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Zusammenfassung

Die Erforschung der Wechselwirkung von Laserlicht und Materie erfotdefend
neue Technologien fur immer kirzere Laserpulse, um atomare &zomesmmer
kleineren Dimensionen zeitaufgeldst und mit hoher Prazision verfolgen zu kdnnen.
Solche Pulse bestehen meist nur noch aus einigen wenigen Zyklen ddascekektr
Feldes. Daher spielt die Phase dieser Feldoszillationen mitrkiiezdender Pulsdauer
eine immer grol3ere Rolle. Ihre Stabilitat liefert einers@midenden Beitrag fur die
Genauigkeit der Messung.

In dieser Arbeit werden mehrere Ultrakurzpuls-Laserquellen vaigiestie Pulse mit
wenigen Zyklen und einem kontrollierten Verlauf des elektrischen Fekdsigen.
Zunéchst wird eine Methode zur Phasenstabilisierung von Laseatmzat mit
grosser Bandbreite diskutiert. Sie verbessert die Reproduziethdek&hase um eine
Grossenordnung verglichen mit vorherigen Ansatzen.

Desweiteren wurde solch ein Oszillator in ein phasenstabiéisié/erstarkersystem
integriert. Die von diesem System erzeugten hochenergetischen gthhgmsnerten
Laserpulse wurden in einer Reihe von Experimenten zur zeitaufgeldstersuchung
von Starkfeldphdnomenen eingesetzt. Beispielsweise wurde das laserieduz
Tunneln von Elektronen aus einem Atom auf einer Zeitskala im Sub-
Femtosekundenbereich beobachtet.

Eine weitere Messung, die nur durch einem kontrollierten Feldvedaunbglicht
wurde, wird hier prasentiert: Einzelne Signaturen der elektris¢teddhalbzyklen
wurden im Spektrum von Photoelektronen identifiziert.

Die Frequenzkonversion von hochenergetischen Laserpulsen in hohe Hahaasis

ein gebrauchliches Verfahren, um koharentes Licht im extremen alatgn (XUV)
Spektralbereich zu erzeugen. Viele Anstrengungen wurden unternommen, um die
niedrige Effizienz dieses nichtlinearen Prozesses zu steigem.eidl potentiell
moglicher Weg wird hier die Erzeugung hoher Harmonischer an einer
Festkorperoberflache anstatt in einem Gas untersucht.

Ein weiterer Ansatz ist die Plazierung des Gas-Targets rianeiUberhthungs-
resonator. Mit diesem Aufbau wurden Harmonische bis zur 15. Ordnunggerze
Abgesehen von einer gesteigerten Effizienz, kann auf diese WeigeSKahlung mit

der vollen Wiederholrate des treibenden Oszillators erzeugtewed.h. im Bereich
einiger zehn bis hundert Megahertz. Hohe Wiederholraten ermdoglichen die
Verwendung des XUV-Lichts fur die hochprézise Vermessung optiscbgqué&mnzen
mittels der Frequenzkammtechnik. Hier wird ein Uberhéhungsresonaicriaden,

der innerhalb des Resonators Pulsenergien von mehr als zehn Mikrojo@mdye
Wiederholrate von zehn Megahertz realisiert. Mit dieser hoheohSahnittsleistung
konnten bisher unerschlossene Frequenzen im XUV, wie z.B. der 19$6§adg in
einfach geladenem Helium um Grél3enordnungen genauer als bisher besénder.

VI



Abstract

The investigation of laser-matter interactions calls forr esleorter pulses as new
effects can thus be explored. With laser pulses consisting of dely aycles of the
electric field, the phase of these electric field oscdlaibecomes important for many
applications.

In this thesis ultrafast laser sources are presentegttrate few-cycle laser pulses
with controlled evolution of the electric field waveform. Fiyst technique for phase-
stabilizing ultra-broadband oscillators is discussed. With a sisgble it improves the
reproducibility of the phase by an order of magnitude compared to pregveuisting
methods.

In a further step, such a phase-stabilized oscillator was atéegimto a chirped-pulse
amplifier. The preservation of phase-stability during amplificatisnensured by
secondary phase detection. The phase-stabilized intense lagey fpoits this system
were employed in a series of experiments that studied strongplieldomena in a
time-resolved manner. For instance, the laser-induced tunneling atfoake from
atoms was studied on a sub-femtosecond timescale.

Additional evidence for the reproducibility of the electric fieldverm of the laser
pulses is presented here: individual signatures of the elewlk Half-cycles were
found in photoelectron spectra from above-threshold ionization.

Frequency conversion of intense laser pulses by high-order harmonic mpenerat
common way of producing coherent light in the extreme ultraviolet (Xspéctral
region. Many attempts have been made to increase the low effi@étits nonlinear
process, e.g. by quasi phase-matching. Here, high-harmonic generatiosdiidm
surfaces under grazing incidence instead from a gas targetudeedstas higher
efficiencies are expected in this configuration.

Another approach to increasing the efficiency of high-harmonic generistitime
placing of the gas target in an enhancement resonator. Additionallyratiection of
XUV photons happens at the full repetition rate of the seeding lasein the region
of several tens to hundreds of megahertz. This high repetition ratie®tiad use of
the XUV light for high-precision optical frequency metrology with the frequency comb
technique. With such an arrangement, harmonics up foofider were produced. A
build-up cavity that stacks femtosecond laser pulses in a colmeasgmier to produce
intra-cavity pulse energies of more than ten microjoules apatition rate of ten
megahertz is presented here.

With this high average power measuring hitherto uninvestigated bptasesition
frequencies in the XUV, such as the 1S-2S transition in singly etidnglium ions
may become a reality.

Vil



“La science, mon garcon, est faite d’erreurs,
mais d’erreurs gqu'il est bon de commettre, car
elles menent peu a peu a la vérité.”

(J. Verne Voyage au centre de la terre)

Chapter 1

Introduction

Since its discovery, laser light has been used for the investigatifumdamental
processes in matter. A plethora of light-matter interactifects has been examined
and exploited since then, from simple macroscopic ones to istmec@roscopic ones.
Prominent examples of the former are ablation, optical breakdownharfdrimation

of plasma, usually at the surface of a solid, or the alteratioheofdfractive index
inside it. More complex effects can be studied when entering th@cogm. When
atoms are exposed to laser light, the absorption of multiple photopsoccar or
valence electrons may be excited to Rydberg energy levels. With iimgydaser
intensity effects like field ionization and related phenomena sschoa-sequential
double ionization, above-threshold ionization, and the generation of high-order
harmonics become important. Triggering these multiphoton processesdi laser
intensities where the electric field strengths are compataliiee nuclear fields that
bound the electrons to the ionic core. Over the last years, ttablsystems have
become available that can provide these peak intensities ofallypil0®® to
10" W/cn? with femtosecond laser pulses. These ultrashort pulses have theagévant
of being able to steer the process in a controlled manner and é\ah rsew effects
that are not observable with longer pulses. For instance, a longemlussurate the
ionization yield well before the pulse maximum. In contrast, aepalsting only a few
femtoseconds will reach the ionization threshold only close t@eatk, thus the
available intensities are fully exploited. This is due to the flaat these ultrashort
pulses consist only of a few oscillations of the electric fidldnce their name
few-cycle pulses. At the frequently used wavelengths in the near-infrared, e.g 800 nm
for Ti:sapphire systems, one oscillation of the electric fiadsl approximately 2.7 fs.
Thus, sub-5 fs pulses at these wavelengths are less than two cycles long.

In contrast to the macroscopic effects, the laser-induced roapi@sprocesses (e.g.
above-threshold ionization) depend not only on the envelope of the pulse, bubrathe
the electric field underneath. However, the half-cycles of thetreefield in an
ultrashort pulse will fluctuate in position (and thus amplitude) foore pulse to the
next in a pulse train due to environmental perturbations acting dagéeoscillator.
These fluctuations can be characterized by the change of the phaserbthe pulse
envelope peak and the global maximum of the electric field in theepthecarrier-
envelope phase (CE phase). Hence, in order to fully control the multiphoton prosgsse
intense laser pulses with stabilized electric field wavefarennecessary. Over the last
years, the joint efforts of the fields of laser stabilmatand femtosecond lasers has
resulted in the generation of few-cycle pulses with controlleduggal of the electric
field.



1. Introduction

The spectra of the ions, electrons, or photons generated by thenefiticned
processes reveal insights to the properties of atoms and molecetespectroscopy

in its conventional form only provides information on the dynamics of fundaimenta
phenomena on the atomic or molecular level after a-priori assumsptin contrast,
repeating the measurement over time results in a directréisodved observation of
these rapidly evolving systems. Some fundamental aspects and expsriof
time-resolved spectroscopy are introduced in chapter 1.1.

Femtosecond laser pulses can be employed for probing and manipulation of the
dynamic evolution of a system on a sub-picosecond timescale. Changingrthefpoi
view from the time domain to the frequency domain, the global erevgy-structure
of an atomic system may be investigated with the broad spbatrdividth associated
with femtosecond laser pulses. Information on the separation of atm@igy levels
or their fine-splitting is imprinted in the transition frequendie$ween them. Hence,
high-precision measurements of optical transition frequencies card@rinsights to
the composition of matter, e.g. test the validity of predictions fromntqua
electrodynamics. Laser oscillators with a controlled CE phase aaspectrum that
contains millions of narrow lines. These lines constitute theadedfrequency comb,

a powerful tool for measurements of optical frequencies with highigowa. The basic
concept of optical frequency metrology with frequency combs is discussed in
chapter 1.2.

During the course of this work several ultrafast laser soufcedime-resolved
spectroscopy and optical frequency metrology were conceptualizedoastiucted.
The resultant publications are listed in refs. [1-7].

Three femtosecond oscillators were designed and/or set up, wihg/@urposes: as
stand-alone system, for seeding a multi-pass amplifier systensamfr@nt-end for a
parametric amplifier. Chapters 2.1 and 2.2 present the details of thesessystem
Intertwined with the construction of the broadband oscillatars the development
and implementation of a novel CE phase stabilization scheme whialiedesn
improved control over the frequency comb, verified by thorough characieniZaee
chapt. 2.3 and refs. [1, 2]).

One of the aforementioned phase-stabilized oscillators wasratgegin a compact
chirped pulse amplifier. Subsequently, a secondary phase-stabilizadirafter the
amplification stage was set up to obtain CE phase-stable @dpliiulses (cf.
chapt. 3.1 and ref. [3]) and a study on the effects from pulse picking antplifier on

the CE phase was carried out (cf. chapt. 3.1.1 and ref. [4]).

Several phase-sensitive experiments were conducted withntpigfiar system in the
meantime. In the first, the electron localization in the lasduced dissociation of
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deuterium was studied [5]. With a technique similar to the previdup,ssignatures
of half-cycle cut-offs were observed in the spectra of photoelestfrom above-
threshold ionization (see chapt.5.3). In another experiment, the ridinted
tunneling of electrons from atoms was studied on a sub-femtosecond timescale [6]
With a similar amplifier system, first experiments pertagnio the generation of high-
order harmonics from surfaces were performed (cf. chapt. 5.2.1).

As a way to amplify femtosecond pulses at megahertz repetities, nhancement
cavities (operating at 10 MHz and 1 GHz repetition rate) wengkss and/or set up
in close collaboration with the group of Prof. Hansch (cf. chapt. €@)version of

intra-cavity light to the XUV region was demonstrated with a lsinsystem, thus
providing a frequency comb in this spectral region (cf. chapt. 5.2.2 and ref. [7]).

This thesis is structured as follows: the remainder of chaptewés ga brief
introduction to the research fields motivating the constructioheflaser sources.
Chapters 2 through 4 present the different ultrafast laser systenis, ataipter 5
discusses several applications of these sources.

1.1 Time-resolved spectroscopy

Studying processes inside an atomic or molecular system requoasmera’ with a
shutter speed much faster than the timescale of the processesstumle The
briefness of the femtosecond laser pulses makes them an idealfotodhe
investigation of light-induced processes in a time-resolved manner.

A concept for performing time-resolved spectroscopy igtimap-probe configuration.
In this setup, a laser pulse (‘pump’) drives the atomic oreocudhr system to an
excited state. A subsequent second pulse probes the temporal evafiutiersystem.
Information on the evolution is extracted from the probe pulse or ptbducts of the
interaction, such as electrons or ions.

In this manner, the motion of atoms in molecules was observed andlleohttaser
pulses of ~100 fs duration were employed to study the breaking and forming of
chemical bonds, i.e. the occurrence of chemical reactions, in meal Tihis laid the
foundations of the research field femtochemistry, whose key proponent Ail Zeas
awarded the Nobel Prize in chemistry in 1999 [8].

Penetrating deeper into matter, the time-resolved observatioeatfoglic motion in
atoms necessitates ever shorter pulses, as these processemadbeutimescale of a
few femtoseconds down to attoseconds, with the atomic unit of time being 24 as.
With the optical period of near-infrared laser light being longen thdemtosecond
and the fact that a pulse must contain at least one cycle, orghex learrier frequency
can reach these pulse durations. The nonlinear conversion of feartddaser pulses
to the XUV spectral region by high-order harmonic generation can prodicdlirsts
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that only last a few hundreds of attoseconds [9]. Due to the collimeaperfectly
synchronized emission, the generated XUV pulses are together withntreemental
pulses ideal tools for pump-probe experiments. As high harmonic generadiovers

by the periodic half-cycles of the fundamental pulse, a tralibf pulses is emitted.

If the CE phase of the pulses is controlled, it can be arrangedrtlyaa single half-
cycle contributes to XUV photons at the maximum attainable energytras, with
spectral filtering, a single attosecond pulse is produced [10]. In 2003jrnison of
ultrafast laser science and frequency domain laser stailoiizéas enabled the
generation of intense few-cycle pulses with a controlled elefotiat waveform [11]
and hence isolated attosecond pulses. Employing these isolatedasitbpatses in a
pump-probe experiment has recently enabled the observation of tunnel amizati
dynamics in real time [6]. Laser-induced tunneling occurs near ties pé the electric
field in a pulse where the binding potential is temporarily suppredsedhe
experiment, the attosecond XUV (pump) pulse excites atoms of a gabldo a
shake-up state, while the synchronized fundamental near-infrared (pudbe)onizes
further to produce doubly-charged ions. When scanning the delay between the
fundamental few-cycle pulse and the XUV pulse, it was found that lingraepletes
atomic bound states in sharp steps that last ~380 as.

The starting point for generating intense few-cycle pulses witloumiCE phase is a
phase-stabilized laser oscillator. However, after the finstashstration of a method for
the stabilization of the CE phase of a mode-locked laser in 1999 [12f W&js
doubted that these nanojoule pulses could be amplified without corruptiataktiay
of the CE phase. The reasoning was that the amplification prqeess the
accompanying temporal stretching and compression) would introduce aatacgmt
of phase noise. Nonetheless, with actively compensating for the phasatrocheced
in the amplifier, the control over the CE phase could be preserved [14].

With these amplified phase-controlled few-cycle pulses, isblgigdses of 250 as
duration were generated at photon energies of ~92 eV [15]. Also, 130 as\peises
produced at an energy of ~36 eV [16] with polarization gating. Acceswitearange
of electronic dynamics in atomic core shells requires shorternaom@ energetic
XUV/soft-X-ray pulses. As the frequency conversion by high-harmonic gemnerata
highly nonlinear process, it depends strongly on the peak amplitude ofittuydies
in the driving laser pulse. Consequently, CE phase jitter createllites pulse and
introduces timing and amplitude jitter to the isolated attosecorse pdiminishing its
usefulness in pump-probe experiments. Therefore, new methods for atczadrol
over the CE phase are still being explored to this day, for the gtatsgzation of
laser oscillators [1, 17-20], as well as for amplifier systems [21-23].

The availability of intense few-cycle laser pulses whose CEemacontrolled with
highest accuracy is one of the major preconditions for the generdtiattosecond
pulses with a duration approaching the atomic unit of time. A tiveafl exciting
experiments is made possible with these pulses. For instanocehgbevation of the
guantum beating of the atomic wavepacket created by the superpositien18 and
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2S state in atomic hydrogen with a time constant of ~400 as is agpdalnther, the
delay between the emission of photoelectrons from valence and desedfta solid,
estimated to be ~100 as could be probed [24]. Thirdly, the dynamics ofketiiooe}
electron correlation in the two-photon double ionization of helium could Uzkest
with attosecond pulses in a coincidence experiment [25].

1.2 Optical frequency metrology with frequency combs

In the frequency domain, the spectrum of a pulse train from a fookied laser
consists of a large number of evenly spaced narrow lines, thdlso-raquency
comb. This comb of modes has two degrees of freedom, the spacing betwewmmib
lines and the position of the comb center, represented by the cosdi. @dbth
fluctuate arbitrarily in a free-running system. Though if thesedemb parameters are
being stabilized, the perfectly equidistant comb lines may lieegtias a ‘ruler’ in
frequency space. These can then be employed for the measurement af optic
frequencies with high precision as the position of each combslikeown with high
accuracy.

A measurement is only as precise as the employed definition of thegihysits.
Using an example of everyday life, a length measurement can onlicomt if an
appropriately calibrated metering rule is utilized. As frequesegerely the inverse of
time, high-precision frequency measurements need to take thetidefwii time into
account. The second is internationally defined as the duration ofyeQak@P 631 770
periods of the radiation corresponding to two hyperfine levels of the giate of
cesium. A measurement of optical frequencies must thus bemeder¢o this time
standard at ~9 GHz which leaves a frequency gap of approximatelyprilees of
magnitude to be bridged. Frequency combs can serve this purpose andheatablis
phase-coherent link between the time reference in the rbrregnd the optical
frequencies at hundreds of terahertz. The great improvement to dptigakency
metrology associated with them was recognized by the NobeliRnatg/sics in 2005
[26, 27]. Many measurements of transition frequencies of neutral aoth®ns have
been performed in this way. A schematic overview of such an expernsngiven in
chapter 5.1. These measurements have allowed experimental invesiigatierious
aspects of fundamental physics. The most striking examples may bariagon in
time of fundamental constants such as the fine-structure corf@&30] or the
verification of quantum electrodynamics, e.g. through the frequency of tB& 18e-
photon transition of hydrogen [31].

Control over the two comb parameters is of paramount importémicehese
applications. Yet, one of the parameters, the comb offset (dgriency domain
embodiment of the CE phase) is difficult to observe and has long dscape
measurement and control. Several years elapsed from thed@est [32] to the first
measurement [33] to the first demonstration of control [12, 13]. Astioned in the
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previous chapter, progress in stabilization methods is still ongoingeasiog the
degree of control over the offset frequency allows for improved measotemas
smaller jitter equals narrower comb lines and thus can pshaiter averaging times
for a desired level of measurement accuracy. Further, better longstability of the
offset frequency can reduce slow drifts of the comb line posidadsthus potentially
increase the level of precision.

Extending the frequency comb technique to other spectral regions, e.& tneHe
XUV is an attractive pursuit as hitherto unexplored transitinaslican be measured
with high precision. In contrast to the IR [34-36], no lasers existetmgt directly in
the XUV region. Again, the nonlinear frequency conversion by high-order harmoni
generation comes into play. However, the few-cycle pulses providedriastdaser
amplifiers do not contain a usable comb structure due to the consbleieg too
dense. As the comb line spacing is inversely proportional to teerigetition period,
a higher repetition rate (several megahertz) is needed tdheseomb lines for
spectroscopy. As a consequence, intense few-cycle pulses with pégitioa rate are
required.Enhancement resonators that coherently superpose laser pulses in a passive
cavity have recently been shown to provide both [37, 7]. Several expésitave
indicated that the comb structure survives the frequency convei3#n39]. A
frequency comb in the XUV opens up new possibilities for spectroscopiaop s
resonances. As one of the exciting goals, the long series of hydrogerospmut
measurements could be perpetuated at higher energies. Hetignare identical to
hydrogen in their electronic structure, but carry a higher nucleageh@hus, on the
one hand, the gross energy levels are at higher energies and mordepkagens are
required to excite them. On the other hand, the corrections to the éenvglpydue to
quantum electrodynamics scaleZigor even higher orders) with the nuclear chage
and are therefore relatively stronger. For instance, probing the 1®&«@2$hoton
transition of singly-charged helium ions near 60 nm is a candidatevihich a more
stringent test of the validity of quantum electrodynamic predictions is &dgec



Chapter 2

Ultra-broadband oscillators

Shortly after the invention of the laser in 1960 [40], the first Ulweslaser pulses
were generated, already in the picosecond regime [41]. In those dasaxdHer ever
shorter pulse widths began [42, 43]. Figure 1 shows the improvements in deporte
pulse duration over the last decades. Until the end of the 1980shaitrizser pulses
were mainly generated by dye lasers, where a record of 6 fschiased in 1987 [44].
Ti:sapphire lasers quickly reached and surpassed this landmark antbasequence
became the preferred devices for ultrashort laser pulse generibwadays, 5 fs
pulses that can be compressed externally down to 2.8 fs have been achieved [45-48].

Two different modes of pulsed laser operation have to be distingui@aswitching
andmode-locking Q-switching is based on a variable attenuator (e.g. an acousto-opti
modulator) inside the cavity that switches from high cavity |tms Q) to low cavity
loss (high Q) after population inversion is created in the gain medhereby forming

an intense laser pulse [49]. Compared to mode-locking, Q-switchimeyally results

in lower repetition frequencies, higher pulse energies and longer gulsgions
(typically nanoseconds). Furthermore, there is no phase correlation ebetwe
subsequent pulses.

The mode-locking process on the other hand generates ultrashort pulses by
establishing a fixed phase relationship between all of thagdsngitudinal modes
(fig. 2a). It requires the introduction of an advantage for short-pulse apecagr cw
operation of the laser. For passive mode-locking in its simplest thismcan be the
saturation behavior of a dye or a semiconductor material [50].tukakde absorber
displays a reduced absorption for high intensities compared to lomsitnés. Thus, a
short pulse produces a loss modulation because the high intensitypstathef the
pulse saturates the absorber more strongly than its low intevigigg. In effect, the
circulating pulse saturates the laser gain to a levelighast sufficient to compensate
for the losses from the pulse itself, while any other ciraujatow-intensity light
experiences more loss than gain and thus dies out during the ensuing @andy r
trips. Henceself-amplitude modulatioof the light inside the cavity occurs. Figure 2b
shows the (passive) mode-locking process schematically.

Ideally, mode-locking starts from normal noise fluctuations in tlserJahowever
usually an external perturbation to increase laser noise by mechahidahg’ of an
optical component (e.g. a cavity end mirror) is necessary.

