution assimilates more and more to the Yb:YAG gain
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3.4. Temporal pulse compression

profile. The evolution of the full-width-at-half-maximum of all recorded spectra is shown
in figure 3.11 (b). This plot visualizes the tremendous narrowing. Already at an average
output power of 3 W (blue line) the bandwidth at full-width-at-half-maximum has reduced
to about 3 nm. Still, broad wings reaching up to 1040 nm and down to 1025 nm remain
with intensity above 5%. Strong spectral narrowing appears up to 10 W of average output
power. The spectral profile remains almost unchanged for values exceeding 20 W (orange
solid line) and 50 W (olive solid line). Despite the gain narrowing, the achieved spectral
width is broad enough to support pulses of 560 fs duration. This value is obtained from
Fourier transformation of the spectrum depicted in figure 3.13. The support of a sub-
picosecond pulse duration is an outstanding feature of the presented amplifier system. A
bandwidth of 2.0 nm at a center wavelength of 1030 nm is maintained even at a pulse energy
of 20 mJ.

The exact spectral intensity profile and residual phase dispersion has to be taken into ac-
count for the determination of the minimum temporal duration. In particular, third-order
spectral phase can lead to an asymmetric temporal intensity profile that possesses a shorter
duration at full-width-at-half-maximum as compared to a Gaussian spectrum with the same
spectral bandwidth. This variation can also be seen from comparison of time-bandwidth
products of an asymmetric saw-tooth, a hyperbolic secant-type, and a single-sided expo-
nential pulse which differ substantially. A detailed evaluation can be found in [Sal80].
The temporal intensity profile of pulses generated by the presented Yb:YAG thin-disk am-
plifier is characterized by second harmonic generation frequency-resolved optical gating
(FROG) [Tre97]. The FROG trace which is recorded after the compressor grating sequence
is plotted in figure 3.12 (a). Spectral and temporal intensity profiles and phases are calcu-
lated via the FROG algorithm. The reconstructed FROG trace is shown in figure 3.12 (b).
A small reconstruction error of 0.0159 underlines the high fidelity of the retrieved informa-
tion. Figure 3.12 (c) presents the temporal intensity profile and phase. The pulse has a
shape similar to a single-sided exponential function whereby the leading edge has a substan-
tially steeper slope than the trailing edge. It should also be noted that the profile shows a
smooth intensity envelope lacking any indication of satellite pulses. The full-width-at-half-
maximum is 615 fs. To the best of knowledge, this is the shortest pulse duration reported
from an Yb:YAG thin-disk amplifier at kilohertz repetition rate and a multi-millijoule pulse
energy.
The reconstructed spectrum, plotted in figure 3.12 (d), is in good agreement with its exper-
imental counterpart, depicted in figure 3.13. Its asymmetric distribution of spectral weights
is translated to the time domain and results in a single-sided exponential shape of the tem-
poral profile. The spectral phase is well-behaved and shows only minor variations. The
residual spectral phase is clearly dominated by third-order dispersion which underlines the
high degree of second-order compensation and supports additionally the explanation of the
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Figure 3.12.: Characterization of compressed pulses with an energy of 17 mJ by frequency-
resolved optical gating. The dataset is recorded after the grating compressor. (a) Ampli-
tude of the measured FROG trace (128 pixels× 128 pixels grid) and (b) retrieved FROG
trace in amplitude with reconstruction error of 0.0159. (c) Reconstructed temporal in-
tensity profile (solid blue line) and phase (dashed green line). (d) Retrieved spectral
intensity distribution (solid red line) and phase (dashed green line). The pulse dura-
tion at full-width-at-half-maximum (FWHM) is 615 fs, whereas the Fourier limit of the
retrieved and recorded spectrum is calculated to be 560 fs.
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asymmetric temporal intensity profile. Due to the employment of multilayer dielectric grat-
ings, the overall compressor efficiency is larger than 82% and the full spectral bandwidth
of the regenerative amplifier output is conserved.

3.5. Characterization of the Yb:YAG thin-disk amplifier

The performance of a laser system is characterized by several parameters. For the assess-
ment of the specifications both the system type and the amplification technique has to be
taken into account. Some figures of merit should be judged with respect to each other when
comparing different laser systems. Such a group of numbers is, for example, the trio com-
posed of pulse energy, repetition rate, and temporal duration. When examined separately,
the single values may not be outstanding. However, their combination in one system can
be remarkable and qualify the particular laser for experiments that would not be feasible
with other systems.
Ultimately, the goal of this amplifier system is to achieve maximum peak power with op-
timal stability, compactness, and reliability. The objective is to generate multi-millijoule
pulse energy at few-kilohertz repetition rate with a pulse duration well below 1 ps. In the
following section the Yb:YAG thin-disk amplifier output is characterized. The specifications
inspire a multitude of potential applications and some of them are discussed in chapter 4.

3.5.1. Spectral intensity distribution

The generated spectrum of the presented amplifier is displayed in figure 3.13. Both the
spectral intensity distribution of the seed (blue solid line) and regenerative amplifier (red
solid line) is shown, and the resolution is 0.02 nm. An excess bandwidth of 16 nm of the
seed pulses facilitates to reduce the gain narrowing in the regenerative amplifier which
results in a full-width-at-half-maximum of 2.0 nm. The peak amplitude is found at the
center wavelength of 1030 nm while the emission profile of the Yb:YAG thin-disk amplifier
features a smooth shape and a pedestal which spans from a wavelength of 1026 nm to
1034 nm. A Fourier limit of 560 fs is calculated for the recorded spectrum. Pulses with a
duration of 615 fs are obtained from the compressor, as characterized in figure 3.12. This
value is within 10% of the Fourier limit.
No indications of nonlinear spectral broadening are noticeable as it is intended. Already
during the design of the cavity, refractive powers and distances where adjusted to keep the
minimum beam diameter as large as possible. The so-called B-integral is a measure of the
nonlinear phase shift of light. The position-dependent intensity I (z) is weighted with the
nonlinear refractive index along the optical path and the full expression reads

B = 2π
λ

∫
n2I(z) dz. (3.11)
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Figure 3.13.: Spectra of two ytterbium amplifier stages. Spectral intensity distribution of
the Yb:fiber pre-amplifier (blue solid line) operated at 1 W output power. The full-width-
at-half-maximum (FWHM) is 16 nm. Spectrum of the Yb:YAG regenerative thin-disk
amplifier (red solid line) recorded at an average output power of 72 W and an effective
repetition rate of 3 kHz. The profiles were recorded by an optical spectrum analyzer
with a resolution of 0.02 nm.

If B is large, the accumulated phase is substantial and an influence on the temporal pulse
profile as well as on the spectrum is expected. The B-integral of the regenerative amplifier
is calculated to be below 0.9 even at a pulse energy of 20 mJ. Therefore, only negligible
nonlinear effects are expected, and the experimental observation verifies this statement.

3.5.2. Average power and conversion efficiency from pump to signal light

The Yb:YAG thin-disk is continuously pumped by seven semiconductor diode bars of 30 W
average power each. These are combined and coupled to a multi-mode fiber with a core
diameter of 250µm. The spectrum and center wavelength of the pump light depends on
the output power level, as plotted in figure 3.14 (a). A continuous spectral shift towards
longer wavelengths is recorded for increasing pump power. This shift goes along with a
slight spectral broadening and may be caused by a bandgap reduction in the semiconduc-
tor diodes for an increased temperature. In this context, it shall be mentioned that the
characteristic width of the Urbach tail in direct-bandgap semiconductors is ≈ kBT . This
exponential tail is the deviation from the idealized sharp absorption onset in this material
class. Also a change of the effective resonator length in the pump diode due to heating can
be the origin of the wavelength shift.
The spectra are quantitatively evaluated in figure 3.14 (b) where the spectral bandwidth
and the peak wavelength are plotted as a function of the average output power of the pump
diode. The increase in bandwidth amounts to only 0.3 nm, and the wavelength drift is
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Figure 3.14.: (a) Pump-power-dependent spectra of the semiconductor diode stacks. The
peak intensity shifts towards longer wavelength for increased pump power. An offset
proportional to the pump power is introduced for clarity, and the spectral resolution is
1.4 nm. The scanned parameter range is 5 W (black solid line) to 90 W (green solid line)
(b) Full-width-half-maximum (FWHM) of the spectra (red triangles) and wavelength of
maximum intensity (blue squares) versus the pump powers.

rather small. These values have to be evaluated with respect to the absorption spectrum of
Yb:YAG, shown in figure 1.6. One can state that both drift and broadening are negligible
in comparison to the absorption bandwidth at a wavelength of 940 nm. Also, the cooling
efficiency of the thin-disk geometry is high enough for pumping at 940 nm and consequently
to tolerate a quantum defect of 9%.

Figure 3.15 presents the average output power of the regenerative amplifier and conver-
sion efficiency from pump to signal light versus the pump power for two repetition rates.
As the system is operated in a regime of period doubling, it has to be differentiated between
the full and the effective repetition rate. The latter refers exclusively to the train of intense
pulses, whereas the former regards both high- and low-energy components. An average
power of 72 W is recorded directly after the regenerative amplifier at a full repetition rate
of 6 kHz. This maximum output requires a pump power of 172 W. The conversion effi-
ciency from pump to signal light is 41%, and the slope efficiency is calculated to be 48%.
Relatively low conversion is obtained for pump power levels far below 50 W. This behavior
is typical for thin-disk lasers which require a high pump light intensity because of the short
interaction length that is available for the absorption. The conversion efficiency levels off
little above 40%, whereas the average power continues to increase linearly with the pump
power. Further scaling towards the full capacity of the pump source is omitted because of
the danger to optically or thermally damage the optical components.
Figure 3.15 (b) represents the same figures of merit at a full repetition rate of 10 kHz. An
output of 47.4 W is generated with 111 W of pump power. A conversion efficiency from
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Figure 3.15.: Average power (blue squares) recorded at the output of the regenerative
thin-disk amplifier and according conversion efficiency from pump to signal light (red
triangles) versus pump power. (a)/(b) The dataset is recorded at a full repetition rate
of 6 kHz/10 kHz which leads to an effective 3 kHz/5 kHz train of intense pulses.

pump to signal light of 43% is achieved, and comparison to figure 3.15 (a) implies that fur-
ther scaling of the pump power enables even higher pulse energy and conversion efficiency.
The larger slope efficiency of 54% can be attributed to the higher repetition rate.
The grating compressor has an efficiency of 82%, which is independent of the incident
power. Consequently, the average output power after compression is therefore reduced by
18%.

3.5.3. Pulse energy at 3 kHz and 5 kHz repetition rate

Specification of pulse energies has to be carried out carefully if a laser is operated in a regime
of periodic doubling. The exact energy splitting ratio of the two sub-pulse trains has to
be determined and taken into account. This factor can be extracted by experimentally
recording the bifurcation diagram, shown in figure 3.10. The measurement can be carried
out by placing a photo diode at a reflection of the beam and comparing amplitudes of the
recorded peaks. Evaluation of the dataset, which is recorded at a full repetition rate of
6 kHz and an average power of 72 W, leads to a splitting ratio between upper and lower
branch of 7:1. This value translates to a pulse energy of 21 mJ for the intense 3 kHz train of
pulses and 3 mJ for the less energetic counterparts. The energy after compression is 17 mJ
and 2.5 mJ, respectively. A gain of 53 dB is calculated when the spectrally integrated seed
pulse energy of 100 nJ is taken as reference. The energy contained in the seed pulse within
the bandwidth of the amplified output of the regenerative amplifier amounts to 10 nJ and
the respective gain becomes 63 dB.
When the system is operated at a full repetition rate of 10 kHz and an average output power
of 47 W, the splitting ratio between the upper and lower branch is measured to be 17:1.
The high- and low-intensity pulses which are generated at an effective repetition rate of
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Figure 3.16.: Evolution of the relative pulse energy recorded at an effective repetition rate
of 5 kHz and an average output power of 24 W.

5 kHz contain 9 mJ and 0.5 mJ of energy. Analog to the specification above, the spectrally
integrated gain is 49.5 dB and 59.4 dB when the output bandwidth is linked to the energy
density in the seed spectrum.

3.5.4. Pulse-to-pulse energy stability

The pulse-to-pulse energy stability of the presented amplifier system is characterized with
a boxcar integrator. This instrument enables to record the intensity of each single pulse at
the full repetition rate without loss of information caused by bandwidth limitations of the
detection system. A time sequence of 1200 s of the recorded dataset is plotted in figure 3.16.
It refers to the intense pulse train at an effective repetition rate of 5 kHz. The root-mean-
square deviation of 7.0 × 10−3 underlines the system stability. Another dataset at higher
average power is presented in figure 4.2.

3.5.5. Mode quality

At the output of the compressor, the laser system shows a high-quality TEM00 mode lacking
any hot spots or asymmetry. ItsM2 factor is determined to be 1.5 hence the amplifier works
close to single mode operation. Another quality measure is the beam parameter product
which is the radius at the waist times half the divergence angle. The higher this number,
the lower the beam quality. A value of 0.344 mm mrad is computed and compares to typical
scales of about 10 mm mrad for diode-pumped and even higher values for Nd:YAG lasers
which are supplied with energy by flash lamps.
The excellent beam parameters of this high-power laser system are the basis for diffraction
limited focussing. This possibility enables full exploitation of the pulse energy to generate
extreme intensities. Consequently, efficient interaction in nonlinear processes is supported.
The performance is achieved due to the combination of a high-quality seed mode-matched
to the regenerative cavity and the careful resonator design. To begin with, the regenerative
amplifier is supplied with seed light by a fiber collimator. The M2 factor and mode quality
of these free-space couplers is known to meet highest demands. Features like the pointing
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Figure 3.17.: Beam profile of the regenerative amplifier recorded after the grating com-
pressor. An identical color-code is used in both graphs. (a) Normalized transverse
intensity profile (color coded) of the collimated beam with cuts across the center (white
solid lines). (b) Three-dimensional illustration of the spatial intensity distribution of the
regenerative thin-disk amplifier output.

direction, size, and wavefront curvature of the seed beam are adapted to the cavity mode
by a lens telescope, and the linear polarization is preserved by the design of the gating
mechanism. Outside the cavity the beam diameter is expanded after the amplification
by a mirror telescope to reduce the peak intensity at the subsequent compression optics.
The beam profile is recorded after all optical components at the output of the grating
compressor. Figure 3.17 presents the dataset in two visualizations. A color-map of the
intensity is depicted in (a). No hot spots are noticeable irregularities can be identified in
the rotational-symmetric profile. The white solid lines are cuts across the center along
the vertical and horizontal direction. Figure 3.17 (b) is a three-dimensional intensity plot
which supports the imagination of the spatial distribution. The identical color-code is used
in (a) and (b).
The comparably high beam quality for such a powerful laser system can be largely attributed
to the thin-disk geometry that preserves the mode profile by virtue of its negligible thermal
gradients.
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Ultrafast science both motivates and benefits largely from the development of more powerful
lasers. The extreme energy content of pulses maximizes the nonlinear interaction between
light and matter. Combinations of multi-millijoule-class lasers and sophisticated frequency
conversion stages enables the synthesis of ultraintense few-cycle pulses. Optical parametric
amplifiers make it possible to cover a broad frequency range which spans from the ultra-
violet to terahertz frequencies. Moreover, the generation of high harmonics represents a
pathway towards sources of coherent deep-ultraviolet and x-ray pulses. The presented class
of hybrid fiber/thin-disk amplifiers is promising to become a family of table-top driving
sources that provides high photon flux densities.
This chapter presents white-light generation with sub-picosecond pulses. The successful
implementation that produces energetically and spectrally stable supercontinuum pulses
is the basis for the operation of a high-power optical parametric amplifier. A conceptual
design of this frequency conversion stage is suggested and discussed in section 4.1. The lay-
out of the nonlinear amplifier is motivated by the targeted task to generate multi-terahertz
transients with high-field amplitude and single-cycle duration. A scheme for the generation
of these is debated in section 4.2. Few-cycle multi-terahertz transients with high-energy
provide a viable pathway towards experiments employing extreme electric field amplitudes.
These long-wavelength pulses can reach a non-perturbative regime of light-matter interac-
tion. Prospects to the future are given in section 4.3 and the generation of high harmonics
is highlighted as one promising application.