! cw: continuous wave.
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Figure 1. Improvements in ultrashort pulse generation siheefirst demonstration of a laser
in 1960. Until the end of the 1980s, ultrashortspufjeneration was dominated by dye lasers,
and pulses as short as 27 fs were achieved. Ekfautse compression ultimately resulted in
pulses as short as 6 fs. Today, Ti:sapphire lasgmsgenerate pulses with only two optical
cycles at FWHM. External compression resulted in pulses as sh®r2.8 fs. Triangles
(squares) denote results from dye (Ti:sapphiregrtasThe filled symbols indicate results
directly achieved from a laser; open symbols ingdicasults achieved with additional external
pulse compression.

Mode-locking produces a stable train of ultrashort pulses, though undamcert
conditions (e.g. high intra-cavity pulse energy), Q-switching ingiabi can lead to
Q-switched mode-locking, resulting in an unwanted amplitude modulation ptitbe
train.

These days, mode-locking in Ti:sapphire lasers is typically accsimepl byKerr-lens
mode-locking[51, 52]. It makes use of the intensity dependence of the index of
refractionAn = n, I(r,t), wheren, is the nonlinear refractive index ahd,t) the radial-
and time-dependent intensity of a short-pulsed laser beam. By pla&eg-active
material (e.g. the gain medium) at an intra-cavity focus, #sslts in a Kerr lens that

is strongest at the pulse intensity peak. In combination with anuapenside the
cavity, this forms an effective saturable absorber (fig. 3). Uguallsoft aperture
configuration is employed, where the reduced mode area in the gdinnmienproves
the overlap with the pump beam and therefore the effective gain.

Currently, Kerr-lens mode-locked Ti:sapphire lasers are produbmghortest few-
cycle pulses, consisting of less than two cycles at FWHM atahial wavelength of
approximately 800 nm. In order to support such ultrashort pulse widths, obvausly
very large spectral bandwidth is necessary.

2 EWHM: full width at half maximum.
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Figure 2. (a) Schematic of the pulse train being generated bysehacking the
simultaneously oscillating cavity modes. The forgpulse train is shown with 1, 5, and 40
modes contributing. The mode spacing i3, 70 MHz. (b) Principle of passive mode-
locking. A saturable absorber is used to obtaifres@plitude modulation of the cavity light.
The absorber losses are high for low intensitiast, significantly smaller for the high
intensities in a short pulse. Hence, a short lpsése produces a loss modulation with rapid
initial loss saturation and a slower recovery, aejirey on the actual absorber mechanism. The
circulating pulse saturates the laser gain so ithjaist compensates for the losses from the
pulse itself. Any other low-intensity light expenmes more loss than gain and dies out
accordingly.

A constantly widening range of applications in science and industry meee®f
femtosecond pulses from Kerr-lens mode-locked Ti:sapphire lasdesv Axemplary
areas shall be mentioned here:

In medical applications, ultrashort laser pulses have been udetptove surgical
cutting precision, particularly in corneal surgery [53] and brain turaoeroval [54].
Using femtosecond pulses reduces secondary damage effects, suclk agasiescand
cavitation bubbles in tissues [55], as the fluence threshold focabdireakdown
decreases with pulse duration.

Telecom applications are mainly the focus when femtosecond puésesed for the
fabrication of optical waveguides and other optical elements, suspliters, couplers
or Mach-Zehnder-interferometers [56, 57]. This micromachining psoaesfused
silica holds the promise of manufacturing truly 3-dimensional iategr photonics
elements.

The broad spectral bandwidth associated with ultrashort lassespid put to use in
optical coherence tomography, a non-invasive interferometric tomographgingna
technique [58]. Having found widespread dissemination in ophthalmology and other
biomedical applications, it offers sub-micrometer resolution coetbi with
penetration depths of a few millimeters in tissue. The genelnahse is a Michelson-
type interferometer with a scanning sample and a refel@meeThe short coherence
length of the broadband spectrum effects the high spatial resolutitightasutside
the coherence length will not interfere.



2. Ultra-broadband oscillators

Nonlinear medium
Kerr lens

An=n; (i) Aperture

Incident beam Intense pulse

Figure 3. Principle of Kerr-lens mode-locking. A Kerr lensabtained at the focus in the gain
material, where the refractive index increases withincident intensity(t) by means of the
nonlinear refractive inder,. The aperture that effectively forms the fast sdile absorber is
commonly implemented as a soft aperture, wheredtleced mode area in the gain medium
improves the overlap with the focused pump beard, thrrefore the effective gain, for the
peak of the pulse.

Furthermore, ultrashort oscillators are also employed as s&&d far laser amplifier

systems of all kinds. Two options for amplification of few-cyclespalare presented
in chapters 3 and 4. Ultrashort amplified pulses find applicationviariaty of areas,

of which two are discussed in chapter 5.

2.1 Few-cycle Kerr-lens mode-locked
Ti:sapphire oscillator

In this chapter the general setup and the peculiarities of a brah#lear-lens mode-
locked Ti:sapphire oscillator will be presented.

The Ti:sapphire oscillator consists of a linear cavity in amlded geometry [59], as
shown in figure 4. One of the end mirrors (OC in fig. 4) of thistgasiused to couple
out a fraction of the intra-cavity light. The Ti:sapphire cry¢falAl,Os) is optically
pumped at 532 nm by a frequency-doubled Nd:¥V3er. The pump light is focused
by a lens to create efficient population inversion in the crystabréler to reduce
Fresnel reflection losses from its surfaces, the crystalt and positioned at Brewster
angle. The ensuing astigmatism of the infrared laser beam megniy@ensated by a
suitably-chosen angle of the mirrors used for focusing into the t(43aand M4 in
fig. 4). The astigmatism is balanced for

sin“(8) _ t Vn*-1vyn®-1
= 4 ,

Eq. 1
cos@) f n
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2.1 Few-cycle Kerr-lens mode-locked Ti:sapphseiltator

M4 L
M3 Ti:S
Pump
CP
2—Hp
M5
D g OG
M1 M2

Figure 4. The schematic of the prism-less Ti:sapphire laBamp: frequency-doubled diode-
pumped Nd:YVQ laser at 532 nm (Verdi, Coherent Inc.); CP: fusiida compensating plate;
L: incoupling lens; M1-5: chirped mirrors; M3, M@0 mm ROGC folding mirrors; OC: output

coupler; Ti:S: Ti:sapphire (Ti:ADs) crystal; W: fused silica wedged plate

wheren = 1.76 is the refractive index of sapphire at 860wavelengthf the focal
length of mirrors M3 and M4¢ the folding angle and the thickness of the crystal
[60].

However, in practice it is found that a slight dehg of the folding angles to smaller
values results in better spatial mode quality aasliez initial mode-locking, whereas
adjusting the angle to marginally larger values@ases the output power and vice
versa.

The distance between focusing mirrors M3 and M4tbdse close tof2d, whereo is
the stability parameter. The range of value® &r which the resonator is stable is
divided in two separate regions (stability zon&®xr-lens mode-locking occurs at the
border of one of the stability zones. The widthira gap between them depends on the
cavity asymmetry

) Eqg. 2

whered; andd, are the length of the long (mirrors M4 — OC) ahdrs (M1 — M3)
cavity arm, respectively. Largey represents a larger gap between the zones.
Empirically, it was found that a cavity asymmetryyo= 2, i.e. a length ratio of the
cavity arms of around 2:1 provides the best coml#tifor mode-locking operation.

Apart from the gain bandwidth of the Ti:sapphirgstal and the reflectance bandwidth
of the cavity mirrors, the generation of the braaub spectrum necessary for
ultrashort pulses is limited by dispersion insidee tcavity. Dispersion, i.e. a
wavelength-dependent index of refractiofl) shifts the longitudinal cavity modes
from their equally spaced pattern in the frequemymain. This prevents the

¥ ROC: radius of curvature. The ROC correspondwigetthe focal length.
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2. Ultra-broadband oscillators

mode-locking process from forming an ultrashortspulHowever, if a steady state
pulsed operation exists, the pulse looks the sdteeeach round-trip. This effectively
dispersion-free propagation is enabled by a deicaterplay between the positive
dispersion from the optical elements and severatlimearities. The dominant
nonlinearities in a Kerr-lens mode-locked osciltaioe the gain of the laser medium,
self-phase modulation and self-amplitude modulafidns balance between the pulse-
lengthening effect of the dispersion and the nedrities ultimately limits the pulse
duration. The pulse formed in the cavity under ¢hesrcumstances is called a
dispersion-managed solitonThe theoretical model predicts Gaussian or super-
Gaussian spectral shapes [61], in contrast to sdogperbolic for pure solitonic
propagation. However, measured spectra of ultraghdses exhibit complex multi-
peaked structures, caused by small imperfectiodsspersion compensation.

Intra-cavity dispersion compensation can be ackieither bychirped mirrorsor a
prism compressor, providing negative group delapelision. Design considerations
and other aspects of chirped mirrors are presentetbtail in chapter 2.2. A prism
setup that provides negative second order dispersishown in figure 5 [62]. A first
prism disperses the beam spectrally. The secorminpmakes the different colors
propagate collinearly. A retroreflector reverses spatial dispersion. However, the red
part of the spectrum travels a longer optical pextigth compared to the blue part, thus
negative dispersion is realized. Prism-based dssper compensation has the
disadvantage of being highly sensitive to caviigrahent, but with the advantage of
being continuously tunable in contrast to all-catgmirror-based systems.
Furthermore, the prism setup introduces large mnegdhird-order dispersion that
unfavorably affects the pulse duration. Even withevster-cut prisms, a prism
compressor has considerably higher overall logs®es & set of chirped mirrors.

Ti:sapphire has an extremely large gain bandwidtmare than 300 nm. The Fourier
transform of this spectrum already yields sub 4igse duration. Yet, additional
frequency components can be generated inside thigy day means ofself-phase
modulation(SPM), which is merely a time-domain manifestaiwdthe Kerr effect.

ol

Figure 5. Sketch of a prism compressor. This setup introdumgsative dispersion, as the
longer wavelength components travel a longer digtan the second prism. However the
magnitude and sign of the second-order dispersistrongly dependent on the geometry.

12



2.1 Few-cycle Kerr-lens mode-locked Ti:sapphseiltator

Ll Ll

e

n,>0 w

N

Figure 6. The longitudinal Kerr effect modulates the refreetindex depending on the laser
pulse intensity due to the nonlinear part of tHeaive indexn,. Forn,>0 it delays the central
part of the pulse with respect to the lower-intgngiings. This causes a red shift in the leading
part and a blue shift in the trailing part of thdge.

While the spectral bandwidth sets the lower attam#mit on the pulse duration, the
actual pulse duration also depends on the speatiesde of the pulse. With appropriate
compensation of the arising phase distortions,adarsresult in shorter pulse duration.
SPM applies a phase modulation, due to the nomligeatribution ofn, to the
refractive index, to the pulse with an amplitudegartional to the peak power of the
pulse. This causes, fan>0, a red shift at the leading edge and a blud shithe
trailing edge (fig. 6). This generates new speatahponents, even outside the gain
region of Ti:sapphire, leading to an overall spactiroadening of the pulse. The
nonlinearity of either a sapphire plate in a tightondary cavity focus [45] or of the
Ti:sapphire gain medium itself can provide the SPM.

In this manner, several ultra-broadband oscillagpanning more than one octave
were demonstrated [45, 63-66].

Self-phase modulation, along with the Kerr-lengefffand dispersive cavity elements,
can bring about several problems in broadband laseHtators. Firstly, the generated
pulses may have a very complicated spectral streictuith strong distortions [45, 67].
These pulses are not easily compressed, extern#ietacavity, e. g. by a prism
compressor. The smoothness of the spectrum isoflsoncern for applications such
as optical coherence tomography, as spectral stegctvould compromise the image
quality through artifacts.

Furthermore, no simple analytical function can ksedito model these pulses,
therefore their autocorrelation measurement becarthallenging and other methods
such as spectral interferometry for direct electfield reconstruction [68] or
frequency-resolved optical gating [69] have to bpleyed.

Additionally, strong SPM action in the laser cauitgs the drawback of generating a
spectrally-dependent spatial output mode profik,déferent spectral components
experience a different amount of phase modulatitih F1]. For the modes that are

* An octave is the interval between a certain fregyeand double its frequency.
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2. Ultra-broadband oscillators

resonant in the cavity, i.e. that are within thiéectivity bandwidth of the mirrors, the
cavity geometry determines the waist size and demce at the output coupler.
Gaussian beam propagation theory predicts a spotdgipendenoe ~ 12 (ref. [70]).
The beam characteristics of the non-resonant modewever, can be directly
influenced by the Kerr-lensing in the crystal witthdhe self-correcting effects of the
cavity.

Several Ti:sapphire all-chirped-mirror laser ostdls were constructed in the course
of this work, mainly with the purpose of seedingltimpass or parametric amplifier
systems (see chapt. 3). Requirements due to symehtomn to the amplifier pump
laser (for the parametric amplifier) or simply spaconstraints determined the
repetition frequency to be in the region betweeraii@ 80 MHz. The energy of the
generated pulses is approximately 5nJ, with a ppoywer of 5 to 6 W from a
frequency-doubled Nd:YVQlaser (Verdi V6, Coherent Inc.). This depends loa t
losses from the mirrors, i.e. quality of the mirrooating. The thickness of the
Ti:sapphire crystal is= 2.6 mm and its absorption coefficiemt 5.0cm™ at 532 nm.
The radius of curvature of the concave mirrors @h8 M4 in fig. 4) isr = =50 mm.
The transmission of the output coupler is 13%. Bigady designed negatively
chirped mirrors (Leybold Optics GmbH) are useddatol the cavity dispersion (see
chapter 2.2). A pair of thin fused-silica wedgesiserted at Brewster angle for fine-
tuning the intra-cavity dispersion.

The spatial profile of the generated beam is apprately Gaussian, however due to
the ultra-broad spectrum, the spatial mode profse spectrally-dependent, as
mentioned above. Figure 7 shows the spectral vamgin the tangential and sagittal
spot size, measured in the far-field 3.75 m froendbtput coupler.

|
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|
'
’
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0:5 T T T .
600 700 800 900 1000 1100
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Figure 7. Measured beam spot sizes in the far-field 3.75omfthe output coupler as a
function of wavelength. Filled (empty) squares deadangential (sagittal) plane. The solid
and dashed lines are respective fits to the exgecte diffraction limit divergence in the
region of 700 to 900 nm.
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2.1 Few-cycle Kerr-lens mode-locked Ti:sapphseiltator
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Figure 8. Spectrum from the oscillator measured with an agptispectrum analyzer

(AQ-6315A, Ando Corp.)(a) shows the spectrum on a linear scale, includieggtin profile

of Ti:sapphire.(b) shows the spectrum on a logarithmic scale, inolydhe sum of GDD

contributions in the cavity (3.8 m of air, 2.6 minTe:sapphire, a pair of thin glass wedges, 5

reflections off chirped mirrors (Leybold Optics GHiY) and a 75 nm adjacent averaging (red

solid line).

A typical oscillator spectrum is shown in figuret8gether with the net cavity
dispersion. Although the gain bandwidth of the &phire crystal extends only from
670 — 980 nm (at -10 dB below the maximum), theegated spectrum from the
oscillator extends beyond this region. This me&as nost of the light at the wings of
the spectrum is not generated through lasing busddftphase modulation in the
crystal, a phenomenon previously observed [64, 67].

Amplitude / a.u.

Time delay / fs

Figure 9. Interferometric autocorrelation of the oscillatoulges, measured with an
autocorrelator designed for femtosecond pulses {¢meter, Femtolasers GmbH). The
frequency-doubling crystal used is a 10-um-tileRaB,O, (BBO) crystal. The FWHM pulse

duration is 6.2 fs. The dashed line shows the toamslimited pulse as derived from the
spectrum in fig. 8 with a FWHM width of 4.7 fs.
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2. Ultra-broadband oscillators
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Figure 10. Pulse characterization by spectral phase intarfety for direct electric-field
reconstruction (SPIDER). The SPIDER spectrum isned by a spectrograph (MS125, Oriel
Instruments Corp.), employing a cooled CCD camBk40 OE, Andor Technology plc{a)
shows the temporal profile of the pulse. The FWHMhe intensity envelope is estimated as
6.3 fs, in accordance with the result of the irgeymetric autocorrelation (fig. 9jb) shows
the group delay and spectrum.

The spectrum spans one octave at about -30 dB keewverage power level in the
800 nm spectral region.

The sharp roll-off at the short wavelength end #relstrong modulation in the long
wavelength region clearly do not conform to theotleéical Gaussian spectrum for
soliton-like pulses. This is due to imperfect irt@vity dispersion compensation,
especially for higher-order dispersion.

After extra-cavity pulse compression by multipléleetions off of a pair of chirped
mirrors (compensating the output coupler's matemggpersion), the temporal
characteristics of the output pulses are measursthguan interferometric
autocorrelator designed for ultrashort pulse diagjos. Figure 9 shows the measured
interferometric autocorrelation trace. The FWHMtleé pulse intensity envelope has
been evaluated as 6.2 fs.

However, as the autocorrelation technique failsravide reliable data in the sub-10-fs
regime due to the ambiguity in temporal pulse shppkse characterization by spectral
phase interferometry for direct electric-field rastruction (SPIDER) [68] was
conducted. Temporal profile, retrieved phase amdigdelay are shown in figure 10.
The FWHM of the intensity envelope in the time dame estimated as 6.3 fs, in
accordance with the result of the interferometutaorrelation.

As is evident from figure 10, satellite pulses present. However, only a fraction of
14% of the pulse energy is located in these leaamptrailing pulses.
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2.2 Chirped mirror technology for dispersion coht

Deviation from the ideal case of the transform4edi pulse is mainly attributed to
residual cubic dispersion of the cavity dispers(gee also next chapter) at short
wavelengths. Its suppression with an improved midesign will reduce the fractional
energy of satellite pulses and compress the mdse pu

2.2 Chirped mirror technology for dispersion control

Chirped mirrors constitute a vital ingredient obadband oscillators as the key tool
for intra-cavity dispersion management. They ase aimployed for the same reason in
enhancement resonators (see chapter 4). Moreokey, are employed in laser

amplifiers for third-order dispersion compensatand for pulse compression external
to a cavity (cf. chapter 3).

Chirped mirrors were first demonstrated in 1994 @2d since then have enabled the
generation of more and more broadband spectra andeh shorter pulses. They can
compensate the material dispersion of the crystdlaiher optical elements inside the
laser cavity to yield a net slightly negative dispen. The balance between negative
dispersion and nonlinearities such as the Kerrceffaapes a soliton pulse inside the
broadband resonator. Therefore, chirped mirrors ghavide precise control over the
cavity group delay dispersio(GDD) over a wide spectral range, combined withhi
reflectivity, are mandatory.

Just like all other dielectric mirrors, chirped roirs are made up of many layers,
sometimes up to 70, of alternating high-index and-index coating materials.
Available coating materials are p@, TiO,, TaOs, and HfQ, combined with SiQ
(n=1.48 at 500 nm). NBs is a high-refractive-index materiah € 2.35 at 500 nm)
that was found to support the broadest spectra.

If the optical thickness of all layers is chosewado Ag/4, interference of all Fresnel
reflections generated by the index discontinuity the layer interfaces will
constructively add up for the Bragg wavelengghVarying the optical layer thickness
along the mirror structure during deposition thesults in a dependence of Bragg
wavelengthig on penetration depth, as shown in figure 11. Chirping the mirror
structure therefore allows for the generation of dasired group delay for a specific
wavelength. It is obvious that the Bragg wavelerdgibs not have to be varied linearly
with penetration depth, but any single-valued fiorctcan be used as the chirp law
/s(2). In principle, this enables the compensationniaterial second-order dispersion
together with arbitrary higher-order dispersion tatwtions. The physical layer
thicknesses are optimized by means of a genetiridign to match a pre-defined
GDD target curve.
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2. Ultra-broadband oscillators

a)

Simple chirped mirror structure
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Figure 11. Chirped mirror structure schematia) Simple chirped mirror structure. The
desired effect of a wavelength-dependent penefratiepth is accompanied by strong
interference effects, mainly from a spurious reftat at the interface to the ambient medium.
(b) Double-chirped mirrors provide impedance matchimih an additional antireflection

(AR) coating on top of the mirror stack and by ayetycle modulation inside the mirror stack.

Layer thicknesses of down to 5 nm occur, which mgkeduction of these mirrors
close to the design very challenging as the GDBighly sensitive to small thickness
deviations. Most of the chirped mirrors used in gresented broadband oscillators
were manufactured with a magnetron sputtering nm&ctiHelios, Leybold Optics
GmbH) [73].

Usually, broadband chirped mirrors have pronoun@&D oscillations in the longer
wavelength region, as they effectively constitu@iees-Tournois interferometer. The
combination of the highly reflecting chirped mirretack and an unwanted reflection,
e.g. at the interface between coating stack andiesmmbmedium forms this
interferometer. Anti-reflection coating on top aetchirped mirror stack provides only
partial remedy to the problem, due to the high reguent on the transmittivity of the
anti-reflection coating. These GDD fluctuations damvaden the pulse and lead to
energy transfer from the initial pulse to satelptdses. The amplitude of these ripples
determines the amount of energy transferred. Irerotd compensate for these
inevitable ripples and to obtain a smooth net d&pe curve, broadband chirped
mirrors are typically used in complementary pafig. L2), such that the dispersion
oscillations cancel each other. As the angle ofdemce shifts the GDD curve in
wavelength and as manufacturing imperfections qdbis approach cannot presently
avoid GDD oscillations completely.

18



2.2 Chirped mirror technology for dispersion coht

Progress in mirror design, manufacturing and chiaraation over the last years has
resulted in chirped mirrors with controlled dispens(residual GDD fluctuations less
than 100 f§ and reflectivity (higher than 94%) in the wavejém range of 450 to
1200 nm, corresponding to a bandwidth of 1.3 o&d4v8]. These broadband mirrors
were characterized with a white-light interferomdi®l]. Future use of a cavity-based
method [75, 76] will result in more accurate estiesafor GDD and reflectivity and
potentially better mirror designs.
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Figure 12. Calculated GDD of a broadband chirped mirror gar Red and blue lines refer to

the GDD of the respective mirrors; the green cwliews the average of both. Increasing
GDD oscillations in the long wavelength region atearly visible. The mirrors consist of a

stack of 65 alternating layers of Si@nd NBO:s. (b) shows the average mirror reflectivity and
the uncompensated group delay in a sample lineatyceonsisting of three chirped mirror

pairs, 2.6 mm of Ti:sapphire, a pair of fused aileedges, and ~4 m of air.