4.1. Optical parametric amplifiers

Femtosecond pulses comprise the potential to explore extreme regimes of light-matter in-
teraction due to their associated high peak intensities. Optical parametric amplifiers are
sources of ultrashort pulses providing frequency tunability across a wide spectrum that
ranges from the ultraviolet to the terahertz frequency domain. The combination of non-
linear spectral broadening and broadband amplification (compare section 1.5) facilitates
dramatic shortening of the pulse duration. In short, the potential of ultimate temporal res-
olution in experiments and high frequency tunability of the pulses driving the experiments
motivates the development of a high-power optical parametric amplifier.
The presented system aims to produce pulses at a center wavelength of 1130 nm with energy
content of more than 500µJ. One objective is to mix this output with the fundamental
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4. Applications of high-energy ultrafast lasers

of the driving laser at a wavelength of 1030 nm to generate intense multi-terahertz pulses
at a center frequency of 25 THz. Ideally, these should show a singe-cycle duration and an
energy content in the range of 100µJ. Several design concepts and configurations for phase
matching and gain distribution are discussed. Important criteria for the comparison with
other conversion stages are the energy and bandwidth of the generated pulses.
Optical parametric amplification is based on energy transfer from a strong pump to a
weak signal beam. The amplification can start from seed photons may be contained in a
white-light continuum.

4.1.1. White-light generation with sub-picosecond pulses

White-light generation is a highly nonlinear process which delivers a supercontinuum by
propagation of a driving laser pulse through a nonlinear medium. The characteristic out-
put is a circular beam profile with a central part of Gaussian intensity distribution that
is surrounded by a halo. Practically relevant figures of merit for the characterization of
supercontinua are the cutoff wavelengths, the absolute spectral energy density, the beam
profile, and the pulse-to-pulse energy stability. Furthermore, the pump threshold which
is required to initiate the nonlinear process as well as the spatial and temporal coherence
properties are of interest. The spectrum that should ideally show a smooth intensity dis-
tribution and the mode quality depend on the focussing conditions, the pump pulse energy
and wavelength as well as on the employed nonlinear medium and its thickness.
Nonlinear interactions in liquids, gases, and solid bulk materials can be harnessed for super-
continuum generation. The latter class of materials shows favorable coherence properties
and high pulse-to-pulse energy stability of the generated continua. Selection of proper non-
linear media is mainly dictated by the nonlinear refractive index. Moreover, a high damage
threshold, good crystalline quality, and negligible birefringence are important for continu-
ous operation and a profitable mode quality.
The theoretical description implies the generation of white light in a complex combina-
tion of nonlinear processes. Initially, self-focussing leads to a largely increased intensity
and other nonlinear processes like self-phase modulation, self-steepening, shock wave for-
mation, and filamentation are reinforced. After self-focussing, spectral broadening starts
and multi-photon absorption sets in. The latter effect leads to an increased density of free
electrons which is largely enhanced by avalanche ionization that finally leads to a stable
plasma [Gae00]. A detailed description of the creation of a free electron channel and the
filamentation can be found in [Cou07].
In particular, a clean single filament increases largely the nonlinear interaction length. The
1/e2 diameter of such plasma channels is reported to be in the range of 8µm to 25µm
[Bra09]. Information on the exact filament size is of relevance for the understanding of the
continuum generation mechanisms. In contrast, divergence angles are of interest for prac-
tical use in spectroscopy and seeding of optical parametric amplifiers as the beam guiding
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optics have to be adopted accordingly.
The spectral coverage of the output determines the selection of nonlinear crystals when
frequency conversion techniques are employed. It has been outlined by [Gae00] that the
cutoff wavelength on the high frequency side scales roughly with the bandgap of the non-
linear material. Moreover, it is known that supercontinuum generation can occur if the
ratio of bandgap to photon energy is equal to or greater than four. However, for too large
bandgap energies the threshold for multi-photon absorption is too high and a trade-off has
to be found. Additional important criteria for successful white-light generation are the
seed pulse bandwidth, coherence, energy stability, and its center frequency [Gae00]. It is
reported in [Bra09] that a much broader continuum can be generated by tuning the pump
spectrum to the infrared compared to Ti:sapphire driving wavelength.

Based on the given considerations a YAG (Egap ≈ 5 eV) plate is employed for the gen-
eration of a white-light continuum with driving pulses at a center wavelength of 1030 nm
(corresponds to 1.2 eV). While it is straightforward to obtain single-filament white-light su-
percontinua with intense pulses of 100 fs duration this task becomes increasingly challenging
but still feasible when the driving pulse exceeds one picosecond [Cal15]. The output pro-
duced by the presented Yb:YAG thin-disk amplifier is short enough to support the direct
generation of a white-light continuum in a thin dielectric plate. This achieved benchmark
underlines the proper pulse compression and gentle phase behavior of the pulses that are
generated by the presented laser system.
One exemplary white-light spectrum is plotted in figure 4.1. The continuum shows a large
spectral energy density in the visible domain reaching down to a wavelength of 500 nm.
A photograph of these colors after spatial dispersion in a SF10 prism is presented in the
inset of figure 4.1. The fundamental light at a wavelength of 1030 nm has been blocked by
color filters (blind stitched region in figure 4.1). Intense infrared spectral components span
from the fundamental wavelength of 1030 nm up to 1300 nm. Weaker contributions span
up to the near-infrared spectral domain. Tuning the intensity distribution is feasible via
variation of the pulse energy and the focal length. The depicted continuum is generated by
a pulse train with energy of less than 10µJ which is split from the high-power laser beam of
the Yb:YAG thin-disk amplifier. Significant spectral broadening is observed when focusing
with a 125 mm lens into a 5-mm-thick YAG plate where the threshold is found at a driving
energy of 2µJ. The mode diameter at the crystal is 70µm, and the intensity is calculated
to be 6 GW/cm2.

The energy stability of the seeding white-light pulses is of large importance for the operation
of optical parametric amplifiers as the continuum quality directly determines the overall
stability of the frequency conversion setup. Both energy fluctuations between consecutive
pulses and on long time scales have to be taken into account for continuous operation. A
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Figure 4.1.: Spectrum of an exemplary white-light continuum generated in a 5-mm-thick
YAG plate. Both spectral parts are separately normalized. The blind-stitched region
is blocked by color filters to minimize the contribution of the pump pulse at 1030 nm
wavelength. In the visible domain (red solid line) a broad maximum can be identified
that starts at 500 nm and extends up to 750 nm. On the long-wavelength side infrared
spectral components up to a wavelength of 1300 nm are generated. The photograph
shows the spatially dispersed visible part of the white-light spectrum.

high pulse-to-pulse energy stability of the continuum and a constant spectral energy density
after the frequency conversion are two assessment criteria for the driving laser source. A
record of the pulse-to-pulse energy fluctuations is plotted in figure 4.2 for a time interval
of one hour. Each single pulse is recorded by a boxcar integrator and the rms-value is
calculated from the full dataset. Only every 2500th point of the time trace is plotted in
figure 4.2 for clear visualization. The regenerative amplifier is operated at an average out-
put power of 47 W and an effective repetition rate of 5 kHz. A root-mean-square deviation
of rms = 0.014 is obtained for the driving laser source (a) over a time interval of 62 min.
This value has to be compared to its analog of the generated continuum pulses which is
recorded synchronously (b). The fundamental wavelength of 1030 nm is filtered from the
generated white light for correct data acquisition by means of a 1064 nm edge filter and
only the infrared spectral content is recorded. It results a root-mean-square deviation of
rms = 0.010.
It is remarkable that the root-mean-square value of the supercontinuum is lower compared
to the corresponding number of the driving source. This comparison does not take the
spectral dependence into account and states a higher stability of the white-light. In fact,
this situation is also reported in [Bra09] and the phenomenon is attributed to the pro-
nounced threshold and saturation behavior of the nonlinear effects involved. The relatively
long pulses lead to a saturation of the nonlinear processes which is difficult to achieve with
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Figure 4.2.: Plot of the relative pulse-to-pulse energy stability measured with the regen-
erative amplifier operating at an effective repetition rate of 5 kHz and an average output
power of 47 W after compression. Both datasets have been recorded synchronously, and
the black dashed lines are a guide to the eye. The logged data of the driving laser source
(green solid line) with rms = 0.014 are shown in (a). Analogous trace of the white-light
continuum (b) with contributions only from wavelengths longer than 1064 nm (red solid
line) with a calculated rms = 0.010.

shorter driving pulses on the order of 100 fs.

The linear spectral intensity of the fluctuations of both white-light continuum and driving
laser source is plotted in figure 4.3 for characterization of the stability in the frequency
domain. It is calculated from the full dataset recorded over 1 h. The resolution up to 10 Hz
is 5 mHz and 0.5 Hz for higher frequencies. On a time scale of seconds and longer the driv-
ing laser source shows a better performance, whereas for frequencies above 1.5 Hz a lower
linear spectral intensity on the order of 2× 10−4 V/

√
Hz is calculated for the white-light

continuum.
The infrared part of the generated white-light continuum is tuned to be broadband with
peak intensity at a wavelength of 1130 nm for seeding of an optical parametric amplifier
(see figure 4.10).

4.1.2. Concept for a high-power optical parametric amplifier

A fairly simple process namely optical parametric amplification lays at the heart of the
generation of ultrashort light pulses. Thereby, energy from a high-intensity and high-
frequency beam is transferred in a nonlinear crystal to a lower frequency, low-intensity
beam. A third electromagnetic wave the so-called idler is additionally generated and energy
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Figure 4.3.: Linear spectral intensity calculated from the full dataset presented in
figure 4.2. The sampling rate is 5 kHz, and the resolution in the frequency interval
from 10 mHz to 10 Hz is 1 mHz. For the range from 10 Hz up to the Nyquist frequency
of 2.5 kHz the point spacing is 0.5 Hz.

conservation

~ωp = ~ωs + ~ωi (4.1)

is satisfied. The indices of the angular frequency ωx refer to the pump (p), signal (s), and
idler (i) beam where the convention ωp > ωs > ωi is applied. Momentum conservation is
required for efficient interaction and translates to

~kp = ~ks + ~ki (4.2)

which is also known as phase matching condition. Here, k is the wave vector, and ~ is
the reduced Plank constant. The interaction process requires an intensity on the order of
GW/cm2 to be efficient. Femtosecond lasers are therefore ideally suited as their pulses
reach extreme intensities even at modest energy levels. In this section only a brief overview
of the theory on optical parametric amplification is given. A detailed description of the
theoretical framework can be found in [Cer03] and [Mil10].

A monochromatic plane wave at frequency ω propagating along the z direction in a non-
linear medium is described by

E (z, t) = Re {(A (z) exp [j (ωt− kz)]} . (4.3)
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In this expression A (z) denotes the amplitude, and k is the wave vector. When the slowly-
varying-amplitude approximation

d2A

dz2 << 2k dA
dz (4.4)

is applied, a propagation equation can be derived (compare section 1.5) that contains the
nonlinear polarization PNL which oscillates at the same frequency as the monochromatic
wave.

dA
dz = −j µ0c0ω

2n PNL exp [−j (kp − k) z] (4.5)

The parameter n is the refractive index at frequency ω, c0 is the vacuum speed of light,
kp is the wave vector of the pump beam, and µ0 is the vacuum permeability. When the
interaction of two beams in a nonlinear medium via the nonlinear polarization is taken into
account, the propagation equation for the signal beam reads as

dAs
dz = −j ωsdeff

nsc0
A∗iAp exp (−j∆kz) . (4.6)

Here, deff is the effective nonlinear optical coefficient, and ∆k = kp − ks − ki is the wave
vector mismatch. Analog expressions for pump and idler beam can be derived. Equation 4.6
and its analogs for pump and idler describe second-order nonlinear processes such as sum
and difference frequency generation, second harmonic generation, and optical parametric
amplification. The Manley-Rowe relationships

1
ωi

dIi
dz = 1

ωs

dIs
dz = 1

ωp

dIp
dz (4.7)

can be deduced whereby Ij ∝ |Aj|2 is the intensity. This expression states photon conser-
vation as well as energy exchange between the involved fields and can be interpreted as a
three-wave interaction in a medium that exhibits a non-vanishing second-order nonlinearity.
In particular in optical parametric amplification, the intensity of the signal beam Is is weak
at the beginning and its associated electromagnetic field gains energy from the pump.
The parametric gain G can be deduced in the approximation of perfect phase matching
(∆k = 0), in the large gain approximation (ΓL >> 1), and neglecting pump depletion and
reads as

G = Is (L)
Is (L = 0) = 1

4 exp (2ΓL) . (4.8)
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Equation 4.8 states an exponential gain as a function of crystal length L and nonlinear
coefficient Γ that is defined as

Γ2 = ωiωsd
2
eff |Ap|2

ninsc2
0

= 2ωiωsd2
effIp

ninsnpε0c3
0

= 8π2d2
effIp

ninsnpλiλsε0c0
. (4.9)

Here, ε0 is the vacuum permittivity, deff is a material parameter that is called effective
nonlinear coefficient, and nx is the wavelength-dependent refractive index which may depend
on the orientation of the nonlinear medium. Exponential gain is only obtained for perfect
phase matching which is in the case of broadband pulses not possible for all wavelengths at
the same time. The expression ∆k = 0 can be recast in the form

np = niωi + nsωs
ωp

(4.10)

and several slick geometries have been devised to satisfy equation 4.10 for a broad spectrum
of frequencies at the same time. These enable the amplification and generation of ultrashort
pulses.
In negative uniaxial crystals the refractive index along the ordinary direction is smaller than
in the perpendicular plane. The polarization can be exploited for phase matching hence
to fulfill equation 4.10. Commonly, the pump beam is polarized along the extraordinary
direction. The configuration in which the signal and idler beam are polarized perpendicular
to the pump beam (os + oi → ep) is termed type I phase matching. If either the signal
or idler beam is polarized parallel to the pump (es + oi → ep or os + ei → ep), the phase
matching is said to be of type II. Equation 4.10 then reads

Type I: nep (θm)ωp = nosωs + noiωi (4.11)

Type II: nep (θm)ωp = nosωs + nei (θm)ωi (4.12)

and the phase-matching angle Θm makes equation 4.12 implicit. When pulses instead of
monochromatic waves are concerned, equation 4.3 is recast into

E (z, t) = Re {(A (z, t) exp [j (ωt− kz)]} . (4.13)

Differences in the group velocities of pump, signal, and idler pulse become important as the
spatial overlap reduces during propagation and thereby the nonlinear interaction decreases.