Despite these achievements in controlling the GbWas found that also higher-order
dispersion (third order dispersion, etc.) playsiacal role, and may actually be even
more important for the generation of smooth outppgctra with minimal spectral
fluctuations than a full suppression of GDD fludtaas [67].

The required negative GDD for an ideal dispersianraged soliton can be derived
from [77]

dT T 2

wherePpeakis the peak power of the solitomwnm the pulse width (full width at half
maximum) and the SPM coefficient,

> Eq. 4
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2. Ultra-broadband oscillators

wheren, is the nonlinear index of refraction of the crystats thickness] the center
wavelength, andw the focus radius inside the crystal [78]. For pidgl SPM
coefficient on the order of 0.9 rad/MW, an intravitg peak power of approximately
7 MW and a pulse width of around 6 fs, this yiedd®quired GDD ob ~ -75 f<.

For the optimum Kerr-lensing in the crystal andréfiere the shortest pulses, it was
found that an approximately equal distribution bé& tGDD in both cavity arms is
beneficial (fig. 13). Assuming perfect dispersi@mpensation for the moment, equal
GDD distribution results in a transform-limited pelin the center of the gain crystal
and at the resonator end mirrors. This yields tlgadst peak intensity in the crystal,
thus the strongest self-phase modulation, the lesiadpectrum and therefore the
shortest pulses.

Experimentally, it has been observed that a minimanthe GDD curve at around
795 nm facilitates starting the mode-locking preces

k=~7/=500

end folding Ti:S folding output
mirror  mirrors crystal mirrors coupler
left right
arm
D, SPM anm
D ' D
2 . 2

Figure 13. Second-order dispersion map of the cavity. Thetpestdispersion of the laser
crystal D is balanced by the chirped mirrors. In the middfethe dispersion cells (dotted
lines), the pulse is chirp free. Additionally, thelse is modified by SPM in the crystal.

Also the output coupler plays a crucial role in theneration of ultra-broadband
spectra. In combination with pump power, mirrorskes and other factors, the out-
coupling ratio determines the intra-cavity pulsergy and the available output power.
It was found that a transmission of around 13%dgid¢he broadest spectra (fig. 14).
The spectral extremes are not resonant in theycaadt they are transmitted by the
output coupler. In particular in the long waveldngange, at 10 and 20 dB below the
intensity maximum, corresponding to 1029 and 115 the transmission is 81% and
99%, respectively. The equivalent transmissionogatn the short wavelength range
are 26% (-10 dB) and 37% (-20 dB). As the wingthefspectrum are not produced by
stimulated emission in the Ti:sapphire crystal bather through nonlinear phase
modulation, the gain in these wavelength regionsmisch lower. To fulfill the
resonance condition (impedance matching), thisirega lower out-coupling ratio. In
order to take this into account, a special outpuipter design was developed that has
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2.3 The carrier-envelope phase of a mode-lockedlator

lower transmission in the spectral wings (fig. 14pwever, the increased spectral
bandwidth is traded in for increased pedestalssatallites to the pulse.

The output coupler is slightly wedged to prevertaitphase back-reflections into the
cavity.
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Figure 14. Transmission design curve of a 13% broadband owtpupler (black solid line)
and corresponding output spectrum (red solid lifd)e gain curve of Ti:sapphire (green
dashed line) is shown for reference. The blue dditee shows the transmission design curve
for a broadband output coupler. In the spectralgjra lower transmission ratio (~3%) helps
to make these components resonant in the cavity.

2.3 The carrier-envelope phase of a
mode-locked oscillator

One of the peculiar properties of a mode-lockedrlasthe intact phase relationship of
the optical carrier wave between subsequent puldas. justifies the definition of a
phase of the carrier with respect to the peak ef ghlse envelope, the so-called
carrier-envelope phase (CE phase). Without additional measures, the Ca&sghs
not constant, but advances by a random amount fralse to pulse. Therefore,
commonly apulse-to-pulse CE phase shiip that includes noise terms is also defined
(fig. 15).
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Figure 15. In the time domain, the relative phase betweenctreier and the envelope
evolves from pulse-to-pulse by the amodgt In an unstabilized lasef\p contains noise
contributions.

Here, the electric field of the pulse train is ased to be represented by

Et) =Y E(t-n7) exp((wt —nw,r +nAg+4,)), Eq. 5

whereE(t) is the envelope function of a single pulag,the carrier frequency, the
time between pulses € 1f.p), andgo a phase offset, so that= m Ay + ¢ for
pulsem. Obviously, the duration of(t) has to be smaller than Furthermore, the
definition of ¢ only makes sense for pulses that are sufficiestityt compared to the
time for a single optical cycle. Otherwise, if thleot noise uncertainty of the electric
field maxima is larger than the difference betwemjacent field maxima, the
well-defined designation of a ‘pulse peak’ becormapossible. For nanojoule near-
infrared pulses, this limit is at a pulse duratwr-370 fs.

As equation 5 is periodic with periog it can be represented as a Fourier series.
Simple algebra (see appendix A.1l) shows that iwsctspm consists of discrete
frequencies, spaced by the repetition riig These so-calledomb linescan be
addressed by

fo,=nf. +fo, Eq. 6

n rep

wheren is a large integem(~ 1¢) and thecarrier-envelope-offset frequenéyto is
defined by

fre
feco =09 Eq. 7
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2.3 The carrier-envelope phase of a mode-lockedlator
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Figure 16. In the frequency domain, the elements of the fraquecomb of a mode-locked
pulse train are spaced fy, The entire comb is offset from integer multiplefsf,e, by an
offset frequencyfceo = Ap fey/2n. Without active stabilization, both comb parametare
dynamic quantities, which are sensitive to perttioioeof the laser.

Therefore, in the frequency domain, the spectruma ¢fain of pulses from a mode-
locked oscillator consists of millions of narrownao lines (fig. 16). Thidrequency
combis thus characterized by two propertiel) the repetition frequencife, of the
pulse train that determines the distance betwegacaa comb lines and?) the
carrier-envelope-offset frequendy:o, which introduces a shift of the general comb
position.

Another, equivalent way of describing the frequemoynb and its two degrees of
freedom is by 1) a central carrier frequendyarier and @) the spacing between the
comb linedep. Here, the comb lines are addressedlloym frep + fearier, Wheremis an
integer that may become negative. Recent stud#&s3[1] indicate that this model may
describe reality more accurately, as the fixed fpofrthe comb lines, when changing
the pulse energy (see chapt. 2.3.3), is closectadirier frequency at the comb center.

The exact regularity, i.e. the equidistancy of¢benb lines has been verified to a very
high degree (better than 19 [81]. However, without active stabilization meges)
both quantities are subject to perturbation of lser. Environmental perturbations,
such as air currents, mechanical vibrations andratbise sources will be reflected in
the fluctuation offe, andfceo, as they result in pointing and other instab#itiaside
the laser cavity. Such instabilities effectuatédhange in the net intra-cavity dispersion
and also in amplitude-to-phase conversion insidddbker crystal due to the high intra-
cavity peak power [82]. Consequently, alspfluctuates from pulse to pulse in a non-
stabilized laser and active control of the combapeeters is necessary to make the
laser oscillator a source of phase-stable pulse®fa frequency-stable comb.
Experimentally it was found that fluctuationsfeéo occur on a slower time scale than
those offiep [34, 83].

The CE phase, and its frequency domain manifestdtieo originate from the
difference between group and phase velocity inhdeoscillator cavity, implying that
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2. Ultra-broadband oscillators

there is dispersion in the net index of refractimnAssuming perfect dispersion-
compensation by nonlinear effects inside the rasongelds (see appendix A.2)

Vv 1 1
f = R e , Eqg. 8
cEO e ZIT(VQ va d

wherev, andvy are phase and group velocities (averaged overesenator round-
trip), respectively, and. the center frequency.

This chapter is subdivided as follows: in 2.3.1 swament of the two comb
parameters is discussed in a general way, wher8ds [@esents the details of a novel
detection method forfceo. Chapter 2.3.3 illustrates how to control the comb
parameters, i.e. how to give feedback to the laseillator. In 2.3.4 the degree of
control over fceo through the detection method presented before issusised.
Exemplary applications of a phase-stabilized fregyecomb are presented in the
succeeding chapter.

2.3.1 Measurement of the frequency comb parameters

Based on this discussion it is evident that measen¢ and control of the comb
parameters,e, andfceo is desirable. In this way it is not only possibdeposition the
comb lines in frequency space, but also to gairtrobover the CE phase and as such
the electric field waveform underneath the pulseetpe in the time domain (see
fig. 15).

Detection of the repetition frequency, i.e. the baspacing is straightforward: shining
the pulsed laser beam (or parts thereof) onto & ghstodiode will provide the
corresponding signal. Given that in the frequenamic errors irfep, are scaled b,
which is on the order of ~10it is imperative to detect phase noisef@nwith high
sensitivity. This is accomplished by using a hariwoof f, for detection and
stabilization. As phase noise power scales asdhare of the harmonic number, in
principle, the higher the harmonic the better thage sensitivity obtained.

On the other hand, measurement of the carrier-epeebffset frequency is more
intricate. Generally, this is due to the fact ttheet phase of the oscillating electric field
usually remains hidden in measurements, as they depend on the intensity. Only
relative phases between optical fields, e.g. inirdarferometer can be measured.
Consequently, in optics, the complex electric fiadplitude remains unknown.
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2.3 The carrier-envelope phase of a mode-lockedlator
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Figure 17. The principle of the self-referencing techniquedetection of the offset frequency
fceo A comb line with mode number at the red wing of the comb, whose frequenchy,its
frequency doubled in a nonlinear device. If thejfrency comb covers a full optical octave, a
line with the number 2 exists simultaneously at frequengy. The beat note between the
frequency-doubled line and the comb line mylds the offset frequendyeo.

It was not before the 1990s when the idea emergedsé the comb as its own
reference for determining the offset frequency mnisterferometric manner [12, 13,
32]. Thisself-referencing techniquases frequency-doubled spectral components from
the long wavelength (‘red’) side (Bf{ep+fceg)) and mixes them with spectral
components from the short wavelength (‘blue’) si@@fiep +fceo). If the two
components overlap spectrallgn € 2n), optical interference produces a heterodyne
beating signal that contains informationfego (fig. 17).

The underlying fundamental relationship is

fbeat = i|2fn - fm| = i‘z(n frep + fCEO) - (m frep + fCEO)‘ = k frep x fCEO’ Eq 9

wherefyeatcorresponds to the beating signal, anthandk = 2 n - mare integers.

The detected heterodyne beating sidfnalcontainsfceo pair-wise around multiples of
the repetition frequency and at dc. Appropriatectetamic bandpass-filtering will
extractfcegoitself.
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2. Ultra-broadband oscillators
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Figure 18. (@) Continuum generation by air-silica microstructut®f. Self-phase modulation
in the microstructure fiber broadens the outputha laser so that it spans more than one
octave (solid line). The dashed line shows the imaig power spectrum entering the
microstructure fiber. The spectra are offset valtyc for clarity. (b) Scanning electron
micrograph image of the input facet of a microdimoe fiber. The structure consists of a
2.6 um diameter core, centered in a hexagonatdatti

Obviously, this scheme intrinsically requires a bospectrum spanning at least one
octave. Before the recent demonstration of modkeldcoscillators that directly
provide an octave-spanning spectrum, spectral leruag external to the laser cavity
was employed.

Self-phase modulation in a highly nonlinear mediumyally an optical fiber was
found to produce ultra-broadband spectra, espgcialien a microstructure fiber
(photonic crystal fiber, holey fiber) is used tanine the light to a smaller core area
and thereby increasing the intensity and the dwdisp modulation effect [84, 85].
Microstructure fibers consist of a small fused csilicore (2 -5 um diameter)
surrounded by a honeycomb structure of air holés. IBb). This results in a
waveguide with a very high contrast of index ofaefion between core and cladding.
Thus, single mode propagation for a very large hadiith is enabled which increases
the interaction length tremendously. The desigmgsrshifting the zero point of the
GDD (customarily at ~1.3 um) to the center of thesdpphire laser spectrum which
keeps the pulse from dispersing and again increthgesmteraction length. By these
measures, microstructure fibers maintain high sitess over a long distance, thereby
leading to the strong broadening of the spectrushasvn in figure 18a.

The output spectrum from these microstructure §p&éowever, is characterized by
strong third- and higher-order chirp. This chirprss from additional processes inside
the fiber such as cascaded Raman effects, fisibigber-order solitons and possibly
other incoherent processes [86]. These cannot bgp&oesated easily [48, 87] and
makes further use of the pulses impossible.
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2.3 The carrier-envelope phase of a mode-lockedlator

Higher-order variations of the self-referencing estle, employing for instance the
frequency-tripled long wavelength end and the fesgpy-doubled short wavelength
end of the spectrum also exist [88]. On the onedhdandwidth requirements are
relaxed (less than one octave is required, e.g2fttee 3f scheme just mentioned needs
f and 1.5f), but on the other hand the complexity of the sohéncreases due to the
additional nonlinear mixing steps. Typically, alfte signal-to-noise ratio of the
beating signal will become worse.

As the self-referencing scheme makes use of amfenteneter of some sort, it is
important in the implementation to pay attentiorthe spectral, temporal, polarization
and spatial overlap of the interfering compone8isectral overlap, as the fundamental
prerequisite was mentioned already above. Tempeelap is typically accomplished
by a retarding element, e.g. an adjustable bloajladgs that provides the group delay
in one arm of the interferometer.

A variety of technical implementations of this sedferencing technique for the

measurement of the CE phase has emerged overstheol#ple of years. For instance,
the interference between different quantum pattes semiconductor [20] or in optical

poling [17] has been shown to contain informatiorntloe CE phase. A straightforward
method that makes use of a single nonlinear crgstdlprovides a high degree of CE
phase control will be presented in the next chapter

At present, the most widely used implementatiothef self-referencing technique for
measurement of the offset frequency makes usesofcalled-to2f interferometer [13,
89-91] (fig. 19). Prior to the interferometer, adtion (typically 50:50) of the light
from the output of the laser oscillator is brancloéfdand spectrally broadened to an
octave in a microstructure fiber. The continuunthisn coupled into a Mach-Zehnder
interferometer, where a dichroic beam splitter s#jea the long wavelength (‘red’)
part from the short wavelength (‘blue’) part of gectrum.

Ti:sapphire

< L oscillator
n | |
\re_-:'U B

L PCF L  |BS

Figure 19. Schematics of a fiber-basédio-2f interferometer. L: focusing lens; PCF: photonic
crystal (or microstructure) fiber; W: wedges folajeadjustment; SHG: frequency doubling
crystal (KNbQ); BS: beam splitter; IF: interference filter; Pfthotodiode.
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2. Ultra-broadband oscillators

The interferometer arm for the long wavelength tighntains a KNb@ frequency-
doubling crystal. Several waveplates in the interfegeter rotate the polarization such
that second harmonic generation in the crystalraodmbination of the beams in the
second beamsplitter is optimized. The long wavdlengterferometer arm contains
adjustable fused silica wedges that control theydbetween the two arms and ensure
correct temporal overlap. In order to reduce unedntight at the detection
photodiode, the region of spectral overlap is $ettby means of an interference filter
(or, alternatively, a grating combined with a slithis improves the signal-to-noise
ratio, as the beating signal is contained only maaow spectral range.

This scheme, although widely used, has severahieghand fundamental drawbacks:
(1) the interferometer is alignment-sensitive) (n particular, coupling into the tiny
core of the microstructure fiber is a tedious t&skdamentally, the scheme sets limits
to the quality of the offset frequency detectionl atabilization, as3) the fact that a
beam branched off from the main beam is usedfdgs detection. Relative phase
fluctuations and drifts compromise the achievalifsed frequency stability. Hence,
any phase jitter accumulating between the lasgpubuand the output of the phase
control setup appears in the usable laser outpen € the electronic feedback loop
works perfectly. Furthermore4) the auxiliary setup fofceo Stabilization introduces
excessive dispersion, preventing the broadbandubidtpm being compressed to a
few-cycle pulse. The microstructure fiber also poselimit to the phase-locking
quality, as %) the fiber-coupling induces amplitude fluctuatioihese amplitude
fluctuations are written via amplitude-to-phase v@msion, mostly due to the Kerr
effect, onto the CE phase (conversion coeffici€at = 3784 rad/nJ). An intensity
fluctuation of 1% for a 6 nJ Ti:sapphire oscillateould already result in a phase shift
of 227 rad [92].

2.3.2 CE phase stabilization
by difference frequency generation

As an alternative to the microstructure fiber-balsem 2f interferometer, a simple, yet
highly effective scheme for stabilization of the @Ease is presented here. It avoids
the downsides of the previously mentioned schensejtallows for CE phase
stabilization directly in the usable laser outplihus, the CE phase is controlled
directly in the beam that is used for applicatiddge to the moderate dispersion of the
employed nonlinear medium, the transmitted lasésgsuare re-compressible. As a
consequence, the full laser power is used for imdudhe nonlinear processes,
resulting in an enhanced beating signal. Also, asbmanching off for phase-
stabilization is needed, almost the entire lasevguois available for application.
Furthermore, it relies on the integration of theeiferometer into a single monolithic
crystal, thereby obviating complex alignment-sewsitsetups and improving the
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2.3 The carrier-envelope phase of a mode-lockedlator

achievable CE phase stability. Improved spatialrlapebetween the two interfering
waves, due to the absence of walk-off effects, ltesn an increased signal-to-noise
ratio of the beating signal dteo. The absence of a microstructure fiber avoids
instabilities (in amplitude and phase) associati#d @oupling into its tiny core.

a) fundamental SHG
spectrum spectrum

..

broadened
f fundamental
spectrum

0 T ¥ .
beat signal AR
b) ‘ ‘“)*(‘ fundamental
spectrum spectrum
.......... =
ettt broadened
fos f, A fundamental
’ spectrum
-l I+~ - - u
} ai m: ms ma ms -III u . - >
0 e Frequency
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Figure 20. Principle of fcgo detection: an additional frequency confl,=mfep + 2fceo
(fu =k fep), is created in a nonlinear crystal by SHG, topgbaDFG, bottom panel). The
frequency comb of the las&r=n fp, + fceo is spectrally broadened by SPM. Wikhn andm
being integers, the generated combs partially apend produce a heterodyne beat nofiezat

When the peak intensity of the pulses and the neatity in a frequency-mixing
crystal are large enough, both nonlinear frequenoyng and self-phase modulation
(SPM) occur at the same time. Second-order nonlifieguency mixing can result in
second-harmonic generatiofSHG) or difference frequency generatio(DFG),
depending on the phase-matching in the crystalvidusly, beating affceo was
observed in thin BBO [91] or ZnO [93] crystals, phanatched to generate second
harmonic light.

The self-referencing scheme is implemented herehen following way: through
nonlinear interaction in a crystal, a second fregyecomb is generated by frequency-

29



2. Ultra-broadband oscillators

doubling the short wavelength end of the originaigtiency comb (fig. 20a), or by
generation of the difference frequency betweenvimgs of the spectrum (fig. 20b).
Effectively, the crystal acts as a common-gaiitr2f interferometer. At the same time,
the original frequency comb is spectrally broadebhgdself-phase modulation. If the
original frequency comb is wide enough, in the oagof spectral overlap, a beating
signal atfceo can be detected. It should be noted that a frexyueomb generated by
DFG is intrinsically phase-stabilized, as

fDFG|k = fm - fn =m frep CEO (n f CEO) = k frep (k = m_n) ' Eq 10

In principle, such self-phase-stabilized differefie@guency light could be used for
phase-sensitive applications. However, the reguumse train is weak and located in
a shifted wavelength region, the infrared [94, 95].

After compression by several bounces from chirpédons, the 6-fs pulses from an
ultra-broadband Ti:sapphire oscillator (see chapdr) are focused in a highly
nonlinear periodically poled lithium niobate crysi@P-MgO:LN, HC Photonics

Corp.) to induce SPM and SHG, respectively DFG ¢@ij. In the desired wavelength
range, PP-MgO:LN has a higher effective nonlinesafiicient than other customarily
used crystals such as PPKTP or LBO. The crystdbped with magnesium-oxide to
prevent damages due to photorefractive effectscéfled gray-tracking). Undoped
lithium niobate crystals have to be heated to ~X8@r this reason, whereas MgO-
doped crystals can be operated at room temperalime.peak intensity inside the
crystal is estimated to be several tens of gigawvptdr cm2. Tests with infrared
picosecond pulses have shown that at intensitiesapgroximately 10 GW/cm?

(curable) damage due to photorefractive effectaiiscf96]. The spot size inside the
crystal,wp, is estimated at ~15 pum.
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Figure 21. Experimental realization of the monolithic CE phatabilization scheme. CM:

chirped mirror for pulse compression; W: fusedcailivedge for fine adjustment of chirp; IF:
interference long-pass filter (cut-off 1400 nm);LIRP periodically-poled MgO-doped lithium

niobate crystal; L: achromatic lens; PD: InGaAstpd@mde.
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2.3 The carrier-envelope phase of a mode-lockedlator
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Figure 22. Growth of the difference frequency light intensdtipng the axis of propagation for
ideal birefringent phase-matching, quasi-phasednag¢ and without phase matching (top).
The sign of the corresponding nonlinear coefficiditof the periodically-poled crystal for
guasi-phase-matching is shown at the bottom.

Both end facets of the crystal were broadband effgation-coated to reduce Fresnel
losses. It was found that crystal lengths betweand®5 mm show optimum nonlinear
interaction and therefore the strongest beatinggsig

The periodical poling of the crystal enables phasgehing of type 0 + e — e).
Quasi-phase-matching circumvents the problem of lhhek-conversion from the
newly generated light to the fundamental in thenvel froml; to 2. by flipping the
sign of the nonlinear coefficient accordingly (f&R).

Depending on the poling periotieither the second harmonic or difference frequency
is generatedA=11.21 pm for DFG/ = 9.07 um for SHG). The poling period is
determined according to

A= e Eq. 11
Ak 2k(c) - k(2w)

wherelk is the wave vector mismatch due to the materspatision of the nonlinear
crystal.

After the PP-MgO:LN crystal, a beam splitter of ®ogort is necessary to separate the
difference frequency spectrum (respectively the osdc harmonic) from the
fundamental spectrum. On the other hand re-comipress the pulses is required for
most applications, due to the dispersion of thataty
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Figure 23. The pulse train from the nonlinear crystal filteredthe wavelength range of
shorter than 1400 nm is modulatedf@,, monitored with a digital oscilloscope (TDS7104,
Tektronix Inc.).