82



4.1. Optical parametric amplifiers

The propagation equations in the reference frame of the pump pulse are given by

∂As
∂z

+
(

1
vgs
− 1
vgp

)
∂As
∂τ

= −j ωsdeff
nsc0

A∗iAp exp (−j∆kz) (4.14)

∂Ai
∂z

+
(

1
vgi
− 1
vgp

)
∂Ai
∂τ

= −j ωideff
nic0

A∗sAp exp (−j∆kz) (4.15)

∂Ap
∂z

= −j ωpdeff
npc0

AsAi exp (j∆kz) . (4.16)

Here, vgx denotes the group velocity and τ = t − z/vgp is the time in the reference frame
of the pump pulse. The group velocity mismatch between pump and signal pulse limits
the maximum possible interaction length, whereas the difference in this property between
signal and idler spectrum sets the phase matching bandwidth. Equation 4.17 expresses the
propagation distance ljp in the absence of gain over which signal or idler pulse overlap with
the pump.

ljp = τ

δjp
, j = s, i (4.17)

Here, τ is the pump pulse duration and δjp = 1/vgj − 1/vgp is the group velocity mismatch
between pump and signal or idler, respectively.
The phase matching bandwidth is important for ultrabroadband amplification. Energy con-
servation requires lowering of the idler frequency if the signal wavelength becomes shorter.
This law translates to the following expression for the wave vector mismatch.

∆k ∼= −
∂k

∂ωs
∆ω + ∂ki

∂ωi
∆ω =

(
1
vgi
− 1
vgs

)
∆ω (4.18)

In the large gain approximation the phase matching bandwidth is expressed as

∆ν ∼=
2
√

ln (2)
π

(Γ
L

)1/2 1∣∣∣ 1
vgs
− 1

vgi

∣∣∣ (4.19)

and the importance of the group velocities of signal and idler beam becomes apparent. In
the case of degeneracy where both signal and idler frequency are equal equation 4.19 can
be expanded into

∆ν ∼=
2 (ln (2))1/4

π

(Γ
L

)1/4 1∣∣∣∣∂2ks
∂ω2

s
+ ∂2ki

∂ω2
i

∣∣∣∣ (4.20)

and the group velocity dispersion ∂2k/∂ω2 becomes the leading order. Equations 4.19 and
4.20 are of course only relevant if the crystal length L is shorter or equal to the pulse split-
ting length ljp, as defined in equation 4.17.
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Figure 4.4.: Illustration of three geometries for phase matching. kx is the wave vector of
the pump (p), signal (s), and idler (i) beam. Black arrows represent the group velocity
and propagation direction of the pump (gp) and signal (gp) pulse. The blue (pump) and
red (signal) ellipses visualize the spatial and temporal extend of the interacting pulses
during propagation for three instances of time t1-3.

The angle between pump and signal beam is another degree of freedom that can be exploited
to achieve broadband phase matching. This idea is based on harnessing the refractive in-
dex ellipsoid which enables the adaption of group velocities and their dispersion by choice
of a proper crystal orientation. The result is a so-called non-collinear optical parametric
amplifier. This geometrical concept can be applied in the first amplification step of a three-
stage amplifier designed for high pulse energy in the near-infrared. The broadband spectra
generated in such a non-collinear arrangement are ideally suited to seed further optical
parametric amplifier stages which may be built in the collinear geometry. As a beneficial
side effect of the introduced angle between the pump and signal ray, the separation of the
beams after amplification is automatically accomplished by the differing propagation direc-
tions.
A collinear geometry and a large spot size is to be preferred for the second and third stage
of an optical parametric amplifier targeting at high pulse energy. In fact, a maximized
interaction volume in the nonlinear crystal is required to foster efficient interaction in the
energy boosting stages. Figure 4.4 illustrates three different configurations. The relation
of the wave vectors, the corresponding direction of the group velocities, and the spatiotem-
poral overlap of the modes in real space is shown to demonstrate the differences of the
three geometries. The beam diameter in a high-power optical parametric amplifier is in
the range of multiple millimeters in order to keep peak intensities manageable at the non-
linear crystals. In the collinear geometry (a) the group velocities are not matched which
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causes a reduced phase matching bandwidth. However, the interaction volume is large as
the beam profile overlaps ideally during propagation. It shall be mentioned that matching
of the group velocities is feasible when the pump and signal pulse propagate in different
dispersion regimes.
The non-collinear geometry is illustrated in figure 4.4 (b). Broadband phase matching is
enabled by introduction of an angle between the signal and idler beam. The propagation
directions are not collinear as required by momentum conservation, and the signal pulse
scans the pump pulse piecewise. For beam diameters in the range of few millimeters this
comes at the cost of a reduced interaction volume. In contrast, for tight focussing as used at
low power levels the reduction is negligible and the advantages of broadband amplification
dominates.
When pulse-front tilting is employed, as illustrated in figure 4.4 (c), the interaction volume
can be maximized while the broad phase matching bandwidth is preserved. Gratings are
required for the implementation whereby the overall efficiency is reduced due to diffraction
losses. This fact and additional complications restrain an implementation.

Based on the discussed considerations, the collinear geometry is to be preferred when high
output pulse energy is the ultimate ambition. The influence of a maximized interaction
volume for efficient energy transfer from pump to signal pulse excels bandwidth issues. As
long as the chosen crystal length supports the required phase matching bandwidth, the
geometry illustrated in figure 4.4 (a) is the best option for a mode size at the nonlinear
crystal in the range of few millimeters.

An additional degree of freedom in the layout of a high-power optical parametric amplifier
is the phase matching type. Based on equations 4.11, 4.12, and 4.19 one can calculate the
phase matching bandwidth for the type I and II configuration. The choice of the best op-
tion depends on the designated use of the optical parametric amplifier that is to be designed.

The target center wavelength in the presented case is 1130 nm, which corresponds to a
frequency of 656.5 THz. This value is motivated by scheduled experiments demanding
high-power multi-terahertz pulses at 25 THz center frequency. These will be synthesized
via difference frequency generation between the optical parametric amplifier output and
the fundamental of the driving laser at a wavelength of 1030 nm.
Ideally, the produced intense 25 THz pulses should be of single-cycle nature. By definition
this means that the intensity envelope should exhibit a temporal duration at full-width-at-
half-maximum of less than one oscillation period of the carrier frequency νc, in numbers
40 fs for νc = 25 THz. The required bandwidth for a single-cycle pulse at 25 THz center
frequency is calculated to be 10 THz, when a Gaussian spectral intensity distribution is
assumed, as illustrated in figure 4.13. The optical parametric amplifier output should show
a bandwidth of 43 nm at a center wavelength of 1130 nm in order to support the synthesis
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Figure 4.5.: Normalized gain function proportional to sinc (1/2∆kz) for optical paramet-
ric amplification in a β-barium borate crystal. The phase matching angle inside the
3-mm-long nonlinear medium can be determined by this simulation. Here, a pump
wavelength of 515 nm and intensity of 10 GW/cm2 is assumed. Color map for (a) type I
(os + oi → ep) and (b) type II (es + oi → ep) phase matching.

of the plotted terahertz spectrum whereby the second electromagnetic field in the difference
frequency generation process is assumed to be monochromatic.
All given numbers are calculated based on the assumption of a Gaussian spectral intensity
distribution, and the following numbers are useful for an orientation and understanding of
the subsequent considerations. A target center wavelength of the optical parametric am-
plifier of 1130 nm corresponds to a frequency of 265.5 THz. At full-width-at-half-maximum
of the Gaussian spectrum the corresponding values are 1109 nm (270.5 THz) and 1151 nm
(260.5 THz). The wavelengths at 1% of the spectral intensity are 1078 nm (278.3 THz) and
1186 nm (253.0 THz).

In the next step, the gain function for both type I and II is calculated and evaluated
based on the given target spectral parameters. Following [Mil10] equation 10.8.9b, the
gain is proportional to sinc (1/2∆kz) where the wave vector mismatch ∆k translates into
an effective phase matching bandwidth. β-barium borate is employed as nonlinear inter-
action medium, and the result for a crystal length of z = 3 mm and a pump intensity of
10 GW/cm2 is plotted in figure 4.5. A pump wavelength of 515 nm, which is the second
harmonic of 1030 nm (fundamental of the presented Yb:YAG-based laser system), is taken
into account. The bandwidth of 2.0 nm is neglected hence the pump beam is assumed to
be monochromatic in the following calculations. Maximum gain for type I phase matching
at the target idler frequency of 265 THz is achieved at a crystal internal angle Θ of 23.3°,
as can be seen in figure 4.5 (a). The corresponding angle for type II is 35.3°, as illustrated
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Figure 4.6.: These plots show the wave vector mismatch in a β-barium borate crystal
calculated from equation 4.18 for three crystal-internal angles. The calculations are
carried out for type I (a) and type II (b) phase matching and a pump wavelength of
515 nm. The black dashed lines are guidelines to the eye and mark the ∆k = 0 position.

in figure 4.5 (b).
The phase matching bandwidth can be estimated from figure 4.5 by taking a horizontal
cut and evaluation of the gain profile along this line. Comparison of figure 4.5 (a) and (b)
reveals a generally broader phase matching bandwidth for type I compared to type II. This
diagnosis can be understand by comparing the width of the red-coded area in (a) and (b).
The second possible implementation of type II phase matching (os + ei → ep) would quest
for an internal crystal angle of 32°. Equal polarizations of pump and idler beam complicate
the separation of the beams after amplification. Therefore, this option disqualifies from
being a practicable strategy.
The wave vector mismatch calculated by equation 4.18 is plotted in figure 4.6 for three dis-
crete angles for both phase matching types. A vanishing wave vector mismatch ∆k between
the pump wavelength of 515 nm and the signal at 1130 nm is found at an internal crystal
angle of 23.2° for type I and at 35.6° for type II. The broad phase matching bandwidth
of type I is encoded in figure 4.6 in the smaller gradient of the depicted graphs (note the
different ordinate scales).

The spectrum generated in an optical parametric amplification process can be calculated
via equation 4.8. Results are valid under the assumption of a monochromatic pump beam
which provides enough energy that its depletion is negligible. Furthermore, a homoge-
neous spectrum of the weak input signal/idler beam that has constant intensity is as-
sumed. Figure 4.7 presents the wavelength-dependent parametric gain (red solid line) for
a 3-mm-long β-barium borate crystal at an internal propagation angle Θ of 23.2° (c) and
at 35.6° (e).
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Figure 4.7.: The plots show spectral intensity distributions, the corresponding phase and
its derivatives with respect to the angular frequency. Calculated spectra (red solid lines)
and phases (green dashed lines) are depicted in the left panel. Second- (black solid
lines) and third-order (blue solid lines) dispersion resulting from propagation through
a zinc selenide plate of thickness lZnSe placed under Brewster’s angle of 68° are illus-
trated on the right side. A material path is calculated that leads to pulse duration of
approximately 600 fs. (a)/(b) Gaussian intensity distribution with a full-width-at-half-
maximum (FWHM) of 43 nm; lZnSe = 18 mm. (c)/(d) Gain profile of type I with FWHM
of 64 nm; lZnSe = 11 mm. (e)/(f) Spectrum obtained from type II with FWHM of 12 nm;
lZnSe = 60 mm.
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4.1. Optical parametric amplifiers

The spectrum obtained for type I phase matching is plotted in figure 4.7 (c). It is slightly
asymmetric and shows a full-width-at-half-maximum of 64 nm. The relatively steep onset at
a wavelength of 1.07µm results from an additional longpass filter with a cutoff at 1.064µm
which has been superimposed onto the afore symmetric spectrum that extended down to
900 nm. The filtering of this calculated spectrum simulates the effect of dichroic mirrors
and color filters which are experimentally required to separate the driving wavelength at
1030 nm.
The parametric gain profile for type II is depicted in (e). It is symmetric but shows only
a full-width-at-half-maximum of 12 nm because of the more narrow phase matching band-
width. Both spectra shown in figure 4.7 (c) and (e) are used as reference in the following
calculations simulating the subsequent optical frequency conversions. The goal of this anal-
ysis is the determination of required bandwidths and accordingly maximum thicknesses of
nonlinear interaction crystals for the subsequent generation of multi-terahertz transients
(see section 4.2).

It has been argued before that a collinear geometry maximizes the interaction volume
for efficient energy transfer from the pump to the signal and idler beam. This consideration
regards the geometrical aspect of mode sizes. An additional degree of freedom is given by
the temporal overlap of interacting pulses. The temporal walk-off is caused by different
group velocities. However, when the dispersion of the nonlinear crystal shows an opposite
slope but the same absolute gradient at the pump and signal wavelength, the group delay
can be matched. Whether this is feasible or not depends on the used material and on the
desired operating wavelengths. Generally, the group delay is finite, and other methods are
used to minimize or even exploit the walk-off. The so-called optical parametric chirped-
pulse amplification technique is typically applied to pulses with a duration of multiple tens
of picoseconds. The idea is to impose a spectral phase on the weak signal or idler in order
to match the pulse duration to the pump pulse. Temporal walk-off between two pulses
in the nonlinear crystal of a certain length caused by the group velocity mismatch should
be taken into account when the ideal ratio of the temporal stretching is examined. This
concept is now applied in the second and third stage of the optical parametric amplifier
and moreover in the multi-terahertz generation process.
For the following estimations the temporal intensity profile of the pulses generated by the
presented Yb:YAG thin-disk amplifier as well as its second harmonic is assumed to be
box-shaped with a duration of 700 fs. The temporal walk-off in a 3-mm-long β-barium bo-
rate (BBO) crystal between pulses centered at wavelengths of 515 nm (ngr, BBO (515 nm) =
1.7266) and 1130 nm (ngr, BBO (1130 nm) = 1.6759) is calculated to be 500 fs. In combi-
nation with the assumed pump duration this leads to a proposed ideal stretched pulse
duration of about 400 fs to 600 fs depending on the gradient of the temporal intensity pro-
file. Chirping of the optical parametric amplifier output can be achieved by passage of
highly dispersive material. Zinc selenide (nZnSe (1130 nm) = 2.4765, group velocity disper-
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Figure 4.8.: These graphs depict the temporal intensity profiles of the spectra shown in
figure 4.7 for type I and II phase matching. An assumed constant phase leads to the
bandwidth-limited case (a), whereas the dispersion of 11 mm/60 mm zinc selenide (ZnSe)
is taken into account in (b).