Therefore, one of the chirped mirrors used for @uempression acts as a dichroic
mirror: it reflects the fundamental spectrum arahsmits the infrared components of
the beam at 1250 nm (respectively the components at <630 nrhiclwemerge from
the nonlinear interactions in the PP-MgO:LN crysfdie transmitted beam is passed
through a long-pass filter with cut-off at 1400 n(REL1400, Thorlabs Inc.) and
detected by an InGaAs photo diode (1811-FC, New Hoduscase the phase-
matching for SHG is employed, short-pass filter{fxg2S0650, Thorlabs Inc.) and
detection with a Si photo diode (S5627, Hamamatsy Is necessary.
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Figure 24. (a) rf spectrum of the same signal as in fig. 23 mesbwith a spectrum analyzer
(E4401B, Agilent Inc.). The right peak at 70 MHersts from the repetition rafg,. The two
inner peaks represent the offset frequefigy and the mixing produdie,-fceo Resolution

bandwidth is 100 kHz(b) Close-up of the phase-locked beat notefaab Resolution
bandwidth 1 kHz.
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2.3 The carrier-envelope phase of a mode-lockedlator

The signal of this photo detector is shown in fegi23 and 24. In the time domain, the
detected pulse train is modulated with the offsegdency (fig. 23), whereas in the
frequency domain side bands to the repetition aai its harmonics are observable
according to equation 9 (fig. 24).
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Figure 25. Measured CEO beat signal versus change in royng#th length through the
intra-cavity fused silica wedges.

By optimizing the chirp of the pulses in the crydig means of wedged fused silica
plates (W, see fig. 21) and the number of bouncethe extra-cavity chirped mirrors,
a signal-to-noise ratio in excess of 55 dB in @lkgsn bandwidth of 100 kHz can be
achieved. This permits routine locking of the affsequency to a reference with the
servo loop system described in the next chaptepically, a signal-to-noise of more
than 30 dB in 100 kHz bandwidth is required foraiglle phase control. A beat signal
showing a comparable signal-to-noise ratio is olegrat about 580 nm using the
nonlinear crystal optimized for SHG. The beat frmagy can be tuned with the
wedged plates inside the cavity, as they changeénthee-cavity relationship of group
and phase delay. The fused-silica path length dbpe® of the beat frequency
(fig. 25) is linearly fit asf (62) = fceo — 20 mm* frep 02, wheref is the beat frequency,
oz the change in fused-silica path lendtdo the beat frequency az = 0 andfep, the
repetition rate. The coefficient of the linear ftion (20 mm*) matches excellently the
one determined from the group and phase delayreifée of fused silica, providing
clear evidence for the origin of the observed Ipegati

Figure 26a shows the long-wavelength tail of thecspim exiting the crystal. Newly
generated spectral components in the wavelengibrregf longer than 1150 nm are
clearly visible in the near infrared region whee trystal is translated into the focal
region of the laser beam. The main part of the tspe; from 600 to 1150 nm, does
not change in shape. The infrared light is attedub SPM and phase-matched DFG.
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Figure 26. (a) The long-wavelength tail of the laser spectrumtiegi from the nonlinear
crystal, measured with an optical spectrum analya&-6315A, Ando Corp.). The solid line
shows the optimized spectrum, whereas the dotteddéepicts it with the crystal shifted out of
focus, for reference(b) Difference frequency spectrum generated in the NPRLystal,
measured with the same optical spectrum analyzer.

A nonlinear CE phase shift due to SPM inside theM@®:LN crystal estimated at
0.0122x rad by numerical simulations is present. Fluctreti of this phase shift,
however, do not compromise the stability of the @ase in the output beam, because
they are fully compensated by the servo loop. ©ia contrast with the conventional
scheme, where the SPM-induced phase noise in thdiagp beam for phase
stabilization is written onto the main laser outpnd cannot be compensated for by
the servo loop.
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Figure 27. Comparison of second harmonic witlao beat note strength. The relative power in
the second harmonic with a maximum at 432 nm wangtlewas measured with an optical
spectrum analyzer (AQ-6315A, Ando Corp.). The lrese signal-to-noise ratio in a 100 kHz
bandwidth was measured with an rf spectrum analz#401B, Agilent Inc.).
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2.3 The carrier-envelope phase of a mode-lockedlator

Figure 26b shows the generated difference frequspegtrum. The beating between
DFG and SPM (SHG and SPM) is observedat1l350 nm £ ~ 580 nm).

In order to verify the origin of the beating sigredveral tests were performed.
Figure 27 illustrates the correlation between thatmote strength and the power in the
second harmonic generated in the crystal.

In the present system, the chirped mirror compressd the PP-MgO:LN crystal have
a combined loss of ~30% due to the mirror coatinglity, the residual photorefractive
effect in the crystal, etc. The photorefractiveeeffalone is responsible for more than
20% loss. This loss can in principle be avoidedhégting the crystal.

The dispersion of the crystal may be compensateadhiped mirrors. The pulse
energy passed through the compressor is ~4.3 rel.cdimpressed pulses have been
characterized with a broadband SPIDER apparatys T6@ absence of serious phase
distortions from nonlinear frequency mixing is Viexd by comparing the SPIDER
results with the crystal being in focus and ouffaifus. The measurements yielded,
within the measurement uncertainty, the same reaslfigure 10.

Future improvements to the offset frequency detacivith a monolithic periodically
poled crystal could make use of buried waveguidesten into the crystal. By
comparing the mode-field diameter for bulk and vgande PP-MgO:LN crystals one
can estimate for the waveguide a theoretical set@mchonic conversion efficiency
more than two orders of magnitude larger than ler bulk crystal. As a result, the
required pulse energy féteo detection is reduced, whereas the signal-to-naise-of
the beating signal can be improved. In particsdayeguide writing by reverse proton
exchange is suitable for this purpose, as it pvesathe material nonlinearity, resulting
in a three-fold improvement in conversion efficignaver other writing techniques
[35]. Care has to be taken in the design of suBtPdaigO:LN waveguide crystal, as
the poling period for a waveguide crystal differonfi that for bulk crystals.
Furthermore, the use of a buried waveguide wilulteim better spatial mode quality
after the crystal.

2.3.3 Control of the frequency comb parameters

Having measured both radio frequencies that censtthe two degrees of freedom of
the frequency comb, the remaining question is hmwaontrol them.

Basically, both parameters are controlled and l&teldi with phase-locked loops
however, the actual mechanism for giving feedbacthé laser oscillator is different.
Similar electronic feedback loops are employedhapter 4.1.2.
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2. Ultra-broadband oscillators

Theoretically, if the electronics and the feedbaok infinitely fast, any fluctuation in
frep OF fceo Will be compensated for. Limits to the speed oflteking loops, however,
make it that passive stability is important for gwoing a stable laser.

The three primary factors affecting phase stabiitg mechanical vibrations, air
pressure changes, and temperature changes. Vitgai®@ addressed by using low
profile and solid mirror mounts throughout the lasavity. Enclosing the laser in a
rigid box helps to reduce vibrations due to acaesstind also addresses the problem of
air pressure changes. Air pressure fluctuationslemmental because they change the
density of the air in the cavity, which in turn oigas the effective optical path length.
Although this is a small effect, it can easily charthe cavity length a wavelength or
more, which in turn, changes the comb frequengjegpor more. Although the long
term drift offceo andf,ep caused by temperature changes can easily be coatperis/
the feedback loop, due to the limited actuator dyinaange, the duration of locking is
limited.

As the rm3 CE phase noise of a non-stabilized laser osailetoeeds many cycles in
seconds (7@r rad in 0.1 s in ref. [97]) even when environmerstaielding measures
are taken, control of the CE phase becomes an.iskueng detected the repetition
rate by a photodiode and the offset frequency bystif-referencing scheme, closing
the phase-locked loop is the next step. Phasergakieans that the phase of a slave
signal (herefceo, respectivelyfey) tracks a reference signal (e.g. from a frequency
generator), so that the phase difference is zeravenage. If the reference source is
stabilized to a time standard, e.g. an atomic ¢ltuk position of the frequency comb
lines is determined in an ‘absolute’ manner (sesptdr 5.1 for ‘absolute’ frequency
measurements). A phase-locked loop generally csnsiE a phase detector (or
comparator), loop filter and voltage-controlledibator (fig. 28).

feeo o laser
detection oscillator

A

f(H)
v

frequency | phase ® | loop

reference | ¢ comparator | arror filter

ref
signal

Figure 28. Block diagram of a phase-locked loop for offsegifrency stabilization. The offset
frequency detected by the self-referencing interfeater is mixed with a reference signal (e.qg.
from a frequency synthesizer) in a phase compatatproduce an error signal. With the loop
filter the gain of the loop is shaped to achievéropm phase-lock quality.

® rms: root-mean-square, also known as the quadrein.
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Figure 29. Schematic gain characteristics of the loop fil(Bode magnitude plot). For
comparison the gain curve of a low-pass filter ®wen (red dashed line). The gain is
theoretically infinite at zero frequency and hadbé&below unity in the spectral region where
positive system feedback occurs. The PI cornerusity gain point are at 10 Hz — 1 kHz and
~100 kHz, respectively. The adjustable gain paramaete indicated by arrows.

In the simplest case, the phase detector condigts analog double-balanced mixer,
which has an output proportional to the sine ofghase error, i.e. the phase difference
between slave and reference signal. Thereforgnitonly be assumed to be linear for
small deviations« 1 rad).

In addition to that, the output changes its sigimatad, so an instantaneous value of
the phase error exceedimgad will lead to a cycle slip. Consequently, tlaptare
range of an analog mixer ia.2

On the other hand, digital phase detectors cangecvlinear output and wider phase-
detection range, as they detect not only the pbasalso account for cycle slips. Such
a detector counts the cycles (i.e. zero crossintg @.g. positive slope) of both slave
and reference input and outputs a voltage propwtito the cycle difference. It can
track up to 16 of phase difference.

Afterwards, the error signal is fed to the loogefil that electronically shapes the
system response, i.e. the gain of the loop, by &.Bl-circuit, a combination of a
proportional and an integrating amplifier (see #§). The effect of the loop filter is
similar to a low-pass filter. The gain has achlaracteristic at low frequencies in order
to have infinite gain at dc. For intermediate frexcies the gain is constant, i.e. the
output is proportional to the input. For frequescéove ~100 kHz, the gain again has
a 1f characteristic so that it reaches values smdikan tinity for frequency regions of
positive feedback so that loop oscillation is aeoidUsually, the overall gain level, its
shape (integrator time constant vs. proportionah)gand the gain sign can be
adjusted.
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2. Ultra-broadband oscillators

The control signal output by the loop filter is dde provide negative feedback to the
laser oscillator. The combination of oscillator aleg@dback actuators constitute the
electronic voltage-controlled oscillator in the spfatic of the phase-locked loop.

Various methods can be employed to actually proyedsiback to the Ti:sapphire
oscillator cavity. Controlling the repetition fregpcy, which is inversely proportional
to the cavity length, is a relatively easy task.uvting one of the cavity (end) mirrors
on a small piezo-active element that can displaeentirror and thereby change the
optical path length of the resonator is sufficient.

For offset frequency control, three options are ilalke: the oscillator cavity
frequently contains a pair of glass wedges for-fuméng the dispersion. Mounted on
piezo-actuators, these allow for controlling théseff frequencyceo, as they affect the
difference between group and phase velocity (sed8)edHowever, as these glass
wedges are relatively large, the feedback bandwadithsufficient with this method.

If the laser oscillator comprises an intra-cavitism sequence, the end mirror after the
second prism may be tilted [65]. After the prisngwence, the light is linearly
spectrally dispersed on the end mirror (see fig. 5)

...........................
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Figure 30. Setup for the offset frequency feedback loop. PHaddng electronics (XPS 800,
Menlo Systems GmbH); AOM: acousto-optic modulat&OM-405, IntraAction Corp.),
rf reference: frequency generator (2022D, MarcowirpQ, referenced to a quartz clock
(OCX08607, Oscilloquartz SA). Inset shows the AOM the noise-eater configuration.
Varying the amplitudéA of the driving signal proportionally changes tight power in the
first diffracted orderP,, thereby modulating the power in the undiffracbedm. PZT: piezo-
electric transducer.
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2.3 The carrier-envelope phase of a mode-lockedlator

Tilting the end mirror in the plane of incidenceéraduces a linear phase delay versus
frequency. Just as in the previous method thisigmites the difference between phase
and group delay and thereby changes the offsatdrexy.

However, for the all-chirped-mirror oscillators thare the topic here, a different
stabilization option has to be employed: amplitudedulation of the pump power
(fig. 30). This is obtained by placing an acouspté«omodulator (AOM) in the path of
the pump laser beam in such a way that the zerer doransmitted beam undergoes an
amplitude modulation of a few percent (‘noise-eatarfiguration’). Depending on the
strength of the applied voltage, a fraction of ghanp laser power is diffracted into
first order and hence cannot contribute to pumgimg crystal. This method takes
advantage of nonlinear amplitude-to-phase conwversiothe Ti:sapphire crystal to
control the offset frequency. Here the speed offéieelback is limited by the upper
state lifetime of the crystal, which is approximgt&0 ps, which results in a feedback
bandwidth of about 100 kHz.

According to soliton perturbation theory, the chang pulse energy, caused by the
change in pump power is actuating on the offsetjueacy mainly through two
pathways [33, 82]: firstly, the optical Kerr effdntthe gain crystal, modulated by the
pulse energy, exerts a phase shift onto the caBexondly, the group velocity varies
with pulse energy, owing to a shift of the laseetpum. Other effects, such as the
change in optical cavity path length are foundeambgligible.

Therefore, a change in intra-cavity pulse energymfi\p to W changes the offset
frequencyfceo or equivalently the pulse-to-pulse CE phase #lgifby [33]

A¢(\N) _A¢(VV0) =0 (Ppeak(vv) - Ppeak(vvo)) —Qy (\No) D (wo (\N) —ly (\No)) 1 Eqg. 12

wherePpeaxis the pulse peak power inside the gain mediuthe Kerr phase shift (per
unit power),D the net intra-cavity GDD andy, the center frequency of the laser
spectrum.

The same mechanisms that are exploited for stabdiz are also causinfeo
fluctuations: laser power fluctuations due to eomimental disturbances are written
ontofceo, €.9. through an intensity-related spectral stigto/dl ~ dw/dl. Empirically,

it was found that in the parameter space of modkiig conditions, loci exist where
dfced/dl = 0. Operating a CE phase-stabilized oscillata@r reeich a point can lead to
minimum noise ofceo [82], as intensity fluctuations are the main cimitors of CE
phase noise in all-chirped-mirror oscillators. Muizing the coupling coefficient
therefore reduces the noisefgpo. On the other hand, stabilizifig:o at the same time
reduces amplitude noise through the coupling caefit.

One of the key factors for intensity fluctuatiomslaherefore CE phase stability is the
pump laser. Only pump sources that emit in a sisghgial mode, with low amplitude
noise can provide low CE phase noise [98].
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Figure 31. Schematic of the self-injection-locking principlEhe difference frequency (1.3 —
1.9 um) is generated as described above. Subségubetmaterial dispersion from the PPLN
crystal is compensated by a chirped mirror paire ©hthe mirrors acts as a beamsplitter that
separates the fundamental spectrum from the diféerdrequency light. The former can be
used for experiments; the latter is amplified ineshium-doped fiber amplifier (EDFA) and
focused on a nonlinear crystal (SHG) for the gdimraof the second harmonic (0.7 —
0.9 um), which is subsequently injected into thevitga after spatial mode and delay
adjustments. The oscillator cavity is depicted hera ring configuration, as this facilitates the
injection of light through the output coupler (O€)owever, self-injection locking can also be
realized with linear oscillator cavities.

Potentially, a future alternative method for givifeedback to the oscillator without
the need for electronic phase-locking loopsedf-injection-locking The concept of
injection-locking is commonly used with cw singleduency lasers, where a low-
noise low-power master laser is seeding a noish-p@ver slave laser. The noise
level of the latter is strongly reduced by injegtithe output of the former through a
partially transparent cavity mirror. Similarly, @ljection locking is used to force a
laser diode to run at a certain frequency by meainspectrally filtered optical
feedback from an attached fiber Bragg grating [99].

Here, the fact that a signal generated by diffezdrequency generation is intrinsically
CE phase-stabilizeddeo = 0) is exploited (cf. chapter 2.3.2). Frequencyldimg the
difference frequency light yields a CE phase-siadil signal in the wavelength region
of the original spectrum, which is coupled into tavity through a mirror with some
transmission (fig. 31). Provided that the delay dhd spatial mode are adjusted
properly, the injected light forces the offset fneqcy to zero. In the frequency domain
picture, the fluctuating cavity comb modes are itagal to the fixed comb modes of
the injection signal. The higher the injected paowee larger the dynamic range of the
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2.3 The carrier-envelope phase of a mode-lockedlator

locking scheme, i.e. the larger the allowable esioms of the offset frequency. Using
the parameters of an ultra-broadband oscillatoraamedrding to [100, 101]

2

2

P, >(Aa)] QTPO' Eq. 13
w,

rep

about 100 mW of injection light power provides andsnic locking range of 10% of
the repetition frequency (8 fceo < wrep/2m). HerePiyj denotes the average power of
the injected lightAw represents the dynamic ran§g;the average output power of the
oscillator, andQ the cavity finesse.

2.3.4 CE phase stability characterization

Once the phase-locking is established for stahitimaof the offset frequency,
obviously, it is desirable to estimate the precisibthe stabilization.

But merely recording the fluctuations of the begtsignal at the photo diode in the
locking loop is not sufficient. This so-call@aloop measuremertan only assess the
effectiveness of the locking electronics, i.e. degree of tightness of the servo loop.
For example, when a noisy mixer is used as theeptiasector of the locking loop, its
output may still indicate a tight lock, while intaality the mixer noise has been
written back onto the slave laser. The same is fougehe photo diode, the locking
electronics and all other components of the phasieed loop.
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Figure 32. Schematics of the setup for characterizing the @&se locking quality. A second
monolithic detection fofcgo is attached at the phase-stabilized output optheary CE phase
locking loop. After locking the offset frequencyttvithe phase-locking loop to a reference, the
signal from the photodiode (PD) of the second deteis recorded with a vector voltmeter
(slow drifts), a digital oscilloscope (fast jitteahd a voltmeter (intermediate frequency region)
and compared against the reference signal to éxhr@acCE phase noise.
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2. Ultra-broadband oscillators

In order to determine an upper boundary of theetffsequency fluctuations, a
secondanyfcgo detection loop has to be set up for@rt-of-loop measurementhis
out-of-loop signal provides an upper limit to thalslity of the CE phase, as phase
noise added by the locking electronics and bothintHeop and out-of-loop CE phase
detection systems is included. However, provideat thoth detection systems are
identical, common mode noise, such as phase nteisersng from amplitude-to-phase
conversion of laser amplitude fluctuations is netiedted.

The spatial and temporal matching of the wavegfertieg in the monolithic PPLN
crystal as described in chapter 2.3.2 is expect@ahprove CE phase control over that
provided by conventional schemes. To test the pmdaoce, the laser beam that
emerges from the setup shown in figure 21 is fotwse#o another PPLN crystal for a
second independent out-of-loop CE phase measurdsemnfig. 32).

Since the chirped mirror used as a dichroic mitas some reflectivity around
600 nm, the beat signal generated in the firsttalysn be still observed at the second
detection system, rendering an out-of-loop measen¢rwith SHG phase-matching
impossible. On the other hand, in the near-infraeggon (>1350 nm), the beat signal
generated in the first crystal has completely dpsaped after several reflections off
the chirped mirrors and is thus not observabldatsecondcgo detector. Therefore,
the out-of-loop measurement is performed only it near infrared output, i.e. DFG
phase-matching.

The relative phase of the offset frequency as tledeby the two independefdeo
detectors was measured. To this end, the firsctetevas used to lock the beat to an
rf reference at 12.5 MHz and the signal of the sddeso detector was compared to
the same reference.

/20

A / rad

-1/20 T
0 25 50

Time / minutes

Figure 33. Typical phase deviations as recorded with the veetdtmeter (black dots),
respectively the voltmeter after mixing (red dotS§he rms phase jitter is 5 mrad (black),
respectively 8 mrad (red).
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2.3 The carrier-envelope phase of a mode-lockedlator

Slow drifts of the CE phase in the spectral ranig@.® mHz — 1 Hz were detected by
recording the phase error between the referenoalsig 12.5 MHz and the out-of-loop
beat signal with a vector voltmeter (HP8405A, HatRackard Corp.). For observing
the fast jitter (frequency range 1 Hz — 35 MHz)tloé CE phase, the signal of the
secondfceo detector was monitored by a digital oscilloscoper the intermediate
frequency region (frequency range 1 mHz — 10 H®),ldeat signal was electronically
mixed with the reference and the dc signal recoxdéid a voltmeter. The oscilloscope
and the reference frequency generator were bodrerefed to a high-quality quartz
clock (OCX08607, Oscilloquartz SA). This procedusgrpits to accurately measure
the temporal variation of the CE phagé). Typical slow-drift phase deviation traces
are shown in figure 33.

As a first criterion for CE phase stability, thelakl varianceo; was computed from
the phase noise data [102]

tk +r

) 1
TR = 1);%1 )’ With m—— j¢(t)dt Eq. 14

where M is the total number of measurement points, artde gate time used for
averaging. The result is shown in figure 34. A dinét in the double-logarithmic plot
shows an exponent af-® close to the theoretically expected valuerdffor white
flicker noise. As even for high frequencies theuattdata is close to the expected
values, small additional phase noise can be assumthds region. This is important,
because large phase noise above the bandwidtheofottking electronics would
compromise the CE phase stability unavoidably.

Allan variance of fCEO

10 10" 10
Averaging time / s

Figure 34. Standard Allan variance &fgo noise as derived from the out-of-loop measurement.
The dashed line shows a linear fit to the data aitfexponent of %,
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Figure 35. Out-of-loop two-sided phase noise power spectraisi (PSD), S,(v) and
integrated CE phase timing jitter. The red (blueg Ishows the integrated phase jitter in the
range of 0.2 mHz to 35 MHz (0.9765 mHz to 102.4 kBizd results in an rms timing jitter of
99 mrad (72 mrad) or 44 as (32 as) in that ranpe. dotted line shows the noise floor of the
photo detector and the vector voltmeter for lowgirencies. The large peaks in the high
frequency region originate from rf pick-up.

The two-sided power spectrum of phase fluctuati®s;) dv, which is the absolute
square of the Fourier transform of the CE phassenas derived from the recorded
time series, is shown in figure 35. The lowest ke=b frequency component is given
by the inverse of the observation time of 75 mimc8 the CE phase advance is only
measurable when a pulse arrives (fig. 23), theeptrlin samples thigeo signal and
the largest possible Fourier spectrum of the jittethe CE phase extends ftg,/ 2
according to the Nyquist theorem.

The accumulated timing jitt&XT,,s as a function of the observation timg,

A A frop/2
ATrms(robs) = 27;0 A¢ rm&r ob) = 27;0 \/Zjl/fobs S¢ (V) (07 Eq 15

is also shown in figure 35. Her&pmd7ong denotes the integrated CE phase error and
Jc the center wavelength of the pulses. The phaser emtegrated from
frep/ 2 =35 MHz to 0.2 mHz is 0.01%t rad, or 44 as of timing jitter at the center
wavelength of ~830 nm. For frequencies above 208 kkt CE phase noise is lower
than the current noise floor set by the photo dete®evertheless, these data set an
upper limit to the CE-phase noise in the accesgedtsal range.

By use of a convention&to-2f scheme with microstructure fiber, phase-stabilorati
with very small timing jitter was also demonstratstlier [103, 104]. However, only
the phase stability of a single phase-locked loag measured (in-loop measurement)
[105]. Two other reports show timing jitter measueants from two separate phase
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2.4 Long-cavity chirped-pulse oscillators

locking loops (out-of-loop). In ref. [98], a timingtter of <100 as was reported.
However, the observation time in this study was sbort (4 ms) to be relevant for
applications, where signal accumulation over maasel pulses (several minutes) is
necessary. Another report, ref. [L05] claims appnaxely 310 as timing jitter in a
0.9765 mHz — 102 kHz frequency band. With the santegration time (from
102.4 kHz to 0.9765 mHz) as used in ref. [105], ititegrated phase error would be
0.01%2x rad, corresponding to 32 as of timing jitter amohstituting a one order of
magnitude improvement. The most significant diffex@ appears in the low-frequency
region €10 mHz), where amplitude-to-phase coupling in therostructure fiber is
dominant, as mentioned in chapter 2.3.2. A thorolitgihature study did not reveal
another out-of-loop characterization of CE phasabiBtation without fiber
broadening, i.e. using directly the ultra-broadbapdctrum from an oscillator [63-66,
88].

2.4 Long-cavity chirped-pulse oscillators

One of the thrusts of research with femtosecondapphire oscillators is the
increasing of the output pulse energy. Conventiosalllators are limited to just a few
nanojoules pulse energy. The fundamental limitafmmincreasing the output pulse
energy is the onset of instabilities such as seggblulse formation, multiple-pulsing
and cw generation when increasing the pump powbesd& occur due to excess
nonlinearities (overly strong Kerr phase shift (SPMriginating from high peak
intensities in the gain medium as the pulse engrggases.

In order to produce more energetic pulses, diffekémds of external laser amplifier
systems can be employed. The most widely sprealdnitpee of chirped pulse
amplification is presented in chapter 3. Yet, adowepetition rate is traded in for
higher pulse energies. A way of maintaining theillagor repetition rate during
amplification is discussed in chapter 4. Still, reesing the pulse energy directly
provided by the oscillator is a desirable acconmphisnt.

An alternative developed in recent years is to rekténe length of the laser cavity to
reduce the repetition rate and increase the paeperhergy while keeping the average
output power constant. A multi-pass delay telesddpk Herriott-type) that leaves the
g parameter of the original cavity invariant is ined to increase the cavity length
[106]. In this way, the cavity stability range atite alignment sensitivity remain
unchanged. To keep Kerr nonlinearities due to piggk intensities at bay, high output
coupling (25 — 30%) and increased beam spot siedweicrystal are employed.

45



2. Ultra-broadband oscillators

CI) ROC = -50 mm TS
Pump
2" mirror
ROC =
-10000 mm
————— g —— = |
Lo
==
2" flat 8 bounces
mirror Herriott-type

LaK21 prism

compressor

telescope

ocC

fo

experiment
LaK21 prism
b) compressor
to
experiment ROC = -100 mm
Ti:S
Pump
ﬂ 2" mirror
2" flat mirror e S ~ -10000 mm
|1 1 e ———r

———
— — —— ] ]
2" mirror
ROC = _ _
-10000 mm e
f=————————

e —
|————— —_—
f 12 bounces 2" flat mirror
Herriott-type
el telescopes

Figure 36. Cavity configuration of the 10 MH@) and 2.75 MHZDb) chirped-pulse oscillator.
(c) shows the beam spots on the delay line mirror&: Thi:sapphire crystal, 3 mm thickness,
absorption lengtlr = 3.7 cni; Pump: frequency-doubled Nd:Y\@w laser with 10 W output
power at 532 nm wavelength (Verdi V10, Coherent)In8BR: saturable Bragg reflector
(Batop GmbH); OC: output coupler, 30% transmisgioptilab Kft.).
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2.4 Long-cavity chirped-pulse oscillators

Furthermore, two approaches for the dispersiomregre pursued: The first concept
balances the enhanced SPM by largenagativeintra-cavity dispersion [107, 108]
and allowed the generation of 150 nJ pulses at 8185 repetition rate. The main
advantage is the generation of near-chirp-freegguiérectly from the oscillator. Yet, a
trade-off between pulse energy and duration seerasist due to the soliton-like pulse
formation. The second concept to be presentedusa®a small amount of ratsitive
intra-cavity dispersion [109, 110]. In the positigspersion regime, the pulse in the
cavity is broadened to picosecond duration (~1)5kys the combined action of
positive group delay dispersion and self phase tatidn. Scaling to higher pulse
energies is feasible, as the pulse broadens inoghasvith increasing pulse energy
[111]. However, higher intra-cavity pulse energieguire higher nominal values of
dispersion. Compression of the heavily chirped gaiksxternal to the cavity is required
and has resulted in sub-40 fs pulses of 500 nggrar2 MHz [110].

In the positive dispersion regime, generally spegkstarting mode-locked operation
becomes more difficult, as the Kerr-lensing mecsanin the crystal is weaker.
Therefore, in most of the low-repetition systemdwW3z or lower), Kerr-lens mode-
locking is supported by a saturable semiconductag® reflector (SBR, SESAN)
[50]. In fact, saturable absorption in the SBR duwses over Kerr-lensing as the
prevailing self-amplitude modulation mechanismrdducing an SBR to the cavity
makes the oscillator easier to start and more estabér the long run. However, the
relatively narrow bandwidth (in terms of reflectiwand low dispersion) of the SBR of
around 40 nm limits the achievable pulse duration~B0 fs with perfect pulse
compression. Additional drawbacks are their higesés and the degradation over
time.

The schematics of two long-cavity oscillators with and 2.75 MHz, respectively, are
shown in figure 36. They contain one, respectivielyp, Herriott telescopes. The
distance between the telescope mirrors can bendieted according to [112]

d= 5(1— Co{l_w—_lD , Eq. 16
2 2 U

where a configuration of one flat and one curvedaniwith radius of curvatur® is
assumed. The integgmrepresents the number of bounces on one mirnogléspass).
The cavities consist of chirped mirrors that congade for the dispersion of the
crystal, intra-cavity prisms and air. A pair of dhigrewster-angled fused silica prisms
with small separation allows for the fine tuningtbé dispersion by adjusting their
insertion into the beam. The pulses from the caoilwere recompressed in a double-
prism compressor.
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Figure 37. Spectra and net intra-cavity second-order dispersfahe long-cavity oscillators.
The net dispersion is the sum of the GDD contringiin the cavity(a) 10 MHz oscillator;
(b) 2.75 MHz oscillator.

The 10 MHz system was set up to seed the enhanteaety presented in detail in

chapter 4. It yields 135 nJ pulses at 8 W pump powin a duration of approximately

35 fs. The oscillator operating at 2.75 MHz wadtltoi seed a cw two-pass amplifier,
presented in the next chapter. It generates 3gfuisks at 9 W pump power with
~40 fs duration. For both systems, increasing theap power beyond 9 W caused
instabilities to develop, such as cw backgroundgulse break-up. The intra-cavity
dispersion and output spectra of both systems fawers in figure 37. The positive

dispersion regime is characterized by rectangyactsa with relatively sharp edges.
Theory predicts M-shaped spectra (with Kelly sideds) for nominal dispersion close
to zero.

Intensity / a.u.

-200 -100 0 100 200
Delay / fs

Figure 38. Intensity autocorrelation of the 10 MHz oscillgtaneasured with a second-order
autocorrelator (Pulse Check 15, APE GmbH). The FWHiMlse duration is 35 fs with a

transform-limit of 25 fs.
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2.4 Long-cavity chirped-pulse oscillators

For more positive dispersion, the spectral shapengbs to flat-top. An intensity
autocorrelation trace is shown in figure 38. Sidags to the main pulse originate
from uncompensated (higher-order) chirp. Despiteirtlenormous cavity length
(120 m and 30 m, respectively), with proper enuinental shielding, both systems
operate for hours without power degradation. Howewéh regard to high-repetition-
rate oscillators operating in the negative dispersegime, both oscillators displayed
increased fluctuations of the chirp of output psilseer time. Small changes of the
nominal value of the intra-cavity dispersion (gath length changes through the intra-
cavity prisms) show a strong effect on the outgpectrum, and therefore the pulse
chirp.

2.4.1 Double-pass post-amplifier

Despite the high pulse energies available from peufpulse oscillators, further
amplification is a worthwhile goal. Here, a simpt®@mpact post-amplifier for pulses
at megahertz repetition rates is presented. ltiesldee gap between laser oscillators
and high-power chirped-pulse amplifier systems jjodva3) both in terms of repetition
rate and pulse energy.

Seed picosecond pulses from a long-cavity oscillate amplified in a Ti:sapphire
crystal in a double-pass geometry (see fig. 39f-akaday isolator together with a
polarizing beam splitter serves as a passive switcBeparate the amplified light
pulses from the incoming seed pulses. In ordee&ah efficient gain in a double-pass
configuration, it is necessary to induce strong ytafon inversion. Very tight
focusing of the pump and seed beams is mandat®myeh as a gain crystal with very
high doping concentration.

The seed pulses from the long-cavity oscillator fm@ised to the Brewster-angled
crystal and retro-reflected and refocused by sphkermirrors. By appropriate
adjustment of the Faraday isolator and half-wawaeplthe returning light is selected
by means of its polarization and coupled out bypblarizing beam splitter.

The amplifier crystal is pumped with up to- 20 W of cw light at a wavelength of
515 nm from a frequency-doubled thin-disk Yb:YAGnmu laser (MonoDisk-515
Gemini, ELS GmbH). Ti:sapphire crystals with verigth doping ofa = 9 cm' are
available [113], however with increased doping @mration, the figure-of-merit
FOM = as15ag00 becomes worse. Ti:sapphire has higher absorpti®isnm than at
532 nm, the wavelength generated by more readaylable Nd:YVQ, pump sources.
The pump laser offers two output beams which aeel i pump the crystal from both
sides. The pump light is focused by lenses to anbsaist diameter of approximately
80 um. With such high pump powers and tight foagsithermal issues such as
thermal lensing and thermally induced distortionghharise in the amplifier crystal.
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Figure 39. Schematics of the cw-pumped double-pass post-fenph, v, d denote horizontal,
vertical and diagonal (45°) polarization. PBS: piaiag beam splitter; FR: Faraday rotator
(EOT Inc.); HWP: half-wave plate; Ti:S: highly-dapeTi:sapphire crystalt=3 mm,

o =7.42 crit at 514 nm (Crystal Systems Inc.) mounted on astagdfinger in a vacuum
housing (Oxford Instruments plc.); L: lens, focahdith 120 mm; M: spherical mirror, ROC = -
150 mm; Pump laser: frequency-doubled thin-diskYWi5 cw laser (MonoDisk-515 Gemini,
ELS GmbH).

Thermal lensing is particularly dangerous, as ises a reduction of the amplified
mode spot size, eventually resulting in optical dge It could in principle be
compensated for, but aberrations and distortionghén wave front are difficult to
correct. In order to avoid the formation of thernteising in the crystal [114], it is
cooled by a liquid nitrogen cryostat to 100 K. Thias the benefit that the thermal
conductivity of the Ti:sapphire crystal increaseaandatically upon decreasing the
temperature [115] and the temperature-dependendéeotefractive indexdf/oT)
decreases upon decreasing the temperature [1lffelrmore, the upper-state lifetime
of the TF" ions increases with decreasing temperature, wisicheneficial for the
efficiency of the gain process.

Previous studies [117] with a similar setup havewshan amplification factor of ~9,
albeit with 10.5 W of pump light at 532 nm and tngstal being at 232 K.

The combination of long-cavity chirped-pulse ostdrs and a cw-pumped amplifier
will enable the generation of microjoule pulsesragahertz repetition rates. Such a
compact light source may find application, e.gthe generation of sub-femtosecond
electron pulses [118] or for coincidence experiragas well as industrial applications,
like machining on sub-micrometer scale and wavesguidting [56, 57, 119].
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2.5 Conclusions

Recent progress, in particular in chirped mirrogige and manufacturing, has resulted
in the generation of ultra-broadband spectra dyetbm Kerr-lens mode-locked
oscillators. As a consequence, CE phase stabdizatiethods emerged that do not
require spectral broadening by a microstructurerfihis has many benefits, amongst
them are less cumbersome handling (no couplingartiny fiber core), smaller phase
noise due to reduced amplitude to phase couplimgj,naost importantly the fact that
phase detection is possible directly in the beaad der experiments. In this chapter
CE phase stabilization by means of difference feegy generation in a single
nonlinear crystal was presented. The monolithiasehat essentially avoids the
alignment-sensitive interferometer allows for CEagh stabilization with very small
phase jitter. Indeed, a thorough characterizatiothe CE phase noise in an out-of-
loop measurement revealed an order of magnitudeowement over previously
achieved results.

Further improvements to this offset frequency s$itediion technique could originate
from broader spectra from the oscillator with mprever in the spectral wings, one
octave apart. This would result in improved nordinmteraction, a stronger beat note
and hence better phase stability. Further improvesnef the spectral bandwidth of
Ti:sapphire oscillators might come from more prediharacterization techniques for
the dispersion of chirped mirrors [75, 76] or theewf specially designed output
couplers. Also in the time domain, better disperstompensation and in particular
smaller GDD oscillations would result in less energ the pulse pedestal and in
smaller satellite pulses.

Additionally, the use of waveguides written intethonlinear crystal could improve
the phase-matching, as well as the spatial modigedieam.

The concept of generation of SPM and DFG light, #uedr subsequent interference, in
a single nonlinear crystal is very flexible. Thitscan be applied to laser systems in
other wavelength regions simply by changing théngoberiod of the crystal. This was
demonstrated recently with an erbium-doped fibsed&35].

The development of long-cavity chirped-pulse oatilts has at its focus the increase
of the pulse energy while maintaining a repetitiate in the megahertz range. This is
achieved by reducing the repetition rate by cawitensions and the temporal
stretching of the pulses. As the pulse energy énpibsitive dispersion regime appears
to be limited ultimately only by the available pumpwer, breaking the microjoule
frontier in the near future seems possible. Esfigcia combination with a cw-
pumped post-amplifier, a compact system will beilalsée that produces pulses with
several microjoules energy at a repetition rate awatilable from common amplifier
systems. Tight focusing of these pulses down tpad size of a few micrometers can
produce intensities of more than'i@vicn? [112]. This is sufficient for nonlinear
conversion to the XUV region, resulting in a compacherent XUV source at
megahertz repetition rates.
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Chapter 3

Few-cycle chirped-pulse amplifier systems

Studying strong-field phenomena requires ultrashort pulses with per-poksgy
typically on the order of hundreds of microjoules. One of the most yidetlied and
exploited strong-field mechanisms is the generation of extremevialet (XUV),
respectively soft X-ray light using high-order harmonic generationredjuires
intensities of more than 8™ W/cnt and is of highly nonlinear nature.

Presently, laser oscillators can produce these intensities dréy wghtly focused
down to a 1 prspot [110,112]. As the average power is not sufficient for producing a
useful flux from the frequency conversion, master oscillator — pomplifeer systems

are employed. For applications in the Ti:sapphire wavelength rangelyntaio
options are available: amplification in a parametric processroplification by
stimulated emission. Both methods are confronted with the problem oigcafih the
high peak intensities inside the amplifier crystal or nonlinear gsiore crystal and
the accompanying detrimental nonlinearities and damage potential.

This issue is resolved by temporal stretching the pulse béferamplification stage
and subsequent re-compression of the amplified pulse (fig. 40). Inatte af
parametric amplification, this scheme has usually been tewp#dal parametric
chirped pulse amplificatiofOPCPA) and was demonstrated for the first time in 1992
[120]. It offers a high single-pass gain of 2b¥er a large bandwidth of a few hundred
nanometers. However, effective re-compression of the pulsesssuanwith the pulse
duration being limited to around 10fs [121]. Here, amplification by population
inversion and stimulated emission in a Ti:sapphire crystal teanfocal point. This
chirped-pulse amplificatioCPA) scheme was demonstrated for the first time in 1985
[122] and has found wide-spread usage from table-top systems to datgeaser
units generating pulse energies of tens of joules. Due to the reldbvwekingle-pass
gain factor of 3 to 5, several passes through the amplifying crystal are necessary.

All high-field phenomena that are driven by few-cycle pulses, e.g. highdma
generation [11], the production of attosecond pulses [15] and above-threshold
ionization [123], exhibit a CE phase-dependent behavior. This is due tioréséold-
dependence of these processes and the fact that for ultrashort, plésesxact
positions and amplitudes of the electric-field extrema bec®nsitively dependent on

the CE phase. Random shot-to-shot shifts of the CE phase preveaptbducible
steering of these processes with laser light. For instance, chahgi@E phase of a

5fs laser pulse from O ta/2 will change the pulse peak intensity by ~7%. The
investigation of these processes demands ultrashort amplified mutkesontrolled
waveform of the electric field.
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Figure 40. Principle of power amplification with prior temm@drstretching and subsequent
compression of the pulses.

In this chapter, a CE phase-stabilized chirped-pulse amplifig¢ersyss presented
(chapt. 3.1) that makes use of the monolithic offset frequency stdioifizmethod
described in chapter 2.3. The origins of CE phase noise of the iachgliilses are
described in chapter 3.1.1.

3.1 CE phase-stabilized chirped-pulse amplifier system

Generally, a chirped-pulse amplifier system consists of a sedthtos, a stretcher,
the amplifying stage and a pulse compressor [124, 125]. Due to theadailstues,
the onset of nonlinearities and the limited availability of adequate fieipetition rate
pump sources for the amplifier crystal, the pulse repetititmhas to be reduced to a
few kilohertz. This is achieved with a pulse picker in the #maplstage. In order to
generate pulses in the sub-10 fs regime, spectral broadening by nonlifphiase
modulation and subsequent compression are used behind the amplifier.

A real-world sketch of such a CPA system is shown in figure 4ladlitrt nanojoule
pulses with a repetition rate of 78 MHz from a laser osoilléds described in chapter
2.1) are temporally stretched in a block of SF57 glass. The madesparsion of the
glass block and the Faraday isolator is sufficient to stréelptilses to a duration of
~20 ps. Two pairs of chirped mirrors with specially designed third-addgrersion
pre-compensate for the material dispersion of the amplifier cangpressor stage.
Taking into account the large bandwidth of the seed spectrum (se® fand the
limited gain bandwidth of the Ti:sapphire amplifier (725 — 900 nm FWHab)y
approximately 0.5 nJ of pulse energy is available for seeding.
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Figure 41. Schematics of the chirped-pulse amplifier (FemtegroCompact Pro CE-Phase
HP/HR, Femtolasers GmbH). SF57: Brewster-angledsgtdock made from SF57, thickness
5cm; Fl: Faraday isolator (EOT Inc.); TOD: chirpedrrors with controlled third-order
dispersion, 64 reflections; oscillator pump lasexquency-doubled Nd:YV@Qlaser (Verdi V6,
Coherent Inc.); AOM: acousto-optic modulator (AOM54 IntraAction Corp.); amplifier
pump laser: diode-pumped Q-switched frequency-aauiNd:YLF laser (DM 30, Photonics
Industries Inc.); PC: Pockels cell (LaserMetricg&0FastPulse Inc.); P: Berek polarizer; PD:
photodiode; slow loop, fast loop: components forgPEse-stabilization (see next chapter).

After temporal shaping, the pulse train is injected into a ifpaks amplifier
arrangement. In a Z-shape configuration, it consists of two curvedrs)itwo retro-
reflectors and a 3.5 mm-long Brewster-cut Ti:sapphire crystaé Righly doped
crystal (absorption length~ 3.5 cm* at 532 nm wavelength) is placed in a vacuum
chamber and cooled by a closed-circuit methanol chiller down to -7@&tm(-
electrically stabilized) to reduce the effect of therneaking. Due to the deposition of
heat in the crystal by the pump beam (via the quantum defect), thermis hotter on
the beam axis and a transverse temperature gradient is forming.cahses a
transverse gradient of the refractive index by the thermo-optical ceetfitvdT.
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Figure 42. Interferometric autocorrelation trace of the aiffigdi pulses after the prism
compressor. The pulse width is 25.4 fs. The transfiimited pulse width as derived by
inverse Fourier transform from the spectrum (inasguming flat phase is 17.9 fs.

In this way, some sort of lens is created, however not of pedfiegte, as the heat and
the thermal conductivity are not evenly distributed. Therefore theakpaam profile
is distorted and the lensing cannot be compensated easily withoaddibptical
elements.

During the first four passes, the pulses pass through a dielectti@yer filter with a
Gaussian absorption profile (minimum transmission 20%) in the lewyth range 760
to 825 nm (FWHM). Thus gain narrowing is partially compensated farasmg the
amplified bandwidth by ~50%. After four passes through the crystal, a gnige is
selected out of the pulse train with a Pockels cell (P@)rapetition rate of 3 kHz. In
this way both the background due to amplified spontaneous emission and the
susceptibility to lasing are suppressed. The Pockels cell is synadddoizhe pump
laser and oscillator via a divider. The selected single pulseiigected and amplified
in another five passes. Before the last pass, the pulse is caupledce again and re-
injected after an increase of the beam waist in the crpstal factor of two. This
allows optimization of the mode overlap of pump and seed beam, tiximimag the
energy extraction in the last pass. In addition, nonlinear effects gathenedium are
reduced, preventing phase distortions and ultimately crystal damagéeniiag the
energy extraction ensures operation of the amplifier close toaiatuiand therefore
makes the output energy less susceptible to fluctuations of pump etdosises.
Here, sufficient gain saturation guarantees a pulse-to-pulse estetgity of better
than 1.5% rms (over 15 hours).