sion GVDZnSe (1130 nm) = 579.27 fs2/mm) is one suitable example of such a material for
the presented spectral range and pulse durations involved. Because of the relatively large
refractive index, Brewster’s angle (ΘB, ZnSe (1130 nm) = 68°) should be exploited in the
experimental realization to minimize Fresnel losses at all interfaces. A variable material
passage lZnSe can be obtained by shifting two wedges of the dispersive material against
each other. A selection of other dispersive materials is presented in section 4.2.2 where
additionally the compensation of the introduced spectral phase is considered.
The right column in figure 4.7 shows the phase dispersion that would be required to stretch
the pulse duration to about 600 fs. In detail, the spectrum presented in figure 4.7 (a) has
a bandwidth limit of 43 fs and a second-order dispersion of 9500 fs2 is required for stretch-
ing to a 590 fs duration which corresponds to lZnSe = 18 mm. The spectral profile in
figure 4.7 (c)/(e) supports a pulse duration of 35 fs/187 fs, and a group delay dispersion of
6300 fs2/32 000 fs2, accomplishable by passage through lZnSe = 11 mm/60 mm, is needed for
stretching to a duration of 573 fs/583 fs. To support the imagination, all resulting temporal
pulse profiles are calculated via Fourier transformation and are shown in figure 4.8. A con-
stant phase is assumed in (a) and the Fourier limit leads to shorter pulse duration for the
pulses generated in the type I phase matching configuration. The spectrally more narrow
output of type II requires a larger thickness of the dispersive material, and the artificially
introduced spectral filter leads to an asymmetry in the time domain.
It is most profitable to insert the dispersive element after the first amplification stage. At
this point the pulse energies are still easily manageable, and the benefits of optical paramet-
ric chirped-pulse amplification can be exploited not only in the multi-terahertz generation
but also in the reminder optical parametric amplifier stages.
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4.1. Optical parametric amplifiers

So far, the pump beam depletion was assumed to be negligible which leads to the gain
profiles plotted in figure 4.7. This treatment is valid in the first stage of an optical para-
metric amplifier. Seeding white-light pulses have a low spectral energy density and a large
gain on the order of 104 to 105 can be expected. Typically, an energy conversion efficiency
from pump to output beam of 20% to 25% is achievable when the discussed demands on the
bandwidth is taken into account. The width of the generated spectrum is an argument for
type I phase matching in the first stage of this optical parametric amplifier design concept.
For the second and third stage the pump depletion becomes relevant and the following
aspects become dominant: It is experimentally observed that the parametric gain of type II
phase matching is generally higher compared to type I for constant input parameters. This
empirical fact should be fostered in the energy boosting stages of a three-stage optical
parametric amplifier. As a consequence of pump depletion the generated spectra can be
expected to be effectively more broadband. This implication is explained by the following
consideration: The nonlinear processes leading to the parametric amplification saturate
earlier in the spectral center than for lower gain wavelengths. This difference causes the
intensity of the spectral wings to increases further, whereas the intensity of the center fre-
quencies remain clamped. The usage of type II phase matching in the second and third
stage of the optical parametric amplifier becomes conceivable when additional broadening
by self-phase modulation is taken into account. In this context, it is of advantage that
the zero dispersion wavelength of β-barium borate is in the near infrared spectral domain.
The combination of the stated facts paves the way towards high energy pulses which still
support the generation of single-cycle multi-terahertz transients.
The separation of the amplification into three stages is partially motivated by the different
phase matching types. Additionally, two more aspects shall be stated. First, the group
delay that is accumulated in one long crystal is larger compared to its analog when the am-
plification is carried out in two separate stages. This is enabled by adaption of the temporal
overlap between consecutive optical parametric amplifiers. The second argument concerns
the optimization of the mode sizes at the nonlinear crystal with respect to the pulse energy.
For high pump power the mode size at the nonlinear crystal has to be adjusted on the one
hand to optimize its depletion for an efficient operation, on the other hand to stay below
the damage threshold. Accordingly, increasing beam diameters have to be used at small,
medium, and high energy of the signal pulse.

A three-stage optical parametric amplifier concept is schematically shown in figure 4.9.
Its design incorporates the discussed aspects and illustrates one particular arrangement
for beam guiding. The output of the Yb:YAG thin-disk amplifier is first split (BS1) to
supply the optical parametric amplifier and a multi-terahertz generation stage in parallel,
all driven by the same laser source. Mode size adaption is provided by mirror and lens
telescopes (SM1-SM4/L4-L7). Variable delay lines (VD1-VD3) positioned after the second
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Figure 4.9.: Schematic of a design concept for a three-stage optical parametric amplifier.
Red arrows indicate the propagation direction. Spherical mirror (SM1-SM4), beam split-
ter (BS1-BS5), β-barium borate crystal for second harmonic generation (BBO1-BBO3)
and for optical parametric amplification (BBO4-BBO6), variable delay line (VD1-VD3),
variable attenuator (VA), lens (L1-L7), zinc selenide wedges (yellow), dichroic mirror
(DM1/DM2), beam dump (BD).
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Figure 4.10.: Spectral intensity distributions of a three-stage optical parametric amplifier
that has been described in section 4.1.2. The white-light spectrum (a) shows a full-
width-at-half-maximum (FWHM )of 27 nm. This parameter is larger in the first (b),
second (c), and third (d) stage of the amplifier. Given energies are contained within the
depicted spectra and the parameters used for their generation are listed in the text.

harmonic generation stages (BBO1-BBO3) enable temporal overlap of the pulses in the
amplifying stages (BBO4-BBO6). A non-collinear geometry is chosen in the first amplifica-
tion stages (BBO4), whereas the beams are guided collinear in stage two (BBO5) and three
(BBO6). Dichroic mirrors (DM1/DM2) are installed to combine the output of the first and
second stage with the corresponding pump beams. The zinc selenide unit is employed for
adding a spectral phase.

In summary, the following recommendations for the design of a three-stage optical para-
metric amplifier shall be given. Type I phase matching in a non-collinear geometry should
be chosen for the first stage to generate a broad spectrum. A spectral phase can be imposed
on the generated pulses by wedged zinc selenide to benefit from optical parametric chirped-
pulse amplification. The second and third stage should be built in a collinear geometry with
beam diameters given by the β-barium borate damage threshold. Polarizations should be
set for type II phase matching. Crystal lengths of 3 mm in all three stages support the
generation an output that enables the synthesis of single-cycle multi-terahertz pulses. A
conversion efficiency between 20% and 25% can be assumed for the determination of the
pump power splitting ratios.

Figure 4.10 depicts preliminary results that have been obtained from an implementation
of the above mentioned considerations whereby only type I phase matching was used and
the zinc selenide unit has been left out. In (a) the white-light spectrum is shown which
is generated in a 3-mm-long YAG plate using a portion of the 7µJ pulse energy that was
split from the regenerative amplifier output. Its bandwidth at full-width-at-half-maximum
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is 27 nm. The spectral intensity distribution after the first optical parametric amplification
stage is presented figure 4.10 (b). For its generation pulses with an energy of 135µJ are
frequency doubled to obtain light at a wavelength of 515 nm containing 50µJ and accord-
ingly the conversion efficiency is 37%. The bandwidth of 62 nm (b) is larger than the one of
the input white light (a). This comes as a consequence of frequency mixing processes that
are stimulated by the generated idler. An additional feature is the relatively flat top which
is caused by gain saturation. A conversion efficiency between the pump and idler of 7% is
achieved, and the pulses generated by the first amplifier stage contain 3.6µJ energy. The
second/third optical parametric stage (c)/(d) is driven by pulses containing 340µJ/1100µJ
of energy at the fundamental laser wavelength. After the second harmonic generation,
the energy is 200µJ/720µJ corresponding to a conversion efficiency of 60%/65%. At the
output an idler energy of 26µJ/94µJ is recorded, which leads to a conversion efficiency
of 13%/14%. This implies that further optimization of the beam diameter is possible.
The spectrum shows a bandwidth of 48 nm/66 nm. Intensity modulations in (d) and the
broadening from the second to the third stage are implications of self-phase modulation.

4.2. Generation of single-cycle multi-terahertz transients

Nonlinear optics employed in experiments in the regime of non-perturbative light-matter
interaction provides access to a multitude of fascinating quantum effects like self-induced
transparency or vacuum Rabi splitting. Mid- and far-infrared pulses are beneficial for the
investigation of such effects as the Keldysh-parameter, which incorporates the ratio of ki-
netic and binding energy of electrons in solids, is kept small. A large variety of terahertz
sources and applications exists besides the ones discussed here [Kla10, Dre05, Dek96]. The
nonlinear character of the phenomena in this class of experiments necessitates high peak
electric fields. This fact motivates the generation of intense multi-terahertz pulses contain-
ing few or in the ultimate case only a single oscillation period of the carrier wave. Phase
stability between the carrier and its envelope is a prerequisite for the investigations because
the field dependence of the involved effects makes temporal sampling impossible if the driv-
ing field distribution changes.
The generation of multi-terahertz transients is typically based on difference frequency mix-
ing, introduced in section 4.2.1. A brief overview of second-order nonlinear processes will
explain how the carrier-envelope phase stability can inherently be attained in the genera-
tion process. One possibility to compress chirped pulses with a spectrum in the terahertz
domain is presented in section 4.2.2. Such a technique is required if one of the synthesizing
pulses has intentionally a large spectral phase.
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Figure 4.11.: Illustration of the slip of an electromagnetic field below its intensity envelope.
In (a) the electric field (red solid line) and the square root of the intensity envelope (green
dashed line) is shown for vanishing (top) and finite carrier-envelope offset frequency fCEO
(bottom). A spectrum (red solid line) and its underlying frequency comb (blue solid
lines) is depicted in (b). The zoom at the origin visualizes the frequency comb offset for
a non-vanishing fCEO and the spacing of the comb teeth by the repetition rate frep.

4.2.1. Multi-terahertz transients from difference frequency generation

Nonlinear light-matter interaction has been introduced in section 1.5. The last term of
equation 1.3

P(2) (t) = ε0χ
(2) [ (. . .) OR, SHG, SFG

+ 2E1E∗2 exp (−i (ω1 − ω2) t) + c.c. ] . DFG
(4.21)

can be exploited for multi-terahertz generation. Thereby, the difference of the optical
parametric amplifier output centered at a frequency of ω2 = 265.5 THz and the fundamental
of the driving Yb:YAG thin-disk laser source at a wavelength of 2πc/ω1 = 1030 nm results
in the generated multi-terahertz frequency ω3 = ω1 − ω2.
The fact that a subtraction is involved is beneficial for the phase relation of carrier and
pulse envelope if both interacting pulses share a common origin. Dispersion in the laser
leads to a deviation between group and phase velocity. As a consequence, the electric field
of consecutive pulses slips below the envelope, and the rate of this drift is termed carrier-
envelope offset frequency. A train of phase stable pulses (fCEO = 0,φCEP = 0) is drawn in
figure 4.11 (a) in comparison to a sequence with non-vanishing carrier-envelope frequency
(fCEO 6= 0). Figure 4.11 (b) shows this relation in the frequency domain picture. The
spectrum of a pulsed laser source is not continuous but consists of equally spaced teeth,
and their distance is given by the repetition rate frep. Outside the gain window the comb
can be extended down to the origin. The offset between the first comb tooth and zero is
called the carrier-envelope offset frequency fCEO. Positions of the comb teeth are given by

f = fCEO +mfrep (4.22)
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where m is an integer. It is prerequisite for the sampling of field-dependent effects that the
multi-terahertz pulses possess a vanishing carrier-envelope offset frequency. This property
is elegantly achieved when a difference frequency generation process is driven between
two pulses originating form the same laser source. In this case fCEO cancels because the
interacting spectra share the same frequency comb, and the spectrum of the resulting multi-
terahertz pulses fTHz is given by

fTHz = f2 − f1
= m2 · frep + fCEO − (m1 · frep + fCEO)

= (m2 −m1) · frep.

(4.23)

Here, frep is the laser repetition rate, and f1/2 are the center frequencies of the interacting
pulses.

The same considerations as for optical parametric amplification concerning temporal walk-
off as well as phase matching types and bandwidth have to be revisited when a difference fre-
quency generation stage is to be designed for the synthesis of a single-cycle multi-terahertz
pulse. First of all, a suitable nonlinear material has to be selected.
In particular, the III-VI semiconductor gallium selenide shows favorable properties refer-
ring to its large second-order nonlinear coefficient and its wide transmission range. Because
of the birefringence of the non-centrosymmetric crystal lattice, the phase matching can
be variably adapted. This flexibility enables the generation of carrier frequencies up to
100 THz.
The target of a single-cycle multi-terahertz pulse at a center frequency of fc = 25 THz re-
quires a bandwidth of 10 THz if a Gaussian spectral distribution is assumed. The expectable
parametric gain in a 110-µm-long gallium selenide crystal is plotted in figure 4.12 (a). This
calculation assumes type II phase matching (os + ei → ep) in a collinear geometry, a pump
wavelength of 1030 nm, and the signal to be centered at 1130 nm. A phase matching band-
width of 10 THz is found for an idler frequency of 25 THz at an internal crystal angle Θ of
13.9°, and the corresponding cut of the parametric gain is shown in figure 4.12 (b). Thicker
generation crystals, that would be beneficial for large energy transfer, do not support the
required bandwidth at the target center frequency.
The collinear geometry is motivated by a maximized spatial and temporal overlap, as
pointed out before. Type II phase matching in the configuration os + ei → ep is cho-
sen because collinear combination of the driving pulses by a polarizing beam splitter cube
is practical for high-power applications.

The temporal walk-off between the pump (ngr, GaSe (1030 nm) = 2.9644) and signal pulse
(ngr, GaSe (1130 nm) = 2.9644) in a 110-mm-long gallium selenide crystal is 17 fs. This small
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Figure 4.12.: Simulation of the parametric gain in a 110-mm-long gallium selenide crystal
for type II phase matching (os + ei → ep). A collinear geometry at a pump wavelength
of 1030 nm is assumed. (a) shows the color coded parametric gain of the idler beam for
varying internal crystal angles Θ. (b) is a cut of the obtained dataset along Θ = 13.9°
as indicated by the green solid line in (a). The black dashed line guides the eye to find
the full-width-at-half-maximum.

value implies to adapt the pulse durations for an ideal temporal overlap in the nonlin-
ear crystal. The output of the optical parametric amplifier is intentionally chirped (see
figures 4.7 and 4.8) which is ideal for efficient energy transfer. As a consequence, the ob-
tained multi-terahertz transient has a spectral phase profile which is the inverse of the
generating signal pulse. This statement assumes a Fourier-limited pump. The origin of this
connection and an adequate phase compensation technique are discussed in section 4.2.2.