Pumping the amplifier stage in a double-pass configuration with 9ond dr diode-
pumped Q-switched frequency-doubled Nd:YLF laser (DM 30, Photonics Iretustri
Inc.) results in a pulse energy of ~1.1 mJ.
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Figure 43. Hollow fiber-chirped mirror pulse compressor. Wirpaf wedges; PZT-M: beam
stabilizing mirrors, controlled by quadrant photmtks; L: thin focusing lens, AR coated, focal
length 1.5 m; CM: chirped mirrors with GDD of -4§ fper reflection; pellicles: 5 pm
thickness (National Photocolor Corp.); hollow fibaollow fused silica fiber (260 um inner
diameter, 1.2 mm outer diameter, 1 m length, FibehTGmbH) installed in a vacuum tube
filled with 2.8 bar of neon.

The amplified pulses are compressed with a prism compressostoonsif two pairs

of Brewster-angled fused silica prisms separated by 6 m. Afssaga through the
prism compressor, the pulse duration is approximately 25 fs. The autatorrelf the
pulses and the corresponding spectrum are shown in figure 42. The good energy
extraction efficiency in the amplifier and the high throughput of tiepcompressor
(>80%) results in an overall efficiency (from nanosecond pump puistEs
femtosecond amplified pulses) of ~10%. The spatial profile of thplifzed and
compressed pulses is Gaussian and thevd measured to be below 1.5.

The 25 fs, 0.85 mJ pulses from the prism compressor are injetbed hollow-core
fused-silica fiber (1 m length, inner diameter 260 um; FiberTech Griibétl with
noble gas (2.8 bar of neon) for spectral broadening by self-phase modutsen (
fig. 43) [126]. The typical fiber throughput is 45 to 50%. A pair of thin wedgaced

at Brewster angle at the output of the fiber introduces varipbéitive dispersion
allowing precise control of the overall dispersion of the systaessidRal ellipticity of
the polarization on the order of 10% arising from non-uniform streseeowindows

of the tube that houses the fiber has to be eliminated. To this enésaf Sum thick
pellicles is introduced into the beam path at Brewster afigley remove the vertical
component of the polarization by Fresnel reflection while transmitthe horizontal
polarization.

The resulting heavily chirped pulses are compressed by a setrabrdadband
chirped mirrors. The pulses at the output of the hollow fiber-chirped mirror corapress
are characterized with an autocorrelator designed for femtosquaeds and an
optical spectrum analyzer (fig. 44).
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Figure 44. Characterization of the pulses from the hollow rfibkirped mirror compressor.
The dashed line shows the transform-limit autodati@n as derived by inverse Fourier
transform from the spectrum (inset) assuming flaage. Pulse widths are 5.3 fs and 4.4 fs
(FWHM), respectively.

Although for ultrashort pulses with non-Gaussian spectrum an autotiomeleace
can be considered only a good estimate for the pulse duration, a FWHigtiognsf
around 2 cycles indicates a pulse width of approximately 5 fs. Theo$hiife optical
spectrum towards the blue side with regard to the seed oscifzotrum (see fig. 8)
is a consequence of pulse self-steepening.

The overall throughput of the hollow fiber-chirped mirror compressoruisently
~35%, mainly determined by the losses in the hollow fiber causeeftaction at the
inner glass surface. This number could be greatly improved by the ossalfcoated
hollow fibers. These fibers are commonly used as flexible wavegfod€X0, lasers.
However, recently they were also tested for the guiding of near-infrareshalttdaser
pulses. A throughput of 95%, including coupling losses, was reported for a 50 cm
silver-coated hollow fiber with inner diameter of 250 um, compavrigd 80% for an
uncoated fiber under the same conditions. The theoretical value89#&& and
93.15%, respectively. The remaining losses are due to scatteringtHieorailver
surface roughness. Also, spectral broadening with gas-filled metal-coali®a fibérs

was performed: with 250 pJ pulses of 110 fs duration, the broadening wésr simi
(M =53 nm) to the one reached with standard fused silica fibers [127his
configuration, the pulse energy could be increased up to 500 uJ without damaging the
fiber [128]. The reflectivity of the glass surface can be ine@asven further by
coating several/4-layers of a dielectric (polymer, CdS, PbS) on top of therimetal

layer. The thin films are applied with a liquid-phase depositchriique that has been
shown to work even for 250 um bore waveguides [129].
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Figure 45. Schematics of the CE phase-stabilized amplifieusavith the two phase-locking
loops shown. AOM: acousto-optic modulator; ECDCitraxcavity dispersion control by
chirped mirrors; SHG: second harmonic generatioBDCcharge coupled device camera,
integrated in an optical spectrum analyzer; BSnimgditter, 0.7%.

With an Ag/polymer-coated hollow fiber of 700 pm inner diameter, 196 fs puises

transported with energy of 700 pJ [130]. Pulses with a duration of 150 fs ang ehe
more than 1 mJ were transmitted with these fibers without damaging them [131].

First own tests with a silver-coated hollow fiber of inner di@n&50 um (outer
diameter 360 pm) resulted in the destruction of the fiber. Using tivempfused silica
waveguides as substrates for a silver and/or dielectric could imgrevkroughput by
more than 20%.
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Figure 46. Computer drawing of the ultra-broadband oscillatth CE phase stabilization by
DFG (Femtosource Rainbow, Femtolasers GmbH). Tlension of the water-cooling of the
pump laser base plate to the whole oscillator breard! aims at lower intensity and CE phase
noise. The compact footprint, 70 by 32 cm, helpstegrate the CE phase-stabilized oscillator
in the standard amplifier housing.

The preceding description related merely to a standard chirpesl-gouiglifier system.
In the following, CE phase-stabilization of this system is tlseds It requires more
effort than merely stabilizing the offset frequency of the seedlaiscias described in
chapter 2, as the phase characteristics of the seed pulse aecesdarily preserved
during the amplification process. Figure 45 shows an overview of the C&e-pha
stabilized amplifier.

An ultra-broadband oscillator, including the offset frequency stabdizawith a
monolithic crystal (cf. chapt. 2.3), is integrated in the amplifier system deschbed a
(see fig. 46). The stabilization method using difference frequency gemeiatia
monolithic crystal commends itself as the full oscillator output gromeglecting
refraction losses from the crystal) is available for seediagno beam-splitting for the
CE phase-stabilization unit is required. In contrast to miarotire fibers, the
dispersion introduced by the nonlinear PPLN crystal can be compefigatinserting
the PPLN into the beam path between seed oscillator andhstretoes not change
(after re-alignment) the characteristics of the pulses #fte prism compressor (see
fig. 42) or after the fiber compressor (see fig. 44). The collinetupsand a
temperature-stabilized base plate help reducing intensity and phesgations from
the oscillator.
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3. Few-cycle chirped-pulse amplifier systems

As the pulses from the seed oscillator are reduced in liepetitte by the pulse picker
(Pockels cell) in the amplifier, only everyth seed pulse has to have the same CE
phase. This simplifies the efforts necessary to produce wavefntnolled amplified
pulses. Rewriting equation 7 as

Ag = o iceo Eq. 17

rep

it becomes clear that the CE phase shiftonly depends on the ratio Rfzo andfiep.
Therefore, stabilizindceo to a value equal to a fraction of the repetition frequdngy
(fceo = frep/n) Will cancel out noise ofiep and result in a pulse train in which everth
pulse carries the same CE phase. If evetly pulse is selected by the pulse picker, a
train of pulses with identical electric field waveform i®gwced. In the given system,
frep= 78 MHz and the pulses are picked with a rate of 3 kHz, which means tha
n = 26000. In practice, the beating signal of the oscillator phase zasibiti is locked

to frep, electronically divided by 4 (cf. fig. 45). This ensures that every 26000-te puls
has identical CE phase.

During amplification and compression, additional phase noise is addbeé foulse
train. The origins of these fluctuations are explained in detailemext chapter. Yet,
this additional CE phase fluctuation occurs on a slow timescaleyn.éhe order of
tens of milliseconds and can be compensated.

Detection and correction of the additional slow CE phase nomehisved by means
of a secondary phase-locking loop (see fig. 47), basédmf@f spectral interferometry
[14]. Due to the lower repetition rate compared with the osailldbe CE phase is
sampled less frequently and information on the phase excursions is scarce.

Lo e Ve B/ ey o = R T
HWP VND L Sapphire M BBO IF PBS
filter plate

Figure 47. Setup of the secondary CE phase detection akepribm compressor. HWP: half-
wave plate; VND filter: variable neutral densitytestuator; L: lens, focal length 75 mm,
broadband-AR coated; BB(@-Barium borate frequency-doubling crystal (1 mmckhiess,
type | phase-matched, broadband-AR coated, EKSPIcA;ISapphire plate, 2 mm thickness,
c-cut (Korth Kristalle GmbH); fM: focusing mirror, C = -50 mm; IF: interference bandpass
(325 — 640 nm FWHM) filter (FGB37, Thorlabs IndPBS: polarizing beam splitter (GL5-A,
Thorlabs Inc.); OSA: optical spectrum analyzer (820cean Optics Inc.).
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Figure 48. (a) f-to-2f interference spectrographs recorded from the skggrinterferometer,
when oscillator phase-locked (solid black line) &red running (dashed red line). Integration
time 20 ms(b) Phase deviations as derived from the-2f interference pattern by the Fourier
transform algorithm. The secondary feedback loop puat in operation d@t= 0. The red line
shows an average over 7 ms of the data. Root ntparesjitter of the locked (unlocked) part
of the trace is 149 mrad (678 mrad), in 0.24 mH5-Hz bandwidth.

Therefore, in contrast to the narrowband detection principle employtbé bscillator,
a broadband version of the self-referencing scheme has to be usé@ @hetr hand,
the high pulse energy simplifies the generation of an octave spanniofyuspe
essential for thd-to-2f self-referencing technique. For this purpose a small fraction
(<1% of average power) of the beam is split off from the main beféen the prism
compressor (see fig. 41) for a secondary interferometric CE plesetion. In the
interferometer, an octave-spanning spectrum is generated in a saplat@. This
continuum is then focused into a frequency-doubling crystal (BBO) andetbteth
a spectrometer. Appropriate spatial, spectral, and polarizati@ning yields an
interference pattern in the region of spectral overlap betweenhtre wavelength
wing of the fundamental spectrum and the second harmonic signal ret80 nm
according to

(@) = Ly (@) + 1 g (@) + 2y 1y ()] 5 (@) COSQT, + @ + @) Eg. 18

where lwi(w) and Isi(w) are the white-light and second harmonic spectrum,
respectivelyzo the time delay between the two componepthe CE phase angh an
unknown phase shift due to dispersion in the frequency-doubling crystal.

As expected, the averaged spectrum shows a fringe pattern with &ilitityiwhen

the seed oscillator is phase-locked (fig. 48a). Both timing jitteequency
independent), as well as phase fluctuations (frequency dependeritjebftinges. The
slow phase drifts are extracted from the averaged spectrographBniearaFourier-
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3. Few-cycle chirped-pulse amplifier systems

transform spectral interferometry algorithm [132]. This procedoresists of Fourier
transforming into the time domain, applying a bandpass filter arbangland another
Fourier transformation back to the frequency domain. To correctdsetslow phase
fluctuations, negative feedback by means of a voltage proportional tphtee
deviation is given to the locking electronics of the seed oscillat® fig. 45). Due to
the good passive phase stability, the necessary feedback correatie@msadirand the
system stays phase-locked for hours. Figure 48b shows typical phasdodsviat
recorded over 67 minutes in the described manner with both feedback itoops
operation. The resulting rms jitter is 149 mrad or 60 as in 0.24 mHz Hz 15
bandwidth. However, care must be taken, as this does not represemeai
fluctuations of the CE phase, as it is recorded within the lockwog I(in-loop
measurement). As such, it only shows the effectiveness of thidizsttzon circuitry
(cf. chapt. 2.3.4). The upper limit of the CE phase drift at the outptitecdmplifier
system could be obtained with an additional, out-of-loop interferometer.

3.1.1 Origins of CE phase noise of amplified pulses

Fluctuations of the CE phase of amplified ultrashort pulses cgmateé from many
sources in the complex amplifier system.

Basically, all of the components of the amplifier system congilbotthe CE phase
noise of the output pulses. In the following, the building blocks and thesie Isources
will be treated one after the other.

Firstly, phase noise from the seed oscillator is transferredthjirto the output. Noise
components above the picking frequency of 3 kHz are written onto the pickes pul
sequence and can therefore not be neglected. The picking of R#ergulse in the
amplifier stage can be understood as a sampling of the seed os€laphase and is
therefore subject to what is callaliasing in signal processing [4]. Due to the periodic
nature of the pulse train, the CE phase error ohitlfeseed pulse can be written as a
Fourier series. It can be represented by the two-gidecer spectral densit{PSD,
also see fig. 35),

v T

Eq. 19
N q

|2

2

where T, is the temporal spacing between pulsisthe total number of pulses
considered andl, the Fourier component corresponding to frequengy2rk/NT,.

The highest frequency appearing is half the repetition frequency ofatleoseillator,

which is theNyquist frequencynyg = 2tN/2NT, = wrey/2. The integral of the PSD is

the rms noise value in a certain bandwidth. In an analogous manner, the CE phase error
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of the m-th picked pulse (corresponding to tRen-th seed pulse) can be expressed in
terms of the Fourier components of the original pulse train. Congpdhe two
expressions, re-numbering indices and averaging yields the PSD pickeel pulse

train
)= o] )i

whereM is the total number of picked pulsés= P-M.

The highest frequency component that appears is ZiN2NT, = wrp/2P, Which is

the Nyquist frequency of the picked pulse trainwidwer, the PSD in equation 20 still
contains contributions of all higher frequenciestlad spectrum of the original pulse
train aliased to frequencies belawy/2P. Aliasing always happens if a function that is
sampled at discrete times contains Fourier comgsnaigher than the Nyquist
frequency determined by the sampling rate.

The major point to note is that the phase noise BfSbe original pulse train is moved
block-wise into the Nyquist range of the pickedwsatce and stacks up there as shown
in figure 49.

2> — |.3_1<SjwM+|>, Eq 20

P-1
Z‘//jM +
i=0

PSD

M 2M 3M ... PM |
=N

Figure 49. Different portions of the original PSD are aliasetb the PSD of the picked pulse
train and add there incoherently. Indevorresponds to the frequencies as given in thehgrap

The integral of the PSD yields the mean squareevafuithe phase error of the picked
pulse train

(03)= 505 (s7) = 525 (50) = ws). o 21
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where Aw = 27/NT; is the frequency resolution. Thus, the rms valtiehe picked
sequence fluctuations is the same as the rms wadhltiee original pulse train up to the
full bandwidth ofwey/2.

As an aside, this analysis is also applicable nalar problems such as pump pulse
synchronization in non-collinear optical parametrbirped-pulse amplification
systems [121, 133].

To demonstrate the above experimentally, the PSICBfphase fluctuations was
measured directly with the setup described in @apt3.3 and shown in figures 30
and 32. It consisted of two independent CE phasecttes based on monolithic PPLN
crystals. The first (in-loop) was used to lock tbfset frequency to a 10 MHz
reference signal derived from a low-noise quartiliasor (OCX0O8607, Oscilloquartz
SA). With the second CE phase detector (out-ofJomp measured the CE phase
fluctuations®,, when locked. For this purpose we employed a 10Q Migital sampler
that was synchronized to a subharmonic at 5 kHh@fl0 MHz reference. In this way
only pulses with the same average CE phase wekegpisampled). The bandwidth of
the sampler was adjusted to be identical with tiiguist frequencyorey/2 so that there
was always exactly one pulse from the laser predarihg each gate time of the
sampler. For this reason it was not necessaratulige the repetition rate of the laser.
At the same time this ensured that the full bantwad CE phase noise was present in
the data.

PSD / rad’/Hz

1 10 107 10
Fourier frequency / Hz
Figure 50. Two-sided PSD of phase fluctuation determined gidime sampler at 5 kHz
sampling frequency and 35 MHz bandwidth (black)lingsing equation 20 and the full phase

noise PSD (red line), and full PSD neglecting alinponents higher than 2.5 kHz (dotted blue
line).
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Since the CE phase detector delivers the sineeo€h phase (up to an unknown phase
offset) it can be adjusted to be maximally sensitty phase variations and minimally
sensitive to amplitude variations by choosing aprapriate reference phase in the
phase-locked loop. The amplitude of the unlockeat segnal provides the voltage to
phase conversion factor.

From the data obtained in this way, the left-haide ®f equation 20 was calculated.
We measured the full PSD of the beat signal insdmae way as described in chapter
2.3.3 and calculated the right-hand side of eqoni

A comparison between these two data sets (figsb@ws very good agreement in
both magnitude and structure. The small discrepamdize range from 0.5 to 20 Hz
can be explained by different environmental coodsi (air currents, etc.) that changed
the quality of the lock during recording of varicdeta sets. For reference, also the full
PSD without taking aliasing into account is plotted

From the above, it follows that it is necessargharacterize the phase noise properties
of a femtosecond oscillator up to the full bandWwidt w2 to be able to derive the
potential CE phase stability of a low repetitioteramplification system seeded by
this oscillator. The high-frequency components @ayimportant role as indicated in
chapter 2.3.3 and ref. [98].

Comparing the measured phase noise from the dscif@9 mrad; see chapt. 2.3.4)
with the out-of-loop phase noise measurement dfier amplifier (678 mrad; see
fig. 48Db), it can be inferred from the above the amplifier and compressor stage add
around 578 mrad of phase noise (assuming equal r@nufunoise added by the
detection systems).

Also the amplifier and compressor stages are daritrig to CE phase fluctuations. In
the amplifier stage, pump energy fluctuations dbote by means of intensity-
dependent nonlinear phase effects [134]. Thesebeaminimized by keeping the
B-integral

B(t) =2/1—”n2j| (t,2)dz, Eq. 22

i.e. the accumulated nonlinear phase, or SPM irathglifier low (hereB ~1.1). Here
N, is the nonlinear index of refraction ah@lz) the light intensity at coordinateand
instancet. Further, the choice of pump laser plays a roleshfEmp-pumped sources
were found to introduce less than 0.1 rad rms of pleass [134]. However, the
amplitude noise of diode-pumped pump lasers is bytarfaf 2 to 3 better (<1% rms),
therefore this contribution is negligible.

Furthermore, given the total propagation lengthmafre than 20 m, beam pointing
instabilities in the amplifier and prism compressor léadsignificant path length
fluctuations when the pulses propagate through dpéilsanents (e.g. prisms) with
angular dispersion. Already a tiny change in propagalength within dispersive
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3. Few-cycle chirped-pulse amplifier systems

materials translates into considerable CE phase @tehange of optical beam path in
fused silica f ~ 1.45) of ~53 um wraps the CE phase hy22]. The beam pointing
instabilities in the double-pass prism compressor are a&stthat 0.25 prad. With the
ray-tracing algorithm developed in [98], this resuitsa change of the CE phase of
~0.2 rad. Ensuring mechanical stability and propevirenmental shielding are
possible remedies to this issue.

Finally, the hollow fiber-chirped mirror compressoight contribute phase noise.
Previous experiments [11, 135] showed that the addiki€E phase jitter introduced
by the hollow-core waveguide is less than 50 mrad omisig to the small intensity
fluctuations of the amplified pulses (<1% rms puls@utse). The added phase noise
stems from non-uniformity of the gas pressure and faiwins of the spatial mode of
the beam inside the hollow-core fiber. As a conseqiemonitoring the CE phase at
the output of the amplifier gives a true indicatiohthe CE phase of the pulses
eventually used for experiments.

3.2 Conclusions

The generation of amplified few-cycle laser pulseshwebntrolled electric field
waveform in 2003 [11] has been an amazing feat, agehed the door for a series of
astonishing experiments in the field of time-resohsgctroscopy and metrology
[5, 6, 136]. In order to reach CE phase-stabilitytref output pulses, every building
block in the amplifier system and its phase noise dmiton has to be carefully
controlled. The CE phase-stabilization by a monaitPPLN crystal is highly suitable
for the seed oscillator as it is a compact scheme ¢lgaires no beam-splitting. Due to
the absence of microstructure fibers, the handlingsis cumbersome and lower phase
noise can be achieved. Starting off with few-cycldsps phase-stabilized to within
less than 100 as, a secondary broadband phase desemtoessary to compensate for
the slow phase drifts introduced by the amplifier @andm compressor. The hollow
fiber used for subsequent spectral broadening addsphase noise. In a further step,
this phase noise can be detected by CE phase-depemudimtear processes. For
instance, the spatial distribution of electrons geedray above-threshold ionization is
depending on the CE phase as discussed in chapten&.8aa be exploited in a
compact device to give feedback to the phase-loaki@ctronics [23].
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Chapter 4

Femtosecond enhancement cavities

Increasing the pulse energy of few-cycle pulses without compromtisengepetition
rate has long been a major challenge. First and foremost, &iogpette higher than
~1 MHz is mandatory for high-resolution spectroscopy, as discussedptechaYet
standard chirped pulse amplifiers as presented in chapter 3 teduepetition rate to

a few kilohertz. The most notable advance in the direction ofificagibn at the full
repetition rate, the recent development of chirped-pulse oecdlas limited by
detrimental nonlinearities and ultimately by the availabilitpdéquate pump sources.
The same applies to post-amplification with a continuous wave pumpgpesgcir
chapt 2.4).

An alternative way to boost the pulse energy and average output pdiveruse of a
resonant cavity. The concept of power enhancement in a cavity iknves#a in the
area of cw lasers. For increasing the efficiency of nonlinearversion, the
corresponding medium is placed in a resonator arrangement. Ifetdwance
conditions are met and the light interferes constructively, comversificiencies
approaching unity can be reached [137]. Not only does the higher power of the
circulating light drive the nonlinear medium more strongly, resylin higher single-
pass efficiency, but also light that is not converted in a singlerpasans stored in
the resonator and can contribute in later passes.