The target pulse energy of the multi-terahertz transients is 100µJ. If required, the driv-
ing laser can be set to generate 15 mJ pulse energy after compression. A quarter of this
(3.75 mJ) is planned to drive the optical parametric amplifier with an estimated output of
500µJ, and the main part (11.25 mJ) is reserved for multi-terahertz generation. The effec-
tive repetition rate of the regenerative thin-disk amplifier for these operation conditions is
in the range of 1 kHz to 4 kHz. These numbers imply an expectable heating of the gallium
selenide by absorption that has to be dealt with. The nonlinear crystal could, for example,
be attached to diamond windows which can be water cooled.
It requires mode diameters in the range of 10 mm to 20 mm to stay below the damage
thresholds of the crystals employed in the difference frequency generation. A collinear
beam may be used whereby a Rayleigh length much longer than the crystal is a beneficial
side effect. In principle, the generated average power of the multi-terahertz pulses should
scale linearly with the pump power. However, it has been experimentally found that for
decreasing mode size in the nonlinear medium, first the generated average power levels
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Figure 4.13.: Plot of the calculated spectra of the multi-terahertz transients (blue solid
lines), their corresponding electric field (green solid lines), and its envelope (black dashed
lines). (a) Calculated Gaussian spectrum with center frequency νc = 25 THz, spectral
bandwidth at full-width-at-half-maximum ∆ν = 10 THz. (b) Associated electric field
which possesses a FWHM of 40 fs. (c) Simulated spectrum for type I (OPA) and type II
(DFG) phase matching with νc = 21 THz, ∆ν = 16 THz, and its Fourier transform
(d) with temporal duration of FWHM = 33 fs. (e) Spectrum obtained for type II phase
matching in the OPA and DFG with νc = 27 THz, ∆ν = 3 THz, and its Fourier transform
(f) with a FWHM duration of 140 fs.

off and then remains constant. When the beam diameter is chosen too small, excessive
intensities cause optically and thermally induced damage. This behavior can be explained
as follows: A single atom of the nonlinear medium can only contribute a limited nonlinear
dipole amplitude. This restriction can be understood by analyzing the Taylor expansion
the interatomic potential, where the Morse potential is an example. For large fields higher-
order terms become important. In particular, far from the minimum the potential deviates
clearly from a pure parabolic or third-order course. In the case of non-resonant excitation
this becomes important. When the electrons contributing to the polarization possess a very
large momentum, they eventually become free. If this happens to a large number of nega-
tive charge carriers in a small volume, a plasma is formed and the damage threshold is close.

The calculated output spectrum of the described difference frequency generation process
is illustrated in figure 4.13 together with the corresponding Fourier transform, whereby a
constant phase is assumed. Figure 4.13 (a)/(b) shows a Gaussian spectrum that serves as
idealized model and leads to a single-cycle pulse which has a temporal duration at full-
width-at-half-maximum exactly equal to one oscillation period of the carrier frequency.
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The spectra plotted in figure 4.13 (c) and (e) are directly related to figure 4.7 where the
estimated optical parametric amplifier output of both phase matching types are separately
evaluated for a single optical parametric amplification stage. Fourier transformation of
(c) results in a sub-single-cycle pulse duration, as plotted in figure 4.13 (d), whereas the
transient in figure 4.13 (f) contains multiple oscillation periods.

4.2.2. Compression of chirped multi-terahertz pulses

The generation of intense multi-terahertz pulses via a difference frequency process is pre-
sented in section 4.2.1. It is stated that the temporal duration and spectral phase of the
interacting and emitted pulses are directly related to each other. Consequently, if chirped-
pulse amplification is employed in the generation process, it requires a compression of the
emitted multi-terahertz pulses to achieve a flat spectral phase to reach a single-cycle du-
ration. A suitable material combination for stretching and compression has to be found
based on the dispersion properties of selected materials.

It has been outlined in section 4.2.1 that the second order nonlinear polarization P(2) leads
to difference frequency generation. The electric fields E0x of the input pulses may be
described by

E01 = E1 (t) exp {i [k1r− ω1t+ ϕ1 (ω1)]}

E02 = E2 (t) exp {i [k2r− ω2t+ ϕ2 (ω2)]}
(4.24)

where Ex is the field amplitude, kx is the wave vector of the pulse propagating along the r
direction at frequency ωx with a spectral phase ϕx (ωx). In this case equation 1.3 reads as
follows whereby in equation 4.25 only the term relevant for difference frequency generation
(DFG) is discussed. The spectral phase of the higher frequency pulse ϕ1 (ω1) is assumed to
be constant.

P(2)
DFG (t) = 2ε0χ

(2) [E01E∗02 + c.c.]

∝ E1E∗2 exp {i [k1r− ω1t+ ϕ1 (ω1)]− i [k2r− ω2t+ ϕ2 (ω2)]}+ c.c.

∝ exp {i [(k1 − k2) r− (ω1 − ω2) t+ (ϕ1 (ω1)− ϕ2 (ω2))]}+ c.c.

∝ cos [(ω1 − ω2) t− ϕ2 (ω2)]

(4.25)

Here, the vacuum permittivity ε0, nonlinear tensor χ(2), wave vector mismatch k1−k2, and
the field amplitudes have been ignored in order to highlight the dependence on the spectral
phase of the lower frequency pulse ϕ2 (ω2). The last expression in equation 4.25 states
that the generated pulse at frequency ω2− ω1 possesses the same spectral phase ϕ2 (ω2) as
the lower frequency pulse but with an inverted sign. This fact has practical implications
for the layout of a stretcher-compressor combination. A schematic of the design is given
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Figure 4.14.: Schematic of chirped-pulse difference frequency generation and compression
of multi-terahertz transients. A stretcher for near-infrared pulses (A), made, for exam-
ple, from germanium or gallium arsenide, adds normal dispersion. Fine-tuning of the
spectral phase is achieved by variable insertion of the wedge-shaped dispersive material.
(B) The energy of the up-chirped pulses is increased in two subsequent optical para-
metric amplifier (OPA) stages. (C) Multi-terahertz pulses are generated in a difference
frequency process (DFG) between the chirped OPA output and the fundamental of the
driving laser. The latter is assumed to exhibit a constant phase. (D) Down-chirped
multi-terahertz (THz) pulses are compressed in a normally dispersive material. Suit-
able materials for phase compensation are silicon and indium antimonide, as outlined in
4.1 and table 4.15. Brewster’s angle ΘB is exploited to minimize Fresnel losses at each
interface.
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in figure 4.14 and the function may be described as follows: The stretcher (A) is inserted
after the first stage of the optical parametric amplifier, as discussed in section 4.1.2. Near
infrared pulses with a center wavelength of 1.13µm and a flat spectral phase are stretched
by transmission through dispersive material. Brewster’s angle ΘB is exploited to reduce
Fresnel losses which are considerable for materials of high refractive index. Consequently, a
spatial dispersion is introduced by the first material pass and removed by a symmetrically
aligned dispersive replica. If a positive spectral phase is added, the pulses are up-chirped.
Subsequently, the second and third stage of an optical parametric amplifier is passed to
increase the pulse energy (B). In a third step multi-terahertz pulses are generated in a
difference frequency process (C). For this purpose the stretched output of the optical para-
metric amplifier is interacting with pulses of the driving laser at a wavelength of 1030 nm
which are assumed to have a constant spectral phase. The multi-terahertz pulse is down-
chirped in this configuration, as equation 4.25 states. Consequently, the compressor (D)
should add the same amount of dispersion with the same sign as the stretcher in order to
temporally compress the multi-terahertz pulses. A suitable material has to be found that
is normally dispersive in the multi-terahertz frequency domain.
The added phase can be adapted for bandwidth-limited pulse duration by variable material
insertion in either the stretcher or compressor. Here, the stretcher is equipped with wedges
which can be slided against each other for fine-tuning of the added phase dispersion. This
configuration has been chosen because anti-reflection coatings at a wavelength of 1.13µm
typically show better performance than at 12.0µm and the number of interfaces at the
compressor is minimum if two plane-parallel plates are employed.

A suitable combination of materials for the stretcher and compressor has to be found based
on the stretching ratio required by the particular application. Thereby it is a prerequisite
that the dispersive material is transparent at the involved wavelength. Lattice resonances,
which could lead to phonon-assisted interband absorption, should be relatively distant. A
material combination has to be selected that shows the same sign of the group velocity
dispersion (GVD). Typically, the transparency range in the normally dispersive regime is
more broadband than in the anomalous. Therefore, materials adding positive chirp are pre-
ferred. In the ideal case a material combination is used that compensates not only second-
but also the third-order dispersion (TOD). The relevant wavelengths (frequencies) in the
presented case of a stretcher for the optical parametric amplifier and a compressor for the
multi-terahertz pulses are 1.13µm (265.5 THz) and 12.0µm (25 THz).
Potential dispersive materials are III-V, II-VI, and group-IV semiconductors with zinc
blende crystal structure. These dielectrics show negligible birefringence. The dispersion of
materials far from phononic resonances is rather flat and correspondingly a long material
path would be required. Phonons cause anomalous dispersion and large group velocity
dispersion and are therefore beneficial. Longitudinal optical phonon frequencies should be
below 10 THz or above 40 THz depending on the desired sign of the spectral phase that is
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Figure 4.15.: Plot of the dispersion parameters for silicon (Si), germanium (Ge), gallium
arsenide (GaAs), and indium antimonide (InSb). The refractive index n (a), group index
ngr (b), group velocity dispersion (GVD) (c), and third-order dispersion (TOD) (d) are
shown. The legend given in (b) is valid for all figures. The described optical parametric
amplifier has a center wavelength of 1.13µm and the target center frequency of the
multi-terahertz is 25 THz (12µm).

to be added in order to prevent absorptions.
In this context, lithium fluoride is interesting as its constituents are the lightest amongst
the binary semiconductors. The low atomic weight implies high phonon frequencies. How-
ever, the group velocity dispersion at a wavelength of 12µm is negative, and the compressor
should add positive chirp, as explained before. Zinc selenide is suggested for stretching at a
wavelength of 1.13µm in figure 4.8 and the corresponding GVD is +559 fs2/mm. The same
argument as for lithium fluoride prevents its application for multi-terahertz compression.
Dispersion parameters of promising material are plotted in figure 4.15, and the exact values
at wavelengths of 1.13µm and 12.0µm are listed in table 4.1. The refractive index n (a)
and the group index ngr (b) can be utilized for a first rating of the materials. Additional
information is contained in the group velocity dispersion (c) and the third order dispersion
(d).
The semiconductors gallium arsenide (GaAs), germanium (Ge), indium antimonide (InSb),
and silicon (Si) exhibit all a refractive index n larger than 3.2 which motivates to exploit

102



4.3. Prospects for the future

Table 4.1.: The list comprises dispersion parameters for gallium arsenide (GaAs), germa-
nium (Ge), indium antimonide (InSb), and silicon (Si). Additionally, the required prop-
agation distances (mat. path) in the dispersive materials and the resulting quadratic
chirp (TOD) for an exemplary group velocity dispersion (GVD) of +10 000 fs2 are given.
Bandgap energies (direct for semiconductors and indirect for the group IV elements) are
given for 300 K.

material GaAs Ge InSb Si
bandgap (eV/µm/THz) 1.42/0.87/343 0.67/1.85/162 0.17/7.29/41 1.12/1.11/270
wavelength (µm) 1.13 12.0 1.13 12.0 1.13 12.0 1.13 12.0
refractive index n 3.45 3.26 4.41 4.00 4.22 3.92 3.53 3.42
group index ng 3.81 3.34 5.09 4.01 4.80 4.07 3.80 3.42
GVD (fs2/mm) 2903 -2374 1692 -168 2053 4936 1756 544
TOD (103 fs3/mm) 5.7 7.0 -3.1 268.6 -3.7 -94.3 1.5 1.6

material thickness and resulting TOD for a target GVD of +10 000 fs2

mat. path (mm) 3.44 (-4.2) 5.91 (-59.5) 4.87 2.03 5.70 18.39
res. TOD (103 fs3) 19.5 (-) -18.1 (-) -18.1 -191.1 8.3 29.2

Brewster’s angle to reduce Fresnel losses. All listed materials show a positive group velocity
dispersion at a wavelength of 1.13µm and can be employed for stretching. The propaga-
tion distances through a dispersive material for an assumed group velocity dispersion of
+10 000 fs2 are listed at the end of table 4.1. All values are below 6 mm, and corresponding
samples are available in sufficient optical quality.
Compression of down-chirped pulses is only possible with indium antimonide and silicon.
InSb shows a higher group velocity dispersion, and consequently less material path is needed.
A material path of 2.03 mm InSb would be enough to compensate for 10 000 fs2 which
compares to 18.39 mm of silicon. The variety of materials makes it possible to select a
combination which even compensates the third-order dispersion at least partially. Pos-
sible combinations for stretching/compression are GaAs/Si and Ge/InSb. The difference
in the resulting third-order dispersion of GaAs/Si is smallest and therefore this material
combination is found to be best suited for chirped-pulse multi-terahertz generation.

4.3. Prospects for the future

Observation of electron dynamics on the atomic scale and its time-domain control is enor-
mously appealing for physics. Its impacts are predicted to influence biology, chemistry, and
future technologies [Cor07]. The technique presented in this chapter enables the excitation
of high energy transitions which have not been accessible with the photon energies dealt
with so far. Furthermore, the target spectral domain and expectable bandwidths pave the
way towards the attosecond time domain and its related possibilities. This fascinating area
of research extends strong field coherent-control and ultrafast spectroscopy further into the
sub-cycle domain of visible light. An improved spatial and temporal resolution supports
time-resolved analysis of core-level transitions, multi-electron dynamics, and resonances of
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Figure 4.16.: Illustration of the three-step model of high-harmonic generation. (a) Process
in a classical picture. Driving electric field (red solid line) and electron (gray filled circle),
energy levels (gray line) in the Coulomb potential (black solid line). (1) A laser field
modifies the Coulomb barrier, and an electron can tunnel out of its bound atom state.
(2) The liberated charge gains momentum in the laser field. Subsequently, the electron
recombines with its parent ion, and a high energy photon bunch (green transient) is
emitted (3). (b) Quantum mechanical description for the generation of the resulting
electromagnetic field burst. The electron wave function is separated into a free ψc
(green) and a bound ψg (orange) part. Interference between the ψg and ψc contributions
creates an oscillating dipole which is the source of the emitted electromagnetic pulses.

even higher energy.
The presented Yb:YAG thin-disk laser system in combination with the advanced frequency
conversion stages provides the potential and flexibility to drive the scenarized technology
that accesses the domain of high photon energies. In particular, the generation of pulses in
the extreme ultraviolet spectral domain and in case of compressed pulses the access to the
attosecond time domain are within reach. The pivotal technique is the generation of high
harmonics, as presented in section 4.3.1. Coherent x-rays and some of their applications
are introduced in section 4.3.2 as an outlook to the future. The underlying concepts are
discussed in both sections in reference to the presented laser technology.

4.3.1. Generation of high harmonics

At light intensities on the order of hundreds of TW/cm2 harmonics of the fundamental
driving laser frequency are emitted when a beam is focused into gases and solids [Ghi11b].
This process has been investigated both experimentally and theoretically [Ghi11a, Wu15,
Vam14, Vam15a, Kem13, Vam15b]. The generation of high harmonics in gases is described
in a three-step model, which is illustrated in figure 4.16 (a). It starts with ionization of an
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atom (1). An electron tunnels through the barrier created by the atom potential and the
light field. The tunneling rate is a function of time within the wave cycle and is highest
300 as after each field crest. Here, the attosecond time domain arises in the tunneling pro-
cess for the first time.
The second step describes the motion of the liberated electron (2). A kinetic energy in
the range of 50 eV to 1000 eV is gained by the electron in the laser field whereby classical
trajectories can be assumed for the time interval between its birth and the recollision with
the parent ion. Electrons born at ≈ Tosc/20 (Tosc is the oscillation period of the electro-
magnetic field) recollide in the classical picture with maximum kinetic energy 2/3Tosc later.
These electrons determine the highest photon energy which is emitted in the subsequent
attosecond pulse. In turn, the highest photon energy scales with the wavelength and the
peak electric field of the driving pulses.
The third step deals with the recollision of the accelerated electron and its parent ion (3). An
inelastic scattering process gives rise to an attosecond burst of photons. This phenomenon
can be explained in a quantum mechanical picture, as illustrated in figure 4.16 (b). The
electron wave function can be separated into a part of the free electron ψc and a bound
contribution ψg. These components of the coherent total wave function interfere, which
creates an oscillating dipole that is the source of the emitted electromagnetic pulse. The
kinetic energy, amplitude, and phase of the electron wave packet is transfered to the gen-
erated photon pulse. In turn, the named electron properties are dependent on the driving
laser pulse which underlines the impact of its waveform.

A link between the generation of high harmonics in gases and solids is presented in [Vam15a].
The theoretical description of the emission from solids is based on a two bands model.
There are contributions to the high-harmonic generation from intra- and interband tran-
sitions, whereby the latter effect is dominant. Detailed descriptions are presented in
[Luu15, Vam15b, Kem13]

It has been outlined that the highest generated harmonic order depends on the driving
wavelength λd ∝ 1/ωd and the peak electric field. The ponderomotive energy Up is the
time averaged kinetic energy that an electron of mass m and charge e gains in an electro-
magnetic field E which oscillates at a frequency ωd and reads as

Up = e2E2

4mω2
d

. (4.26)

Beyond this proportionality one can determine a cutoff energy Emax for the estimation of
the highest expectable photon energy. It is derived in a semi-classical calculation where
the electron is assumed to be born in vacuum with zero initial momentum followed by an
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acceleration in the laser field. The cutoff energy is given by

Emax = Ip + 3.17Up. (4.27)

Here, Ip is the ionization potential and Up is the ponderomotive energy. Equations 4.26
and 4.27 imply to exploit a long-wavelength driving source in order to generate the highest
possible harmonic order. However, high peak electric fields which are more easily attainable
with shorter wavelength sources are also of importance. For example, a maximum photon
energy of 45 eV is reported at Ti:sapphire driving wavelength of 800 nm. When taking
full advantage of the wavelength scaling properties by using driving pulse centered at a
frequency of 25 THz (12.5µm), the photon energy can be as high as 1000 eV when all other
parameters are kept constant.
A high-power multi-terahertz source has been proposed in section 4.2 that would be ideally
suited for the generation of high harmonics as it satisfies both requirements of high peak
electric field and long carrier wavelength. A rough estimate on the highest attainable photon
energy can be given based on the proposed multi-terahertz pulses plotted in figure 4.13 (a).
This example single-cycle pulse with a center frequency of 25 THz has a full-width-at-
half-maximum duration of 40 fs. If its energy is assumed to be 100µJ, the peak power
is calculated to be 2.3 GW. When focused to about 300µm, the peak intensity is on the
order of 3 TW/cm2 which translates to an electric field of 50 MV/cm. Tighter focussing is
always beneficial. However, saturation effects at 1014 W/cm2 are reported in [Shi13], and
a diffraction limited beam diameter is tough to realize at a multiple-micron wavelength.
An electron accelerated in such a field gains a ponderomotive energy of 400 eV. In case
of helium as interaction medium which has a first ionization potential of 24 eV the highest
photon energy that can be expected from the generation of high harmonics is on the order of
1.3 keV corresponding to a wavelength of 1 nm. This example points out the potential of the
proposed high-power multi-terahertz source that will be driven by the presented Yb:YAG
thin-disk system. The driving source provides the potential to access the deep-ultraviolet
and even to approach the soft x-rays spectral domain.

4.3.2. Coherent x-rays

The x-ray spectrum comprises photon energies in the range of 5 keV to 250 keV correspond-
ing to a wavelength of 250 pm and less than 5 pm. For example, core-level transitions are
contained in this energy domain which are fetching for time-resolved spectroscopy.
Coherent x-rays are required for a number of applications such as scanning transmission
x-ray microscopy (diffraction limited spatial resolution requires the coherence), x-ray holog-
raphy, coherent x-ray diffraction, and phase-contrast imaging [Vam15c, Rob09]. However,
because of the enormous effort it requires to generate coherent x-rays, only a few beam lines
are available world wide. The production is tough, because the ratio between the proba-
bility for spontaneous W sp

21 and stimulated W st
21 emission for high frequencies (hν >> kBT )
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possesses the relation

dW st
21

dW sp
21
≈ exp

(
− hν

kBT

)
(4.28)

which is much smaller than unity at room temperature. Here, kB is the Boltzmann, h
the Plank constant, and T denotes the temperature. The spontaneous emission dominates
and consequently it becomes increasingly difficult to obtain stimulated emission at high
frequencies.
X-ray free electron lasers are the only sources of high photon flux at sub-nanometer wave-
length with laser-like properties. The lack of high reflective optical components prohibits
from resonant laser cavities. Therefore, long undulators have to be used for adequate beam
brightness, and the concept is based on self-amplified spontaneous emission.
The idea of table-top coherent x-ray sources is extremely appealing as these would pave
the way towards the exploration of high energy excitations and an intensified employment
of the named x-ray techniques. Additionally, if the temporal profile of the x-ray pulses
could be compressed to the attosecond time domain, virtually any transient structures of
matter could be truly imaged [Cor07]. The presented laser system is one step towards this
long-term goal of science.
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The goal of the presented thesis was the development of a laser system that can generate
pulses of sub-picosecond duration and multi-millijoule energy which are suitable for driv-
ing experiments in ultrafast optics. This objective was realized by combining two laser
technologies. An Er:fiber front-end produces an intense and broadband seed that supports
ultrashort pulse duration. The back-end is based on an Yb:YAG thin-disk amplifier which
enables the scaling of the pulse energy. Because of the gain geometry and active medium,
direct optical pumping in continuous wave mode by a high-power laser diode is possible. In
addition, the system can be operated at room temperature without the need for cryogenic
cooling. The hybrid Er:fiber-Yb:YAG thin-disk amplifier generates pulses at a repetition
rate of 3 kHz with a duration of 615 fs and an energy of 17 mJ [Fis16].

Ultrafast phenomena take place on time scales as short as a few femto-, pico-, and at-
toseconds. These time domains are experimentally accessible via nonlinear optics and
frequency conversion processes which, to be efficient, require ultrashort pulses with high
energy. Yb:YAG thin-disk amplifiers enable a high gain, but the generation of ultrashort
pulses with high intensity is challenging. In fact, this active medium displays a limited band-
width which results in severe gain narrowing in any amplifier stage. In order to tackle this
restriction, in the presented laser system the capabilities of Er:fiber technology to tailor-cut
ultrabroadband spectra of high brilliance and coherence are exploited. The large bandwidth
of the seed counteracts the spectral tapering in the Yb:YAG thin-disk regenerative section.
Moreover, the seed source takes advantage of the flexibility, stability, and robustness that
is associated with fiber technology. Its beneficial noise properties with respect to pulse-to-
pulse energy and spectral stability are essential in providing continuous supply of an intense
seed for the subsequent ytterbium amplifier chain. The Yb:fiber pre-amplifier is operated
in a chirped-pulse amplification scheme which is implemented by a grating stretcher. A
seed energy of 100 nJ is generated while a bandwidth of 13 nm, requisite for sub-100-fs
pulse duration, is preserved. Due to the spectral width of the seed injected to the Yb:YAG
thin-disk main amplifier, a relatively large final bandwidth of 2.0 nm is achieved.

The repetition rate of the laser system can be flexibly set. At 5 kHz, a pulse energy of
13 mJ is generated, while the duration remains unchanged at approximately 600 fs. At this
level of operation, the pulse-to-pulse energy stability is determined to have a root mean
square of 7.0× 10−3 measured over 20 min. The laser system delivers a Gaussian TEM00
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mode with M2 factor of 1.5.
The erbium front-end serves as a single seed source for multiple parallel amplifier channels,
and their pulse trains are intrinsically stable with respect to one another. One implemented
amplifier delivers ultrabroadband pulses with sub-10-fs duration. This fiber-based source is
a tool that makes it possible to optically sample ultrafast phenomena which may be driven
by the multi-millijoule pulses of the parallel Yb:YAG thin-disk amplifier.

The duration of the high-energetic pulses of less than one picosecond enables the exploita-
tion of nonlinear interactions. In particular, the generation of white-light supercontinua
in bulk sapphire plates is beneficial. It is required for additional frequency conversion
stages that can access a large spectral domain. In fact, the output of the Yb:YAG system
can drive, for example, optical parametric amplifiers producing intense pulses in a large
frequency range which contain only a few optical cycles. The spectral domain that is ac-
cessible with nonlinear techniques spans from the terahertz region (25 THz corresponds to
≈ 100 meV) to the ultraviolet (200 nm wavelength corresponds to ≈ 6.2 eV).

Difference frequency generation between the multi-millijoule pulses at the fundamental
wavelength of the Yb:YAG thin-disk system and the output of the optical parametric am-
plifier results in intense multi-terahertz transients. The extreme field amplitudes of these
waveforms make it possible to access the regime of non-perturbative light-matter interac-
tion and enable application of large transient electrical bias to samples. As a consequence,
the investigation of states of condensed-matter systems, that would not be accessible in
stationary conditions, is feasible. The amplitudes of the associated electric fields exceed
the 100 MV/cm level. Such high-field experiments have so far been driven by Ti:sapphire-
based lasers. The presented Er:fiber-Yb:YAG thin-disk system supports the generation of
even higher field amplitudes. Despite the relatively long driving pulses, the capabilities of
electro-optic sampling on a sub-cycle time scale are preserved by the amplifier channel that
generates a sub-10-fs output. Thereby, elementary quantum dynamics can be analyzed and
manipulated and states of condensed matter far from the thermal equilibrium are accessi-
ble. Moreover, high harmonics generation can be exploited to enter a frequency range that
extends beyond the ultraviolet. When solids are employed in the interaction process, a high
photon flux and stable output can be achieved. Gases can be used to produce colors in the
deep ultraviolet and x-ray spectral domain (100 pm wavelength corresponds to ≈ 12.4 keV).
Laser systems providing access to this frequency range are one possible pathway towards the
long term goal of a table-top source of coherent x-rays. These enable ultrafast spectroscopy
of high energy excitations, such as core-level transitions or time-resolved diffraction of the
crystal lattice and its structural dynamics.
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Zusammenfassung

Ziel der vorliegenden Arbeit war die Entwicklung eines Lasersystems zum Treiben von Ex-
perimenten der ultraschnellen Optik, das Lichtimpulse mit einer Dauer von weniger als
einer Pikosekunde und einer Energie im Multi-Millijoule-Bereich erzeugt. Dies wurde durch
einen Yb:YAG-Scheibenverstärker realisiert, der die Möglichkeit der Skalierung der Impul-
senergie bietet. Er wird von einem Femtosekunden-Er:Faserlaser gespeist, der breitbandige,
intensive Impulse bereitstellt. Aufgrund der Verstärkungsgeometrien und der verwendeten
aktiven Medien ist direktes optisches Pumpen mittels kontinuierlich emittierender Hochlei-
stungslaserdioden möglich. Darüber hinaus kann das Lasersystem bei Raumtemperatur oh-
ne kryogene Kühltechniken betrieben werden. Mit dieser Kombination eines Er:Faserlasers
und eines Yb:YAG-Scheibenverstärkers werden Lichtimpulse bei einer Wiederholrate von
3 kHz und einer Dauer von 615 fs erzeugt, die eine Energie von bis zu 17 mJ beinhalten
[Fis16].

Ultraschnelle Phänomene spielen sich auf Zeitskalen von nur wenigen Femto-, Piko-, oder
Attosekunden ab. Experimentell zugänglich sind diese Zeitdomänen dank nichtlinearer Op-
tik und Frequenzkonversionen, zu deren effizienter Ausnutzung es ultrakurzer Impulse hoher
Energie bedarf. Yb:YAG-Scheibenlaser erlauben eine große Verstärkung, jedoch ist dabei die
Erzeugung ultrakurzer Lichtimpulse eine Herausforderung. Die Ursache hierfür liegt in der
begrenzten Verstärkungsbandbreite des Verstärkungsmediums, was eine beträchtliche Ver-
schmälerung des Spektrums in jeder Verstärkerstufe nach sich zieht. Um diesem limitieren-
den Faktor entgegenzuwirken, wurde in dieser Arbeit das Potenzial der Er:Fasertechnologie
ausgenutzt. Diese ermöglicht es, maßgeschneiderte, ultrabreitbandige Spektren zu generie-
ren, die eine hohe Brillanz und Kohärenz aufweisen. Die Breitbandigkeit hilft dabei, die
spektrale Verjüngung in der Scheibenverstärkerstufe zu mindern. Darüber hinaus profitiert
die realisierte Strahlungsquelle von der Flexibilität, Stabilität und Robustheit der Fasertech-
nologie. Die vorteilhaften Rauscheigenschaften bezüglich der Energiestabilität aufeinander-
folgender Impulse sowie die konstante spektrale Intensitätsverteilung sind wichtige Faktoren
für die zuverlässige Versorgung der anschließenden Verstärkerstufen mit intensiven Lichtim-
pulsen. Der auf Ytterbium basierende Vorverstärker folgt dem Konzept der zeitlich gestreck-
ten Impulse, das durch einen Gitterstrecker umgesetzt wird. Der Yb:Faserverstärker, der
eine Impulsenergie von 100 nJ erzeugt, erhält die spektrale Bandbreite von 13 nm, was eine
Dauer von weniger als 100 fs erlaubt. Dank der Breite dieses eingespeisten Spektrums weist
der Hauptverstärker, der auf einer dünnen Yb:YAG-Scheibe basiert, eine spektrale Intensi-
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tätsverteilung mit relativ großer Halbwertsbreite von 2.0 nm auf.

Das Lasersystem erlaubt die flexible Wahl seiner Wiederholrate. So wird bei einer Einstel-
lung von 5 kHz eine Impulsenergie von 13 mJ erreicht, wobei die Impulsdauer unverändert
im 600 fs-Bereich bleibt. Unter diesen Bedingungen wurde eine quadratische mittlere Ab-
weichung der Energie während einer Zeitspanne von 20 min von 7.0× 10−3 gemessen. Am
Ausgang des Systems wird eine TEM00 Mode mit gaußförmiger Intensitätsverteilung und
einem M2-Wert von 1.5 erzeugt.
Das Er:Faser-System dient gleichzeitig als Eingangssignal für mehrere parallele Verstär-
kungskanäle, die zueinander intrinsisch stabile Impulszüge erzeugen. Beispielsweise wurde
ein Verstärker realisiert, der Impulse mit einer Dauer von weniger als 10 fs erzeugt. Die-
ses Werkzeug ermöglicht optisches Abtasten ultraschneller Phänomene, welche durch die
Millijoule-Impulse des parallelen Yb:YAG-Scheibenverstärkers getrieben werden können.