For a mode-locked laser source, this scheme can be applied aanddilas been
employed to enhance frequency conversion (second or third harmonic gendrgation)
nonlinear crystals in a variety of systems: 100 fs pulses fronfar<erite laser [138],
1.5 ps pulses from a Ti:sapphire laser [139], picosecond pulses from asdy§¢140],

83 fs pulses from a Ti:sapphire laser [141], and 33 ps pulses frothYa/Q, laser
[142]. Recently, the step has been made to the intra-cavity frequenegrsion by
high-harmonic generation with 48 fs pulses [37] and 20fs pulses [7] from a
Ti:sapphire laser (see chapt. 5.2.2 for details). However inase af pulsed operation
the issue becomes much more complex, as not only one mode has webesomant

in the cavity as in the cw case, but a comb of frequencies, aslgiveq. 6. This raises
the requirements for the cavity, as resonance is achieved orthe ifollowing
conditions are me{l) the envelope of the stored pulse does not change its shape in a
roundtrip in the cavity(2) the roundtrip time in the cavity equals the repetition period
of the seeding laser, arf@) the waveform of the electric field underneath the pulse
envelope of the seeding and circulating pulses stays in phase. mwaifas, (1)
requires that the net dispersion inside the cavity is zerbislg fulfilled, (2) and(3)
require that the repetition rate and the offset frequency afahigy match those of the
seeding laser.
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4. Femtosecond enhancement cavities

Figure 51. Sketch of an optical resonator. The coefficiantdenote the mirror reflectivities,
the input coupler (M1) transmission akg., E.., andE.q the electric fields of the incident,
circulating and reflected waves, respectively.

In the following chapter, the design and setup of an enhancementtoesgmerating
at 10 MHz repetition rate is described (chapt. 4.1 and 4.2). The atitg-cionlinear
frequency conversion by high-harmonic generation is presented with arssystem
operating at 100 MHz (chapt. 5.2.2).

4.1 Passive optical resonators for femtosecond pulses

Supporting the large bandwidth of femtosecond pulses in an optical resanédor i
more complicated, theoretically as well as experimentally, tien case of cw
radiation. However, several properties of enhancement resonatotsectransferred
from this simpler case (as in e.g. ref. [101]). Hence, considesinthé moment only
monochromatic waves of frequeney and neglecting the transverse spatial mode
distribution, the electric field of the beam seeding a resonator can be wsitten a

Ee()=5(Ex & + 00, Eq. 23

where Ej¢ is the field amplitude. Similarly, the electrielid circulating inside the
resonatorE.(t), taken at the position right after one round-tupd the field that is
reflectedEq(t) from the input coupler Mtan be described (see fig. 51). In general,
all field amplitudes are vectors, however withreehirly polarized beam scalars can be
used. The circulating field results from the supsifion of the incident fieldEi(t)
transmitted through the input coupler M1 and tle¢dfithat was already present in the
resonator one round-trip before. Therefore thedstestate of the field inside the
resonator at position M1 is given by

Ecirc = t.l.(a)) Enc + G(a)) Ecirc ) Eq 24
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4.1 Passive optical resonators for femtosecond pulses

with ti(w) being the input coupler transmission, &) the net round-trip gain of the
system. Assuming a medium with a refractive index of one insideetg@nator it is
given by

G(w) =explwl /o), w)r w)exdig @), Eq. 25

with r() €7 = ry(w) ra(w) ra(w) ryam(e) the product of complex mirror reflectivities
(except for the input coupler reflectivity(w)) and diffraction lossesgi(w), L the
optical path length of the resonator, ap(@) all additional phase shifts during one
round-trip. The circulating field is solved as

Ecirc = (1_ G(C‘)))_1 t1(w) Enc Eq 26

and the power enhancement, i.e. the power of thmulaiing field related to the
incident power is given by (using egs. 25 and 26)

P(CL)) = |Ecirc| - |t1(w)| Eq 27

" 1)) 7, ) ©) cos{ch ‘e @))

Assuming constant, rq, t1, ande expression 27 is maximized far= n2tc/L —g¢cIL.
The spacing between the resonances is cabedspectral rangand given by

Weeg=2mc/ L. Eqg. 28

The width (FWHM) of these resonances is (feirr < 1)

_1-rr

A =— 1
a)FWHM 77_\/'.17

This width relaxes the requirement of constancyrfas, t;, andg to slowly varying,
as constancy is only necessary on the scafevoflThefinesseof a cavity is defined as
F= C()FsdAa).

On resonance, the enhancement factor is

Wesr = Wed F . Eq. 29

P= |t1|2

]

Eqg. 30
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4. Femtosecond enhancement cavities

neglecting losses in the input couplef € 1 —t;?).
For Tmax:= I = 1 —r?, the so-calledmpedance-matched couplinthe enhancement
factor is maximized and becomes

1_ 2
I:)max = rz 2
@-r7)

=1/T, = Fim. Eq. 31

Therefore, choosing an input coupler with transiisslmax Optimizes the power
enhancement in the cavity.

The enhancement factor as a function of the freqguenthe driving field is shown in
figure 52.
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Enhancement
2
Phase shift / rad

5
Frequency detuning / MHz

Figure 52. Enhancement factor (black solid) and phase shiifte( dashed) with regard to the
incident laser field as a function of laser frequenThe parameters used are as follows: The
cavity length is 30 m, corresponding to a free spécange of 2:10 MHz. Effective mirror
reflectivity is r* = 95%, thus impedance-matching requires an inpupler transmission of
Tmax= 5%. The resulting power enhancement on-resonamgx = 20 and the finesde= 61.

So far only a monochromatic wave was considerecg Situation becomes more
complex when the broadband output of a femtosetaset is to be made resonant in
the cavity. Here, the comb-like structure of theatpum (see chapt. 2.3.1) from a
mode-locked laser helps: if each comb line is gedgilocated at a resonance, it will
be enhanced just like the harmonic wave treatethén preceding paragraph and
therefore the entire spectrum gets enhanced. Theugask is to line up the comb
modes of the seeding laser with the resonancedreges of the cavity. The former are
given by the indexing equatiot, = Nwrept wceo, With wrep and wceo being the
repetition and offset (angular) frequencies of tlaser, respectively. The latter
originate from the resonance condition of equa#idn
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4.1 Passive optical resonators for femtosecotgkpu

-2 _cg(e)

Eq. 32
n L L q

Despite their similarity, the ‘offset frequencg'g(c,)/ L is still depending om. In

order to transform the above relation into a freapyecomb relation with a regular
mode spacingy(w) has to conform (in the spectral region of intBres

P(W) = ~Preo + T W. Eq. 33
With this ansatz, equation 32 becomes

_ N2+ @ieq

Y + Eqg. 34
L/C_I_Z_r naj CJCEO q 3

n rep

with the effective repetition ratew),, =2/7/(L/c+7") and the effective offset
frequencyw.c, = @co/(L/Cc+1') of the resonator.
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Figure 53. Schematics of the frequency comb of the seedisgrlgbottom) and cavity

resonances (top). The evolution of the phase delag+¢(w) as a function of wavelength is
not linear in the presence of dispersion in theitgatoptical elements, air, etc.). As a
consequence, the resonances are not equidistambagyThis brings about that only the comb
modes that overlap are enhanced (in the middlehef figure) and the overall power
enhancement is decreased.
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4. Femtosecond enhancement cavities

From this it becomes apparent thratis the additional round-trip delay amf}., the
round-trip carrier-envelope phase shift (see cHaptl) of the resonator.

In reality, the phase contributierfw) will differ from the linear ansatz in equation,33
due to the dispersion introduced by the opticamelets and the air in the resonator.
Figure 53 shows the effect of dispersion on the-uip of the laser comb with the
resonances.

The alignment of the comb modes of laser and reeoiachieved by making),,
coincide withwrep and al., coincide withwcego or vice versa. This is merely a
re-phrasing of the aforementioned requireme2sa(d @). However, satisfying these
criteria for enhancement only makes sense if requent () is fulfilled, the constancy
of the pulse envelope during one cavity round-irg,the absence of dispersion.

4.1.1 Dispersion control

Optical elements inside the cavity such as mirrarseven air will have a non-
vanishing dispersion. Here, only the second-ordspeisionD is considered and
higher-order terms neglected.

Dispersion increases the chirp of the pulses amslttieir width according to [143]

1, =21+ D?/1} Eq. 35

with 7, the undistorted and, the distorted pulse duration. As a consequenee, th
overlap of the circulating pulse with the incideotse is worsened in the time domain.
Regarded in the frequency domain, dispersion redube enhancement factor
essentially by the decrease of the spectral powtreaspectrum edges. This causes a
deterioration of the spectral overlap between pufsem the resonator and the seed
laser proportional to (ks'D?)™ [144]. The power enhancement of the incident comb
modes is reduced to half the maximum at

Aw,. =2mIDF Eqg. 36

where D is the dispersion of second order (GDD) [145]. sTimplies that the
maximum bandwidth (FWHM) from the seeding laset ttan be enhanced i2@inc.
For a cavity of 30 m round-trip length, the GDD aif alone (notwithstanding other
optical elements) amounts @ = ~435 f§ at 800 nm wavelength. With a finesse of
F = 100mr, this results in a bandwidth oA@;,. = 13.5 THz or ~5 nm. This ‘acceptance
bandwidth’ becomes smaller with increasing disjmersi
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4.1 Passive optical resonators for femtosecotgkpu
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Figure 54. (a) Group delay dispersion of the high-reflecting cavitirrors. Black line shows
data measured with the cavity-based technique arfgihcidence 3.5°; averaged over 7 nm),
blue dashed line shows calculated data as prowgigtie manufacturer (Layertec GmbH). In
the spectral region of interest (740 — 825 nm)@mD varies between 6 and -Z.f&) Mirror
reflectance. Black line shows data measured wipextrophotometer (Lambda 900, Perkin-
Elmer Inc.). Blue dashed line shows calculated datprovided by the manufacturer (ATFilms
Inc.). The transmission is specified at 5 ppm mgpectral region of interest.

Thus, a net dispersion of the cavity as close tm zs possible in the spectral
bandwidth of the seeding laser is desirable forimarm power enhancement. For the
enhancement cavities presented here, two measurésspersion control were taken.
Firstly, the cavity was set up in vacuum to prevélrg dispersive influence of air.
Secondly, care was taken to select mirrors witkraall dispersion as possible while
having extremely low loss at the same time. In ptddind the mirrors with the best
dispersion characteristics, surface quality and atpmthreshold, three batches were
coated at different companies, respectively in-bolsgure 54 shows the dispersion
and reflectance properties of some of the mirranpleyed. For the targeted intra-
cavity nonlinear frequency conversion (as descriimedhapt. 5.2.2), a thin sapphire
plate has to be inserted at Brewster angle inéBemnator. This introduces additional
positive dispersion, which has to be compensatetbfgether with the remaining GDD
of the high reflecting mirrors. Therefore one ckudpmirror (see chapt. 2.2) with
carefully designed negative dispersion is adddatiéaavity. Due to the absence of air,
only one chirped mirror is sufficient. This has tidvantage that for the other mirrors
the design is more flexible and can be optimized Hgh reflectivity. The target
dispersion curve for the design is simply the negatum of the GDD contributions of
the other optical elements. The GDD propertiesappbire can be calculated with the
Sellmeier equation using the coefficients found,. & [146]. However, the actual
guantity of interest is the uncompensated effeatbeend-trip phase(w) (as shown in
fig. 53) which has to be sufficiently close to igpée multiples of 2, scaled by the
finesse
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4. Femtosecond enhancement cavities

Yw)-n2r<mlF. Eq. 37

The round-trip phase is generally connected toed8pn by the coefficients of its
Taylor expansion

W@, =9(@) +9/(@) (@ @) + ¢ (@) (@=w) +0(@-w)° [
: Eq. 38

W+ (@) + 0 (@0 0

whereyo = y(wg) is a global phase shift, the phase delays= dw/dw(wo) the group
delay andy, = D = dPy/dw*(wo) the group delay dispersion.

Figure 55 shows the target design curve, uncompeshgaoup delay and phase of a
set of mirrors, including the sapphire plate.

Precise characterization of the dispersion andectthce properties of dielectric
mirrors is a tedious task when approaching a trassam of 5 ppm or GDD
fluctuations below 5 fs Recent new developments have increased the agcswahat
measurements at these levels have become possible.

Measuring reflectances so close to unity is impmesdirectly. Therefore, usually
cavity ring-down spectroscopy is employed for fispose [147, 148]. The ring-down
time of a cavity basically is the decay rate of fieéd inside, i.e. the photon lifetime,
when the driving light is switched off abruptly. Kag a switch that is fast enough is
challenging, therefore the cavity is swept acrosssanance and from the circulating
power, the resonator decay constant can be detedmMeasuring the cavity losses
with and without the optical element under scrutiity losses can be inferred (if they
are sufficiently large compared to the other cauibgses). Alternatively, if the
elements that make up the resonator are of intettestring-down time yields the
overall losses of the cavity.

Precise GDD measurements have also benefited fierd@velopment of high-finesse
cavities. The general idea is to detect the Moatigpn between the equidistant laser
frequency comb and the cavity resonances whenirghithe overall position of the
comb by means of the offset frequenieyo [75, 76]. From the difference in the
recorded spectra, the dispersion contribution oditamhally introduced optical
elements can be calculated. This method can readc@uracy of 2 fsin a resolution
bandwidth of 0.6 nm [75].

With these recently developed characterizationriegles dramatic improvements to
the dielectric mirror design and manufacturing barexpected, as the effect of design
modifications can be examined with high precision.
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Figure 55. Compensation of the cavity dispersion by a chirpddor. (a) shows the net
theoretical GDD of the cavity to be compensateddldashed line, averaged over 7 nm). This
includes eight high-reflectors, an input couplerthwD.25% nominal transmission (both
Layertec GmbH), and a 0.5 mm thick sapphire pldteBi@wster angle (Korth Kristalle
GmbH). No air dispersion is taken into accountas riesonator is located in vacuum. The
black line shows the design curve of the chirpedanithat compensates for the positive GDD
in the cavity. The error bars represent the spa6#®f of the values in a Monte-Carlo
simulation of 1000 runs assuming realistic prodwuctolerancegb) shows the corresponding
uncompensated group delay, afe) the uncompensated phase delay. The dashed lines
illustrate the group (phase) delay when using th&imum value of the errors of the chirped
mirror design, as displayed in (&) shows the calculated reflectivity of the chirpedrnon.

4.1.2 Electronic feedback techniques

Having assured by dispersion control that the &towg pulse does not change its
shape during one round-trip, the repetition peraodl CE phase shift of laser and
resonator can be aligned (requiremet)tgnd @) on p. 67). In the frequency domain
this equals the matching of (effective) repetitaomd offset frequencies.

This alignment is accomplished by tuning the calatygth of the laser or enhancement
resonator drep) and the intra-cavity dispersion of the lasescdg). While the
dispersion characteristics of the resonator caadsemed to be only drifting slowly,
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4. Femtosecond enhancement cavities

just like all material parameters, both parametees fluctuating on a shorter time
scale. This is mainly due to mechanical vibrati@msthermal drifts of the mirror
positions. Because of the high mode numbers d/wrep~ 10P) and finesse of the
resonator, fractional length changes on the orflarfew nanometers already lead to a
substantial change of the circulating power. Thaeefactive feedback is implemented
on the cavity length, forcing the cavity and theela on resonance at a certain
frequency. On the other hand, the offset frequdhatuates on a slower time scale
and is not leveraged by the mode number and is dhuswer importance for high
enhancement. Manual offset frequency adjustmegt,by. wedges inside the laser is
sufficient for good results, however for optimumhancement both degrees of
freedom need to be actively stabilized.

Electronic phase-locking loops are employed fordtadilization, along the same lines
as in chapter 2.3.3. For the generation of an esigmal, principally two options are
establishedpolarization locking149] andPound-Drever-Hallocking [150]. Both use
the phase shift (see fig. 52) of the circulatirgdiinside the resonator with respect to
the incident field to construct the error signal.

The former requires a polarization-discriminatirigngent inside the resonator in the
sense that only a particular (linear) polarizateam fulfill the resonance conditions,
while the polarization perpendicular to that is pgssed by high losses. The
discrimination of polarization is provided in theepented system by the sapphire plate
that is installed at Brewster angle inside thetya@nly p-polarized light (with respect
to the sapphire plate plane of incidence) satigfesBrewster condition, s-polarized
light experiences high losses and is poorly impedanatched at the input coupler.
Rotating the polarization of the incident lightgsitly versus the plane of incidence
creates a small amount of s-polarized light thahas coupled into the cavity but
reflected. Also, the p-polarized light that is woupled into the cavity is reflected but
with a phase shift. Both polarization componentd &ml give a circular polarization
component depending on the phase shift.

n
u . o
polarization-

sensitive element

Y, e locking feedback on PZT __.*
She. electronics

Figure 56. Setup for polarization locking. The polarizatiensitive element consists of the
thin Brewster-angled sapphire plate. The feedbaay be given to a piezo-actuated mirror in
the enhancement resonator (as shown) or in the dasgy. HWP (QWP): half (quarter) wave
plate; IC: input coupler; PBS: polarizing beam tpti PD: balanced photodetector; PZT:
piezoelectric transducer.
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4.1 Passive optical resonators for femtosecotgkpu

On resonance, at phase shift zero, the reflectathlie again linearly polarized. A

circular polarization analyzer, consisting of a e wave plate, a polarizing

beamsplitter, and a difference photo detector (lzad receiver) as shown in fig. 56 is
used to extract the phase information and creatdemtronic signal accordingly. If the

beam is linearly polarized at the quarter waveepltte two signals from the balanced
photodiodes cancel each other. A loop filter andpldier shape the error signal

electronically before it is fed to a piezoelecttiansducer that controls the cavity
length and in this way closes the stabilizatiorploo
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Figure 57. Setup for Pound-Drever-Hall locking. The output tbE seed laser is phase
modulated by a cavity mirror oscillating @f,oq With the modulation frequency being provided
by a frequency synthesizer. The feedback may bengte a piezo-actuated mirror in the
enhancement resonator (as shown) or in the laséy ckC: input coupler, PD: photodetector,
PZT: piezoelectric transducer.

The alternative way for producing an error sigsathe so-called Pound-Drever-Hall
technique (see fig. 57). There, the incident beaomfthe seed laser of central
frequencywy is phase-modulated with frequeney,.q such that sidebands @t+wmoq
are created. The modulation takes place by osogjae cavity mirror on a
piezoelectric transducer with a modulation freqyeag,.q drawn from a frequency
synthesizer. In order to avoid coupling of the baleds into the enhancement cavity,
®mod IS Chosen to be much larger than the bandwidthetavity resonanceso (see
eq. 29). A photodiode detects the beam reflectatheinput coupler that contains a
beating signal between the carrier frequency @quencywg) and the sidebands (at
frequencywotwmed). The phase of the beating signal depends onelléve detuning
between laser and resonator. A mixer compareshasepof the beating signal with the
one of the reference and generates a dispersimesgnal (shown in fig. 58).
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Figure 58. The calculated Pound-Drever-Hall error signal. €mwer signal crosses zero if the
carrier or any of the sidebands resonates in thigycalowever, the sign of the error signal’s
slope is opposite for the carrier and the sidebarilse modulation frequency is
wmod = 1.7 MHz, about 3% of the free spectral rangeifgdength 30 m). The cavity finesse is
100m.

The main advantage of the Pound-Drever-Hall schamiés independence from a
polarization-sensitive cavity element. Also, in tany to the polarization locking
scheme it does not require the balancing of ardiffee photo detector which can be
tricky as beam pointing instabilities affect bothopodiodes differently. The dynamic
locking range is in principle only limited by the odulation frequency. The
disadvantage of the scheme is the necessity foulatig the seed laser beam. On the
other hand, the main advantage of the polarizateoking technique is the simple
setup, no phase-modulation of some sort is negessar

Ultimately, it is necessary not only to phase-ltiuk offset frequencies of the laser and
enhancement cavity to each other, but also to ktiewvvalue offceo. This can be
accomplished by afito-2f nonlinear interferometer (see chapt. 2.3.1) usingeam
branched-off before the enhancement cavity. WighRbund-Drever-Hall scheme, the
sidebands generated to each comb line create @ualitmixing products in the
microstructure fiber of the nonlinear interferomet€he resulting large number of
lines in frequency space considerably decreasegfthetive signal-to-noise ratio of
thefceo beating signal. Thus the phase-modulation impé#uesisage of the frequency
comb for offset frequency detection by the selerehcing scheme. Furthermore, the
phase-modulation of the seed beam introduces phaise to the intra-cavity comb
despite the fact that the sidebands are not caypdithe cavity. This affects the intra-
cavity nonlinear frequency conversion negativelye3e reasons disqualify the Pound-
Drever-Hall locking scheme from usage in this gaitir arrangement.

Both presented locking schemes only control oneegegf freedom of the frequency
comb, the other one is still fluctuating. For bexshancement, it is desirable to stabilize
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4.1 Passive optical resonators for femtosecotgkpu

both degrees. This can be achieved by spectradlyedsing the beam reflected from
the input coupler by means of a grating and taking different spectral components
to create two error signals in two separate detectetups (of either kind). Both error
signals are then orthogonalized, before being &etite locking electronics and their
respective feedback actuators. The feedback actuaged to be linearly independent
in order to prevent oscillations between the twopk Ideally, the fixed point (see
chapt. 2.3 and ref. [79, 80]) of one of the actumtshould be at zero frequency
(theoretically, frequency» +x), while the other fixed point should be close he t
carrier frequency.

The best positioning in the dispersed spectruntHertwo detection systems is such
that the fixed point close to the carrier is in theldle between the locking points.
Generating sum and difference of the two signatsides a measure of any arbitrary
fluctuation of the combs, split in the linear comddion with regard to the actuators.
For example, the difference yields the signal far actuator whose fixed point is at the
carrier frequency.

The cavity length controlled through a piezo-aadamirror usually constitutes a
feedback degree of freedom. Altering the cavitygtnchanges.., and has virtually
no impact orfceo. As the fixed point of the frequency comb for ¢gvength changes
is at zero frequency, the effect is multiplied Ine tmode numben=~ 10° and thus
mainly changes the overall position of the comb.

Ti:sapphire AOM
oscillator PZT % PZT
Iy

AOM .
A"ﬂ___ f-t0-2f o el Cs
= interfero- atomic
7[[' FO
reference E mefer [--="#| clock

cavity

Figure 59. Setup for referencing the cavity comb to an atoodzk. A reference cavity is
employed to stabilize the frequency comb and redbeemode linewidth. An acousto-optic
modulator (AOM) shifts the frequency comb with respto the reference cavity. Arto-2f
interferometer is used monitor the two comb paranseaind compare them to a cesium atomic
clock. The enhancement cavity is phase-locked lowble polarization locking detection
(dPLD) with feedback to the enhancement cavity flen@ZT) and the laser pump power
(AOM).
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4. Femtosecond enhancement cavities

As a consequence, when the cavity length fluctuiates external perturbations, both
detectors will recognize a drift of their observedmb lines. Using the locking
electronics to control the sum of the signals flooth detectors to be zero on average
will therefore stabilizéiep.