Die Dauer der energiereichen Lichtimpulse von weniger als einer Pikosekunde erlaubt es,
nichtlineare Wechselwirkungen zu treiben. Speziell die Erzeugung eines Weißlichtkontinu-
ums in Saphirplättchen ist von besonderer Bedeutung. Es ist Grundlage für weitere nicht-
lineare Konversionsstufen, die einen großen Spektralbereich zugänglich machen. So können
mit dem Yb:YAG-Scheibensystem beispielsweise durch optisch-parametrische Verstärker
intensive Impulse in einem großen Frequenzbereich erzeugt werden, die nur wenige Oszilla-
tionen des elektrischen Felds aufweisen. Das mit nichtlinearer Technik zugängliche Spektrum
erstreckt sich vom Terahertz-Bereich (25 THz entsprechen ≈ 100 meV) bis ins Ultraviolette
(200 nm Wellenlänge entsprechen ≈ 6.2 eV).

Die Erzeugung der Differenzfrequenz zwischen den Multi-Millijoule-Impulsen bei der fun-
damentalen Wellenlänge des Yb:YAG-Scheibenverstärkers und denen des optisch-parame-
trischen Verstärkers resultiert in intensiven Multi-Terahertz-Transienten. Deren extreme
Feldamplituden machen das Regime der nichtperturbativen Licht-Materie-Wechselwirkung
zugänglich und ermöglichen es, auf optischem Wege sehr große elektrische Vorspannungen
an Proben anzulegen. Hierdurch wird die Untersuchung von Materialsystemen kondensier-
ter Materie unter Bedingungen möglich, die mit stationären Potentialdifferenzen nicht zu-
gänglich sind. Die Amplituden der damit verbundenen elektrischen Felder erreichen Werte
die 100 MV/cm übersteigen. Bisher wurden solche Experimente durch Ti:Saphir-basierte
Systeme getrieben. Das in dieser Arbeit gezeigte Er:Faser-Yb:YAG-Scheibenlaser-System
macht noch größere Feldstärken realisierbar. Dabei bleibt trotz der relativ langen trei-
benden Impulse dank des Sub-10 fs-Verstärkerkanals die Möglichkeit des elektro-optischen
Abtastens auf einer Subzyklen-Zeitskala erhalten. Somit können elementare Quantendy-
namiken zeitaufgelöst analysiert und manipuliert werden. Des Weiteren werden Zustände
kondensierter Materie weitab vom thermischen Gleichgewicht zugänglich. Darüber hinaus
wird durch die Erzeugung hoher Harmonischer ein Spektralbereich erreichbar, der sich über
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das Ultraviolette hinaus zu noch kürzerenWellenlängen erstreckt. Die Verwendung von Fest-
körpern in einem solchen Generationsprozess erlaubt große Photonenflussdichten und hohe
Prozessstabilität. Gase dagegen können eingesetzt werden, um spektrale Komponenten zu
erzeugen, die im tief ultravioletten oder gar im Röntgenbereich liegen (100 pm Wellenlänge
entsprechen ≈ 12.4 keV). Lasersysteme, die einen Zugang zu diesem Frequenzspektrum bie-
ten, sind ein Schritt auf dem Weg in Richtung des Langzeitziels eines kompakten Aufbaus
zur Erzeugung kohärenter Röntgenstrahlung. Solche Quellen ermöglichen Ultrakurzzeit-
Spektroskopie von hochenergetischen Anregungen, wie beispielsweise Übergänge zwischen
Kernenergieniveaus oder die zeitaufgelöste Beugung an Kristallgittern zur Untersuchung
struktureller Dynamiken.
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Appendix

A. List of cavity parameters

Table 1 lists all components of the regenerative amplifier cavity which is introduced in
section 3.2.1 and their attributes. The labels refer to figure 3.4. The thin-disk (Disk
1st/2nd/3rd) is assumed to have a constant radius of curvature of 35 000 mm. The refractive
power of the thermal lens in the crystal of the Pockels cell is not taken into account. This
parameter is experimentally accounted for by adjustment of the cavity internal telescope
distance. The given values lead to the beam diameter evolution in the resonator shown in
figure 3.5.
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Appendix

Table 1.: List of cavity parameters in reference to figure 3.4 in section 3.2.1.

label radius of curvature tilt angle distance to next component

EM1 ∞ 0° 100 mm

PC ∞ 0° 50 mm

λ/4 ∞ 0° 80 mm

TFP 4 ∞ 55° 50 mm

TFP 5 ∞ 55° 186 mm

Mtel
2 600 mm 5° 109 mm

Mtel
3 −400 mm 4° 500 mm

disk 1st 35 000 mm 5° 434 mm

M4 ∞ 3° 343 mm

M5 ∞ 3° 315 mm

Mfoc
6 5000 mm 2° 403 mm

disk 2nd 35 000 mm 3° 453 mm

Mfoc
7 5000 mm 2° 365 mm

M8 ∞ 3° 331 mm

M9 ∞ 3° 407 mm

disk 3rd 35 000 mm 1° 451 mm

EM10 ∞ 0° -

116



Bibliography

[Adl07] F. Adler, A. Sell, F. Sotier, R. Huber, and A. Leitenstorfer, Attosecond relative
timing jitter and 13 fs tunable pulses from a two-branch Er:fiber laser, Opt. Lett.
32, 3504-3506 (2007).

[Agr93] G. P. Agrawal, and N. K. Dutta, Semiconductor Lasers, Springer US, 1993.

[Bar91] W. L. Barnes, R. I. Laming, E. J. Tarbox, and P. R. Morkel, Absorption and
emission cross section of Er3+ doped silica fibers, IEEE J. Quant. Electron. 27,
1004-1010 (1991).

[Bar09] A. Bartels, D. Heinecke, and S. A. Diddams, 10-GHz Self-Referenced Optical
Frequency Comb, Science 326, 681-681 (2009).

[Bau12] D. Bauer, I. Zawischa, D. H. Sutter, A. Killi, and T. Dekorsy, Mode-locked
Yb:YAG thin-disk oscillator with 41 µJ pulse energy at 145 W average infrared
power and high power frequency conversion, Opt. Express 20, 9698–9704 (2012).

[Bra95] U. Brauch, A. Giesen, M. Karszewski, C. Stewen, and A. Voss, Multiwatt diode-
pumped Yb:YAG thin disk laser continuously tunable between 1018 and 1053 nm,
Opt. Lett. 20, 713-715 (1995).

[Bra09] M. Bradler, P. Baum, and E. Riedle, Femtosecond continuum generation in bulk
laser host materials with sub-µJ pump pulses, Appl. Phys. B - Lasers O 97,
561-574 (2009).

[Bri14] D. Brida, G. Krauss, A. Sell, and A. Leitenstorfer, Ultrabroadband Er:fiber lasers,
Laser Photonics Rev. 8, 409-428 (2014).

[Bro14] J. Brons, V. Pervak, E. Fedulova, D. Bauer, D. Sutter, V. Kalashnikov,
A. Apolonskiy, O. Pronin, and F. Krausz, Energy scaling of Kerr-lens mode-
locked thin-disk oscillators, Opt. Lett. 39, 6442-6445 (2014).

[Bru02] F. Brunner, T. Südmeyer, E. Innerhofer, F. Morier-Genoud, R. Paschotta, V. E.
Kisel, V. G. Shcherbitsky, N. V. Kuleshov, J. Gao, K. Contag, A. Giesen, and
U. Keller, 240-fs pulses with 22-W average power from a mode-locked thin-disk
Yb:KY(WO4)2 laser, Opt. Lett. 27, 1162-1164 (2002).

117



Bibliography

[But02] O. V. Butov, K. M. Golant, A. L. Tomashuk, M. J. N. van Stralen, and A. H. E.
Breuls, Refractive index dispersion of doped silica for fiber optics, Opt. Commun.
213, 301-308 (2002).

[Cal15] A.-L. Calendron, H. Çankaya, G. Cirmi, and F. X. Kärtner, White-light genera-
tion with sub-ps pulses, Opt. Express 23, 13866 (2015).

[Cer03] G. Cerullo, and S. De Silvestri, Ultrafast optical parametric amplifiers, Rev. Sci.
Instrum. 74, 1-18 (2003).

[Coh] Coherent, Product: Legend Elite Cryo PA, WorldWideWeb, https://www.

coherent.com/products/?1019/Legend-Elite-Cryo-PA, (accessed May 8,
2016).

[Cor07] P. B. Corkum, and F. Krausz, Attosecond science, Nat. Phys. 3, 381-387 (2007).

[Cou07] A. Couairon, and A. Mysyrowicz, Femtosecond filamentation in transparent me-
dia, Phys. Rep. 441, 47-189 (2007).

[D0̈4] J. Dörring, A. Killi, U. Morgner, A. Lang, M. Lederer, and D. Kopf, Period
doubling and deterministic chaos in continuously pumped regenerative amplifiers,
Opt. Express 12, 1759-1768 (2004).

[Dau05] F. Dausinger, G. Schmitz, and D. Sutter, Femtonische Laser im Maschinenbau
- Mikrostrukturieren und Bohren, Laser Technik Journal 2, 40-47 (2005).

[Dek96] T. Dekorsy, H. Auer, H. J. Bakker, H. G. Roskos, and H. Kurz, THz electromag-
netic emission by coherent infrared-active phonons, Phys. Rev. B 53, 4005–4014
(1996).

[DL93] L. D. De Loach, S. A. Payne, L. L. Chase, L. K. Smith, W. L. Kway, and W. F.
Krupke, Evaluation of absorption and emission properties of Yb3+ doped crystals
for laser applications, IEEE J. Quantum Electr. 29 (1993).

[Don03] J. Dong, M. Bass, Y. Mao, P. Deng, and F. Gan, Dependence of the Yb3+ emis-
sion cross section and lifetime on temperature and concentration in yttrium alu-
minum garnet, J. Opt. S. A. B 20, 1975 (2003).

[Don10] J. Dong, K. Ueda, H. Yagi, and A. Kaminskii, Concentration-Dependent
Laser Performance of Yb:YAG Ceramics and Passively Q-switched
Yb:YAG/Cr,Ca:YAG Lasers, Advances in Solid-State Lasers: Development and
Applications, 630 (2010).

[Dre05] A. Dreyhaupt, S. Winnerl, T. Dekorsy, and M. Helm, High-intensity terahertz
radiation from a microstructured large-area photoconductor, Appl. Phys. Let. 86
(2005).

118

https://www.coherent.com/products/?1019/Legend-Elite-Cryo-PA
https://www.coherent.com/products/?1019/Legend-Elite-Cryo-PA


Bibliography

[Eic12] M. Eichhorn, E. Zscherpel, and F. Zocholl, Laserphysik: Grundlagen und An-
wendungen für Physiker, Maschinenbauer und Ingenieure, Springer Berlin Hei-
delberg, 2012.

[Eil08] A. A. Eilanlou, Y. Nabekawa, K. L. Ishikawa, H. Takahashi, and K. Midorikawa,
Direct amplification of terawatt sub-10-fs pulses in a CPA system of Ti:sapphire
laser, Opt. Express 16, 13431-13438 (2008).

[Ern07] C. Erny, K. Moutzouris, J. Biegert, D. Kühlke, F. Adler, A. Leitenstorfer, and
U. Keller, Mid-infrared difference-frequency generation of ultrashort pulses tun-
able between 3.2 and 4.8 µm from a compact fiber source, Opt. Lett. 32, 1138-1140
(2007).

[Fab15] D. Fabris, T. Witting, W. A. Okell, D. J. Walke, P. Matia-Hernando, J. Henkel,
T. R. Barillot, M. Lein, J. P. Marangos, and J. W. G. Tisch, Synchronized
pulses generated at 20 eV and 90 eV for attosecond pump-probe experiments,
Nat. Photon. 9 (2015).

[Fat16] H. Fattahi, A. Alismail, H. Wang, J. Brons, O. Pronin, T. Buberl, L. Vámos,
G. Arisholm, A. M. Azzeer, and F. Krausz, High-power, 1-ps, all-Yb:YAG thin-
disk regenerative amplifier, Opt. Lett. 41, 1126-1129 (2016).

[Feh15] D. Fehrenbacher, P. Sulzer, A. Liehl, T. Kälberer, C. Riek, D. V. Seletskiy, and
A. Leitenstorfer, Free-running performance and full control of a passively phase-
stable Er:fiber frequency comb, Optica 2, 917–923 (2015).

[Fen15] T. Feng, K. Yang, J. Zhao, S. Zhao, W. Qiao, T. Li, T. Dekorsy, J. He, L. Zheng,
Q. Wang, X. Xu, L. Su, and J. Xu, 1.21 W passively mode-locked Tm:LuAG
laser, Opt. Express 23, 11819-11825 (2015).

[Fer13] M. E. Fermann, and I. Hartl, Ultrafast fibre lasers, Nat Photon 7, 868-874 (2013).

[Fis16] J. Fischer, A.-C. Heinrich, S. Maier, J. Jungwirth, D. Brida, and A. Leitenstorfer,
615 fs pulses with 17 mJ energy generated by an Yb:thin-disk amplifier at 3 kHz
repetition rate, Opt. Lett. 41, 246-249 (2016).

[Gae00] A. L. Gaeta, Catastrophic Collapse of Ultrashort Pulses, Phys. Rev. Lett. 84,
3582-3585 (2000).

[Ghi11a] S. Ghimire, A. D. Di Chiara, E. Sistrunk, P. Agostini, L. F. Di Mauro, and D. A.
Reis, Observation of high-order harmonic generation in a bulk crystal, Nat. Phys.
7, 1745-2473 (2011).

[Ghi11b] 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, 138-141 (2011).

119



Bibliography

[Gie94] A. Giesen, H. Hügel, A. Voss, K. Wittig, U. Brauch, and H. Opower, Scalable
concept for diode-pumped high-power solid-state lasers, Appl. Phys. B - Lasers
O. 58, 365-372 (1994).

[Gri07] M. Grishin, V. Gulbinas, and A. Michailovas, Dynamics of high repetition rate
regenerative amplifiers, Opt. Express 15, 9434-9443 (2007).

[Gun09] G. Gunter, A. A. Anappara, J. Hees, A. Sell, G. Biasiol, L. Sorba, S. De Liberato,
C. Ciuti, A. Tredicucci, A. Leitenstorfer, and R. Huber, Sub-cycle switch-on of
ultrastrong light-matter interaction, Nature 458, 178-181 (2009).

[Had15] S. Hadrich, M. Krebs, A. Hoffmann, A. Klenke, J. Rothhardt, J. Limpert, and
A. Tunnermann, Exploring new avenues in high repetition rate table-top coherent
extreme ultraviolet sources, Light Sci. Appl. 4, e320 (2015).

[Hay07] C. A. Haynam, P. J. Wegner, J. M. Auerbach, M. W. Bowers, S. N. Dixit, G. V.
Ebert, G. . Heestrand, M. A. Henesian, M. R. Hermann, K. S. Jancaitis, K. R.
Manes, C. D. Marshall, N. C. Mehta, J. Menapace, E. Moses, J. R. Murray, M. C.
Nostrand, C. D. Orth, R. Patterson, R. A. Sacks, M. J. Shaw, M. Spaeth, S. B.
Sutton, W. H. Williams, C. C. Widmayer, R. K. White, S. T. Yang, and B. M.
Van Winterghem, National Ignition Facility laser performance status, Appl. Opt.
46, 3276-3303 (2007).

[Hec13] O. H. Heckl, S. Weiler, S. Luzius, I. Zawischa, and D. Sutter, Ultrafast disk tech-
nology enables next generation micromachining laser sources, Proc. SPIE 8603,
DOI:10.1117/12.2003494, http://dx.doi.org/10.1117/12.2003494 (accessed
May 8, 2016) (published online: Feb 22, 2013).

[Hön97] C. Hönninger, I. Johannsen, M. Moser, G. Zhang, A. Giesen, and U. Keller,
Diode-pumped thin-disk Yb:YAG regenerative amplifier, Appl. Phys. B - Lasers
O. 65, 423-426 (1997).

[Ild04] F. Ö. Ilday, J. R. Buckley, W. G. Clark, and F. W. Wise, Self-similar evolution
of parabolic pulses in a laser, Phys. Rev. Lett. 92, 213902-1 (2004).

[Jar98] S. Jarabo, and J. M. Álvarez, Experimental cross sections of erbium-doped silica
fibers pumped at 1480 nm, Appl. Opt. 37, 2288-2295 (1998).

[Jav59] A. Javan, Possibility of Production of Negative Temperature in Gas Discharges,
Phys. Rev. Lett. 3, 3-5 (1959).

[Jun10] F. Junginger, A. Sell, O. Schubert, B. Mayer, D. Brida, M. Marangoni,
G. Cerullo, A. Leitenstorfer, and R. Huber, Single-cycle multiterahertz transients
with peak fields above 10 MV/cm, Opt. Lett. 35, 2645-2647 (2010).

120

http://dx.doi.org/10.1117/12.2003494


Bibliography

[Kam11] T. Kampfrath, A. Sell, G. Klatt, A. Pashkin, S. Mahrlein, T. Dekorsy, M. Wolf,
M. Fiebig, A. Leitenstorfer, and R. Huber, Coherent terahertz control of antifer-
romagnetic spin waves, Nat. Photon. 5, 31-34 (2011).

[Kem13] A. F. Kemper, B. Moritz, J. K. Freericks, and T. P. Devereaux, Theoretical
description of high-order harmonic generation in solids, New J. Phys. 15, 023003
(2013).

[Kim12] K. W. Kim, A. Pashkin, H. Schäfer, M. Beyer, M. Porer, T. Wolf, C. Bernhard,
J. Demsar, R. Huber, and A. Leitenstorfer, Ultrafast transient generation of spin-
density-wave order in the normal state of BaFe2As2 driven by coherent lattice
vibrations, Nat. Mater. 11, 497-501 (2012).

[Kla10] G. Klatt, F. Hilser, W. Qiao, M. Beck, R. Gebs, A. Bartels, K. Huska, U. Lem-
mer, G. Bastian, M. B. Johnston, M. Fischer, J. Faist, and T. Dekorsy, Tera-
hertz emission from lateral photo-Dember currents, Opt. Express 18, 4939–4947
(2010).

[Kne08] F. K. Kneubühl, and M. W. Sigrist, Laser, Vieweg and Teubner, Wiesbaden,
2008.

[Kra10] G. Krauss, S. Lohss, T. Hanke, A. Sell, S. Eggert, R. Huber, and A. Leitenstorfer,
Synthesis of a single cycle of light with compact erbium-doped fibre technology,
Nat. Photonics 4, 33-36 (2010).

[Kra11] G. Krauss, D. Fehrenbacher, D. Brida, C. Riek, A. Sell, R. Huber, and A. Leit-
enstorfer, All-passive phase locking of a compact Er:fiber laser system, Opt. Lett.
36, 540-542 (2011).

[Kuh15] V. Kuhn, T. Gottwald, C. Stolzenburg, S.-S. Schad, A. Killi, and T. Ryba, Latest
advances in high brightness disk lasers, 2015, pp. 93420Y–93420Y–7.

[Kum12] S. Kumkar, G. Krauss, M. Wunram, D. Fehrenbacher, U. Demirbas, D. Brida,
and A. Leitenstorfer, Femtosecond coherent seeding of a broadband Tm:fiber am-
plifier by an Er:fiber system, Opt. Lett. 37, 554 (2012).

[Li13] J. Li, Y. Pan, Y. Zeng, W. Liu, B. Jiang, and J. Guo, The history, development,
and future prospects for laser ceramics: A review, Int. J. Refract. Met. H. 39,
44-52 (2013).

[Luu15] T. T. Luu, M. Garg, S. Y. Kruchinin, A. Moulet, M. T. Hassan, and E. Gouliel-
makis, Extreme ultraviolet high-harmonic spectroscopy of solids, Nature 521,
498-502 (2015).

[Mai60a] T. H. Maiman, Optical and Microwave-Optical Experiments in Ruby, Phys. Rev.
Lett. 4, 2-5 (1960).

121



Bibliography

[Mai60b] T. H. Maiman, Stimulated Optical Radiation in Ruby, Nature 187, 493-494
(1960).

[Mar87] O. Martinez, 3000 times grating compressor with positive group velocity disper-
sion: Application to fiber compensation in 1.3 - 1.6 µm region, IEEE J. Quantum
Electr. 23, 59-64 (1987).

[Mar07] S. V. Marchese, C. R. E. Baer, R. Peters, C. Kränkel, A. G. Engqvist, M. Golling,
D. J. H. C. Maas, K. Petermann, T. Südmeyer, G. Huber, and U. Keller, Efficient
femtosecond high power Yb:Lu2O3 thin disk laser, Opt. Express 15, 16966-16971
(2007).

[Mat10] S. Matsubara, H. Hitotsuya, M. Takama, M. Inoue, T. Yamaguchi, K. Hirata,
Y. Ishida, and S. Kawato, Generation of 65-fs Ultrashort Pulses at 1030-nm Cen-
ter Wavelength Directly from Kerr-Lens Mode-Locked Yb:YAG Laser, Conference
on Lasers and Electro-Optics 2010, OSA Proc., 2010, p. CTuV2.

[May15] B. Mayer, C. Schmidt, A. Grupp, J. Bühler, J. Oelmann, R. E. Marvel, R. F.
Haglund, T. Oka, D. Brida, A. Leitenstorfer, and A. Pashkin, Tunneling break-
down of a strongly correlated insulating state in VO2 induced by intense multit-
erahertz excitation, Phys. Rev. B 91, 235113 (2015).

[Mil10] P. W. Milonni, and J. H. Eberly, Laser Physics, Wiley, 2010.

[Mou86] P. F. Moulton, Spectroscopic and laser characteristics of Ti:Al2O3, J. Opt. Soc.
Am. B 3, 125-133 (1986).

[Mou06] K. Moutzouris, F. Adler, F. Sotier, D. Träutlein, and A. Leitenstorfer, Multimil-
liwatt ultrashort pulses continuously tunable in the visible from a compact fiber
source, Opt. Lett. 31, 1148-1150 (2006).

[Mou07] K. Moutzouris, F. Sotier, F. Adler, and A. Leitenstorfer, Sum frequency gen-
eration of continuously tunable blue pulses from a two-branch femtosecond fiber
source, Opt. Commun. 274, 417-421 (2007).

[Neg13] J.-P. Negel, A. Voss, M. A. Ahmed, D. Bauer, D. Sutter, A. Killi, and T. Graf,
1.1 kW average output power from a thin-disk multipass amplifier for ultrashort
laser pulses, Opt. Lett. 38, 5442-5445 (2013).

[Neg15] 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 (4.7
mJ, 1030 nm) average power converted to 820 W at 515 nm and 234 W at 343
nm, Opt. Express 23, 21064-21077 (2015).

122



Bibliography

[Neu08a] J. Neuhaus, D. Bauer, J. Zhang, A. Killi, J. Kleinbauer, M. Kumkar, S. Weiler,
M. Guina, D. H. Sutter, and T. Dekorsy, Subpicosecond thin-disk laser oscilla-
tor with pulse energies of up to 25.9 microjoules by use of an active multipass
geometry, Opt. Express 16, 20530–20539 (2008).

[Neu08b] J. Neuhaus, J. Kleinbauer, A. Killi, S. Weiler, D. H. Sutter, and T. Dekorsy,
Passively mode-locked Yb:YAG thin-disk laser with pulse energies exceeding 13
µJ by use of an active multipass geometry, Opt. Lett. 33, 726–728 (2008).

[Neu10] J. Neuhaus, D. Bauer, J. Kleinbauer, A. Killi, D. H. Sutter, and T. Dekorsy,
Numerical analysis of a sub-picosecond thin-disk laser oscillator with active mul-
tipass geometry showing a variation of pulse duration within one round trip, J.
Opt. Soc. Am. B 27, 65–71 (2010).

[Pas10] A. Pashkin, M. Porer, M. Beyer, K. W. Kim, A. Dubroka, C. Bernhard,
X. Yao, Y. Dagan, R. Hackl, A. Erb, J. Demsar, R. Huber, and A. Leitenstor-
fer, Femtosecond Response of Quasiparticles and Phonons in Superconducting
YBa2Cu3O7−δ Studied by Wideband Terahertz Spectroscopy, Phys. Rev. Lett.
105, 067001 (2010).

[Pas13] A. Pashkin, F. Junginger, B. Mayer, C. Schmidt, O. Schubert, D. Brida, R. Hu-
ber, and A. Leitenstorfer, Quantum Physics With Ultrabroadband and Intense
Terahertz Pulses, IEEE J. Sel. Top. Quant. 19, 8401608-8401608 (2013).

[Pet00] K. Petermann, G. Huber, L. Fornasiero, S. Kuch, E. Mix, V. Peters, and S. A.
Basun, Rare-earth-doped sesquioxides, J. Lumin. 87-89, 973-975 (2000).

[Pet05] K. Petermann, D. Fagundes-Peters, J. Johannsen, M. Mond, V. Peters, J. J.
Romero, S. Kutovoi, J. Speiser, and A. Giesen, Highly Yb-doped oxides for thin-
disc lasers, J. Cryst. Growth 275, 135-140 (2005), Proceedings of the 14th Inter-
national Conference on Crystal Growth and the 12th International Conference
on Vapor Growth and Epitaxy.

[Pet07] R. Peters, C. Kränkel, K. Petermann, and G. Huber, Broadly tunable high-power
Yb:Lu2O3 thin disk laser with 80% slope efficiency, Opt. Express 15, 7075-7082
(2007).

[Pet08] R. Peters, C. Kränkel, K. Petermann, and G. Huber, Crystal growth by the heat
exchanger method, spectroscopic characterization and laser operation of high-
purity Yb:Lu2O3, J. Cryst. Growth 310, 1934-1938 (2008), the Proceedings of
the 15th International Conference on Crystal Growth (ICCG-15) in conjunction
with the International Conference on Vapor Growth and Epitaxy and the US
Biennial Workshop on Organometallic Vapor Phase Epitaxy.

123



Bibliography

[Pet11] R. Peters, C. Kränkel, S. T. Fredrich-Thornton, K. Beil, K. Petermann, G. Hu-
ber, O. H. Heckl, C. R. E. Baer, C. J. Saraceno, T. Südmeyer, and U. Keller,
Thermal analysis and efficient high power continuous-wave and mode-locked thin
disk laser operation of Yb-doped sesquioxides, Appl. Phys. B - Lasers O. 102,
509-514 (2011).

[Phi01] J. F. Philipps, T. Töpfer, H. Ebendorff-Heidepriem, D. Ehrt, and R. Sauer-
brey, Spectroscopic and lasing properties of Er3+:Yb3+-doped fluoride phosphate
glasses, Appl. Phys. B - Lasers O. 72, 399-405 (2001).

[Poi99] H. Poincaré, Les méthodes nouvelles de la mécanique céleste, Gauthier-Villars et
fils, 1899 (fre).

[Rob09] I. Robinson, and R. Harder, Coherent X-ray diffraction imaging of strain at the
nanoscale, Nat. Mater. 8 (2009).

[Sal80] K. Sala, G. Kenney-Wallace, and G. Hall, CW autocorrelation measurements of
picosecond laser pulses, IEEE J. Quantum Elect. 16, 990-996 (1980).

[Sal07] B. E. A. Saleh, and M. C. Teich, Fundamentals of Photonics, Wiley Series in
Pure and Applied Optics, Wiley, 2007.

[San59] J. Sanders, Optical Maser Design, Phys. Rev. Lett. 3, 86-87 (1959).

[Sar15] C. J. Saraceno, F. Emaury, C. Schriber, A. Diebold, M. Hoffmann, M. Golling,
T. Südmeyer, and U. Keller, Toward Millijoule-Level High-Power Ultrafast Thin-
Disk Oscillators, IEEE J. Sel. Top. Quant. 21, 106-123 (2015).

[Sch14] S.-S. Schad, V. Kuhn, T. Gottwald, V. Negoita, A. Killi, and K. Wallmeroth,
Near fundamental mode high-power thin-disk laser, Proc. SPIE 8959,
DOI:10.1117/12.2046689, http://dx.doi.org/10.1117/12.2046689 (accessed
May 8, 2016) (published online: Feb 28, 2014).

[Sch15] C. Schmidt, J. Bühler, A.-C. Heinrich, A. Leitenstorfer, and D. Brida, Non-
collinear parametric amplification in the near-infrared based on type-II phase
matching, Journal of Optics 17, 094003 (2015).

[Sel08a] A. Sell, A. Leitenstorfer, and R. Huber, Phase-locked generation and field-
resolved detection of widely tunable terahertz pulses with amplitudes exceeding
100 MV/cm, Opt. Lett. 33, 2767-2769 (2008).

[Sel08b] A. Sell, R. Scheu, A. Leitenstorfer, and R. Huber, Field-resolved detection of
phase-locked infrared transients from a compact Er:fiber system tunable between
55 and 107 THz, Appl. Phys. Lett. 93 (2008).

124

http://dx.doi.org/10.1117/12.2046689


Bibliography

[Sel09] A. Sell, G. Krauss, R. Scheu, R. Huber, and A. Leitenstorfer, 8-fs pulses from
a compact Er:fiber system: quantitative modeling and experimental implementa-
tion, Opt. Express 17, 1070-1077 (2009).

[Sel10] A. Sell, Nichtlineare Spektroskopie mit einer hochintensiven Terahertz-
Lichtquelle Wechselwirkungen mit Ladungsträgern und Spins, Dissertation, Uni-
versität Konstanz (2010).

[Sem13] K. Semwal, and S. C. Bhatt, Study of Nd3+ ion as a Dopant in YAG and Glass
Laser, International Journal of Physics 1, 15-21 (2013).

[Sen04] Y. Senatsky, A. Shirakawa, Y. Sato, J. Hagiwara, J. Lu, K. Ueda, H. Yagi, and
T. Yanagitani, Nonlinear refractive index of ceramic laser media and perspectives
of their usage in a high-power laser-driver, Laser Phys. Lett. 1, 500-506 (2004).
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