Pulse energy modulation by an acousto-optic moduliat the pump laser beam (as
described in chapter 2.3.3) is a possible secoedbieck option that is linearly
independent from the former. The fixed point of tfrequency comb for this
mechanism is approximately at the carrier frequgB6y and thus, again via the mode
number, mainly the offset frequentyto is affected. Iffceo is changed, either by the
actuator or due to environmental perturbationsh loletectors will observe an identical
shift of the comb lines if symmetrically positionatdout that fixed point. Using the
locking electronics to control the difference oétkignals from both detectors to be
zero on average will therefore stabilizeo.

Ultimately, for the frequency comb inside the ertement resonator to be useful for
spectroscopic experiments, the position of the cdimés needs to be known in an
‘absolute’ manner, i.e. it needs to be referencednt external clock. As in the course
of phase-locking the cavity frequency comb is dizdil to the seeding frequency
comb, it is possible to reference the seed lasénddime standard. The schematic of
such a setup is shown in figure 59. In a first sdegd before seeding the cavity, the
laser beam is split and one part sent to an optefgrence cavity after spectral
filtering. Phase-locking one of the laser frequecoynb modes to this highly-stable
reference cavity reduces the linewidth of all tleenb modes. A frequency shifting
acousto-optic modulator is employed to shift thenbolines across the region of
interest in the spectroscopy experiment. The laserb parameterfe, andfceo are
monitored by ar-to-2f nonlinear interferometer (chapt. 2.3.1) that wemasther beam
branched off from the laser. Both rf frequencies eompared to a cesium atomic
clock, thus establishing the link to the time stmad The error signal generation and
phase-locking between enhancement cavity and lasachieved as described above
with the feedback actuating on the enhancemennatsolength on the one hand and
the offset frequency of the laser on the othetthla way, the frequency comb inside
the enhancement cavity is referenced to an atotagkcWith intra-cavity nonlinear
frequency conversion, this opens the door to opfieguency metrology in previously
unexplored spectral regions.
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4.2 Vacuum enhancement cavity at 10 MHz repetitide

4.2 Vacuum enhancement cavity at
10 MHz repetition rate

In the following, the experimental setup and resdibm an enhancement cavity
operating at 10 MHz repetition rate are presenfBue cavity aims at enhanced
nonlinear conversion to the XUV spectral regionisTis accomplished by means of
high-order harmonic generation (see chapt. 5.2) gas jet placed in a cavity focus.
An overview of the setup is shown in figure 60.

The cavity is seeded by the 10 MHz repetition cdiieped pulse oscillator described in
chapter 2.4. The laser pulses are sent to a dquisler compressor for compression
down to a pulse width of approximately 35 fs.

Before coupling into the enhancement cavity maiglhie spatial mode of the laser to
the resonator mode is necessary. In other wordsj plarameter, i.e. the focus size and
its position, of the incident beam at the inputpeu has to equal thg parameter of
the circulating beam. For this purpose a telescaopeasisting of a focusing
(f=1000 mm) and a defocusing leffis= (500 mm) are employed. Their position and
distance were calculated by means of the ABCD mdtnimalism [151]. The next
focus in the cavity after the input coupler wasduas an image point for the focus of
the laser mode.

In order to increase efficiency for the couplingpithe cavity, the direction of the seed
beam is stabilized by a beam-pointing stabilizatienice. It consists of two quadrant
photodiodes where residual reflections of the bemen detected and two piezo-
mounted mirrors that control the beam direction.

The cavity itself is completely set up in a vacucimamber. This has the advantage of
removing the dispersive effect of air and the gbison at the fundamental wavelength
at 790 nm. As a consequence, only a fraction oflthpersion of a cavity in air has to
be compensated by chirped mirrors. In fact, asatheunt of GDD to be compensated
is small (see fig. 55), a single chirped mirrorsigficient for intra-cavity dispersion
compensation. This means that the other cavityomsrcan be optimized for high
reflectivity. However, even these mirrors have magligible losses, therefore the
number of reflections should stay within limits. Wihe cavity length being fixed to
~30 m, the number of acceptable bounces per rayndvas determined at 10, which
resulted in a total cavity length of ~3.5 m and m#uk setup just table-top. A drawing
of the vacuum chamber setup is shown in figureDile to the large distance between
the folding mirrors on either side and the highuisgments for efficient enhancement,
passive mechanical stability is an issue. For impg it, a passive stabilizer was
mounted between the main breadboard and the smedldboard carrying the four
folding mirrors. As its linear temperature expansaefficient is more than an order
of magnitude better than ordinary stainless siealibe made of Invar-36 (&8liss,
AL/L = 1.1810° 1/K) was employed. Thus the total change in caléygth was
estimated af\L: = 64 pum for a temperature change of 1 K.
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Figure 60. Enhancement cavity schematic overview. The caigtyocated in a vacuum
chamber. Distances are not to scale. Xenon gaangtXUV output are for the nonlinear
frequency conversion, see chapter 5.2.2 for det&lM/P: half-wave plate necessary for
polarization locking; IC: input coupler with 0.25&@nsmission; HR mirrors: high-reflecting
mirrors (chapt. 4.1.1); M: focusing mirrors, ROC 30 cm; -Ml: focusing mirrors,
ROC =-10.24 m, for the intra-cavity telescope; gdiastics: optical spectrum analyzer
(HR4000, Ocean Optics Inc.) for the intra-cavityesipum, powermeter and photodiode for
observation of the spectrally-integrated transraissi

However, it turned out that this long tube (inste actual vacuum tube) introduces
strong additional mechanical resonances in the temsindreds of hertz range to the
system. Therefore, despite the improvement of goits it was removed at a later
stage.

The cavity is of a bowtie-type, i.e. it consistsaoliong and a short cavity section. The
short, focused section contains the gas targetdémlinear conversion and a thin
sapphire plate at Brewster angle for out-couplimgftequency converted light.
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4.2 Vacuum enhancement cavity at 10 MHz repetitide

Figure 61. Computer drawing of the enhancement cavity. Thennvaicuum chamber (see
inset) contains four folding mirrors, two focusingrrors, the gas jet and the sapphire plate
along with optics for diagnostics. Attached to thain chamber is a vacuum tube that houses a
small breadboard for four folding mirrors (includithe input coupler). To keep the distance
between both breadboards as constant as possitddidzer in the form of a tube with a low
temperature expansion coefficient was inserted. flibe was perforated for better vacuum
pumping. The chambers are differentially pumped FFr¥000 MP, TMH 071 YP, Pfeiffer
Vacuum AG), as the only gas load is located inrtie@n chamber. Also shown is an XUV
spectrograph for the detection of frequency-comeelight.

A ring cavity is employed as this simplifies theamation of the reflected beam at the
input coupler from the incident beam. The refledb@@m can only be picked up for
locking loop detection after ~0.5 m because ofiting overall cavity length and small
angle of incidence on the mirrors.

Due to the large difference in length between timg land short cavity section, the spot
sizes in the long arm would become very large engtandard bowtie setup with only
two focusing mirrors. In order to keep the spoesizeasonable and to use one inch
mirrors, a telescope was introduced in the long dreonsists of two slightly focusing
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4. Femtosecond enhancement cavities

mirrors with large radius of curvature (ROC = -1Di1), separated by approximately
twice their focal length.

The stability range of the resonator is calculateitig the ABCD matrix formalism for
Gaussian beams [151]. The focal length of the fiocumirrors, their location in the
cavity, their angle of incidence, and the thickne$sthe sapphire plate enter the
stability calculation. The distance between theugieg mirrors in the short archis
the stability tuning parameted;2f; =, with f; the focal length of the mirrors in the
short arm. It has to remain within certain bouneacalled the stability range, to make
the resonator stable. As the folding angle on thgedd mirrors, as well as the sapphire
plate, breaks the cylinder symmetry of the cavityti{ all the planes of incidence
being parallel), the ABCD matrix calculations needbe separated for the plane of
incidence (tangential plane) and the plane perpelaf to it (sagittal plane). This
symmetry breaking introduces astigmatism and tbeeetfvo slightly displaced foci at
each cavity focus. In order to achieve high pea&nsities in the short arm focus for
efficient nonlinear conversion, this undesirabléeef has to be minimized. The
astigmatic influence of the sapphire plate andidkding angles can be made to almost
cancel out and the stability ranges for both planeslap. The result from the ABCD
matrix calculations for the focal radiug (1/e amplitude limit) is shown in figure 62.

Focus size w, / pm

R T T SR T
&/ mm

Figure 62. Cavity stability calculations with the ABCD matriormalism. Focal spot size

between fM mirrors. Cavity parameters argM = 15 cm, M =5.12 m, sapphire plate

thicknesst = 500 um, and the folding angles 3.5° (half-ang®&)lid line denotes tangential
plane, dashed line denotes sagittal plane.

In the center of the stability rang® is 27 um. The ellipticity of the focus spot size
remains within 5% over a 6.5 mm range of the $tglhpparameters. Theoretically,

the focus could be made much smaller (even infy)itat the edges of the stability
range. However, in practice this is foreclosed g finite aperture of the focusing
mirrors, as the spot size there would grow withbatinds. Furthermore, the beam
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4.2 Vacuum enhancement cavity at 10 MHz repetitide

diameter and ellipticity would fluctuate stronglyedto environmental perturbations.
Thus, in practice, a setting &in the center of the stability range is employed.

Only one degree of freedom of the detuning of tregiency comb modes was
detected. The error signal was generated by mdagdarization locking detection for
the reasons mentioned above (detrimental phase moishe comb structure in the
Pound-Drever-Hall scheme). The balanced detectetups after the grating was
aligned such the locking point is approximately the center of the spectrum.
Feedback was given to the seeding laser where thpteal elements in the cavity
were piezo-actuated to control the cavity lengthe key parameters of a feedback
actuator are its bandwidth and dynamic range. TdredWwidth is determined by the
position of the first resonance of the piezo-mirtompound system. Heavier mirrors
and larger piezo elements will have a smaller baditiw The largest dynamic range
(25 um) of the three actuators, but smallest badiidhwiis provided by the output
coupler being mounted on a ring-piezoelectric tdacer (HPSt 150/14-10/25,
Piezomechanik GmbH). The intermediate timescaleogered by a small mirror
(4 mm diameter, 1 mm thickness) mounted on a diguk-PZT. The fast timescale is
covered by an even tinier mirror (1 Mmmounted on a small PZT with 2.2 um
dynamic range (PL022.31, Pl GmbH & Co. KG) whickulés in a bandwidth up to
the first mechanical resonance at 110 kHz.

The three actuators are supplied with the processeu signal in the following way
(see fig. 63): the faster actuators are connectesttly to the locking electronics,
while the slow PZT acting on the output couplecasmnected via a second lock-box.
This causes double integration of the signal inldkeer frequency part and thus higher
gain in this region.

*«.] locking
electronics 1

4

| locking | _ _. slow PZT
-EI electronics 2 -’ ‘m’ (OC)
"IEI-“ teist EZT. cavity
} mirrors
"""" fastest PZT

Figure 63. Schematic wiring of the feedback loop. PLD: pdation locking detection
(chapt. 4.1.2); IC: input coupler; PZT: piezoelectransducer used to actuate cavity mirrors;
OC: laser output coupler.
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4. Femtosecond enhancement cavities

The enhancement cavity consisted of eight higrecéifig mirrors (see chapt. 4.1.1), a
dispersion-compensating chirped mirror, a 0.25%utrgoupler, and a 500 um thick
sapphire plate at Brewster angle. The -cavity lengths stabilized in the
aforementioned manner while the other degree @&dven was controlled manually
with one of the prisms inside the seed laser. Tty finesse was determined with
the cavity ring-down technique (chapt. 4.1.1 and [f&, 76]) to be approximately
F =1100. From this the round-trip cavity losses cleding the input coupler
transmission) can be estimated af 0.32%. Given these losses, the best choice of
input coupler transmission for impedance-matchinguld be Tmax= 0.32%. The
expected enhancement factorAs= 307 with this input coupler, for the impedance-
matched casBin, = 350.

However, the actual spectrally-averaged enhanceiseatly P~ 100. This can be
seen from the transmission of intra-cavity lightotgh one of the cavity mirrors
(fig. 60). With the precisely known transmissioracdcteristics of the mirror, the intra-
cavity power and spectrum can be determined. Tioellating power is estimated at
120 W, with an incident power of 1.18 W. The migsfactor in power enhancement
can be attributed to a mismatch of the spatial madfethe incident and circulating
light and to spectral filtering due to imperfecspiersion compensation. The incident
and circulating spectra are shown in figure 64a CTinculating spectrum normalized
with the seeding laser spectrum is shown in figi4le. The three prominent peaks can
be assumed to correspond to loci of perfect oveolathe incident frequency comb
with the resonator modes. Therefore they were asdiga power enhancement of
P = 307. Calculating the integral from the normalizgmbctrum results in an average
power enhancement of 184 with the given specititariing. This is about 60% of the
expected enhancement.
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Figure 64. (a) Optical spectrum of the seed laser (red line) arailating resonator spectrum

(black dashed line). The resonator spectrum wasuleaéd from the spectrum transmitted

through a cavity mirror and measured with an optig@ectrum analyzer (HR4000, Ocean

Optics Inc.).(b) Intra-cavity spectrum normalized to the incidemécrum. Spectral filtering

occurs mainly at 763 — 768 nm, 781 — 785 nm, and-8812 nm.
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4.3 Conclusions

Thus a resonator with perfect dispersion compemsatvould have an average
enhancement factor of 184. The missing enhanceawmnpared to the expected value
of 307 might originate from imperfect spatial madetching. Further, the onset of
nonlinearities in the mirror coatings or the sapplglate could introduce detrimental
phase shifts.

With the focal diameter obtained from the resonatayde calculations and the
measured enhancement of 100, the intensity in tdwusf can be estimated at
~410" Wicnt.

4.3 Conclusions

Enhancement resonators for femtosecond pulseseettablmplification of ultrashort
pulses at the full oscillator repetition rate of/eel tens or hundreds of megahertz.
This is a factor of five orders of magnitude mdnart what typical amplifier systems
can provide. Such cavities have been employedhieramplification of cw light for
several years already. Though, compared to theneehzent of cw radiation in a
passive cavity, more complex requirements haveetdubiilled to support the broad
spectrum of femtosecond pulses. Starting out froenfirst enhancement cavities at
100 MHz repetition rate [7, 37], systems at 10 Mitrl 1 GHz were designed and set
up of which the former is presented in this chapRresently, it enhances the seed
pulses from a chirped-pulse oscillator by a faaibr~100, thus delivering ~12 pJ
pulses of 35fs duration. The intensity at one led foci inside the resonator is
estimated at ~40*W/cn? which is sufficient for the generation of high-erd
harmonics (chapt. 5.2.2). Theoretically, the poeeinancement could be around 350
with zero dispersion and perfect impedance matchiigg gap could be narrowed
significantly by further improvements to the chidp@irror.

A possible alternative to the delicate compensatiotavity dispersion could lie in the
introduction of a small amount of nonlinearity teetcavity. The idea draws on the
concept of mode-locked laser oscillators, wherst@ady-state operation the shape of
the circulating pulse does not change from oneddtip to the next. This is achieved
by the compensation of the dispersion from thecaptelements in the cavity by
nonlinearities such as the laser gain, self-angditunodulation and self-phase
modulation (SPM). Thus the suggestion arose thanhemased bandwidth and thus
higher circulating powers could result from theraofuction of an appropriate
nonlinearity to the enhancement resonator. In ongeds the nonlinearity relaxes the
requirements on dispersion compensation which séefne one of the major limiting
factors. Numerical simulations of such an enhanc¢mavity showed that the soliton-
like pulse is stable for a wide range of the SP¥apeeter [144, 152, 153]. The SPM
introduced by, e.g. a thin sapphire plate, can @reate completely the second-order
dispersion, while third-order dispersion still adesstructively. From the simulations it
was apparent that the parameter range of dispe(&@@&D and TOD) for a certain
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4. Femtosecond enhancement cavities

enhancement was much larger for the nonlinear egeothan for the linear one. Also,
the maximum achievable power enhancement was tne & for a dispersion-free
resonator. Due to pulse-shortening effects inside tesonator, the peak power
enhancement was higher for the nonlinear resonator.

With the improvements expected from the addition aofcontrolled amount of
nonlinearity to balance the residual dispersion #me advances in high-reflecting
mirror technology, enhancement resonators mayduxtiose the gap towards chirped-
pulse amplifiers while keeping the repetition rai¢he tens to hundreds of megahertz
range.
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Chapter 5

Applications

The preceding three chapters discussed the production of ultrashoirifreead laser
pulses with a controlled evolution of the electric field waveform a stabilized CE
phase. In the following, some applications that make use of thsse sources are
presented. In chapter 5.1 two areas of application of the frequency cowidbepr by
phase-stabilized oscillators (chapt. 2) are briefly presergesh@wcase examples. In
chapters 5.2 and 5.8&rong-field phenomena that are driven by intense few-cycle
pulses from a laser amplifier system (chapt. 3) are discu€éeghter 5.2 introduces
high-harmonic generation, a technique for frequency conversion to the Kebiral
region. In chapter 5.2.1 an alternative method for the realization abthesrsion is
presented. High-harmonics can also be generated inside the afaaityenhancement
resonator (chapt. 4) which is described in chapter 5.2.2. All strompgletnomena
that are triggered by few-cycle pulses are sensitive to tlaten of the electric field
instead of the pulse envelope. Chapter 5.3 discusses another stromiiésbmenon,
above-threshold ionization, and its dependence on the CE phase.

5.1 Spectroscopy experiments with frequency combs

As discussed in chapter 2.1, a mode-locked laser emits a specttuontans narrow
comb lines that are equally spaced to a high degree. Measurandesitabilization of
the two parameters of the frequency corfily, and fceo, (€.9. with the technique
employing a monolithic crystal, chapt. 2.3) renders the comb usable fatearanige

of spectroscopy experiments.

The most prominent example is the precise measurement of dptipa¢ncies [154].
Given that both degrees of freedom of the frequency comb are s@hdizecertain
well-known value, the frequency of every comb line is known by means of the
indexing equation 6. In this way a ‘ruler’ is formed in frequencyespsuitable for the
‘absolute’ measurement of optical frequencies that are wtitleiispectral bandwidth of
the laser. Here, ‘absolute’ refers to the fact that suchasunement can be linked to
the international definition of time and therefore also frequencys&bend is defined

in the SI system of unftdy the hyperfine splitting in the ground state of cesium-133
atoms at 9 192 631 770 Hz.

® SI: Systéme International d’Unités. The metri@inational system of units monitored by the Bureau
International des Poids et Mesures (BIPM).
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Figure 65. Map of the electromagnetic spectrum showing fregigsnof several atomic and
molecular reference transitions and the frequermyge of laser sources. Spanning the
frequency difference from the visible portion oétbpectrum to the Cs clock time standard is
now facilitated by the use of the frequency comb.

By using a Cs atomic clock as the reference for the phase-locking ¢ddpe comb
parameters, the link between the time standard (in the tbmegnd optical
frequencies (in the PHz region) is established.

Before the invention of methods for stabilizing the frequency combgibg this
frequency gap of approximately five orders of magnitude was a complexsmadae-
consuming task involvindparmonic frequency chains. These chains started with an
atomic clock from which higher harmonics were generated in nonlinede anixers,
crystals and other nonlinear devices. Phase-locked transfer ossillaére needed
between steps to boost the power for the following nonlinear step. Apartthe
immense efforts required to build and operate such a system, thewasdanited to
the measurement of just one single optical frequency. Consequently, dely a
harmonic chains have ever been constructed [155].

Using a frequency comb, referenced to a time standard (e.g. an aflocky, as a
precise ruler in frequency space covering the entire visibhedo infrared part of the
electromagnetic spectrum greatly simplifies optical frequenelyatogy. This resulted
in a large number of precision measurements in the last coupéaus, e.g. in atomic
hydrogen [31], Hjand Ca [156], Ih[157] or Rb [158]. Figure 65 shows some of the
measured transitions in the optical frequency domain.

The recent measurement of the-63s transition in cesium [159] at MPQ may serve as
a showcase example to illustrate the technique. The energy llevelgeid are shown
in figure 66. When Cs-atoms are excited to thest@te, a fraction of them decay via
the P state back to the ground state.
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Figure 66. Partial energy diagram of Cs showing tfse-@s two-photon transition.

The emitted photons can be detected with a photomultiplier. Recotunghioton
count rate while scanning the frequency of the laser used to gxeitensition gives

a precise measurement of the transition frequency. However, toidyigrue if the
frequency of the excitation laser is known accurately, which is gacrad by a self-
referenced frequency comb clockwork. Figure 67 shows a cut-down version of the
setup. A mode-locked picosecond Ti:sapphire laser is employed to ekeite
transition. Picosecond pulses are used, as the longer pulses redaesf-fiight
broadening and the narrower spectrum compared to femtosecond pulsesotloe
overlap with undesired transitions, in that way simplifying the oremsent. The
center frequency is stabilized to an optical reference cavitys phase-locking a
combination off;e, andfceo. Additionally, fie is phase-locked to a Cs clock-referenced
local oscillator. In this way the comb of the picosecond lasstalsilized, though the
offset frequency remains unknown. At this point the offset frequencylizsaioin
techniqgue comes into play: detecting the heterodyne beat betwefeedgirency comb

of the picosecond laser and an octave-spanning femtosecond frequency comb
referenced to the Cs clock enables the measuremeifi¢gc@f The femtosecond
frequency comb serves as optical clockwork to reference the picosesendd the Cs
atomic clock. The comb lines from the picosecond laser are fregqséiftsd by
means of an acousto-optic modulator and in so doing, the transitioanisest The
pulses traverse the cesium probe cell in a double pass configuratisaitably
positioned retro-reflector ensures that two counter-propagatifges collide inside
the cell. This enables the Doppler-free excitation of the two-phttomsition at
822 nm. Recording the photon count rate from the- @ fluorescence while
simultaneously scanning the frequency comb (and measuring the beatinghdseque
between picosecond comb and clockwork) reveals a Lorentzian lipe.shéth this
technique, the absolute frequency of the Gs-8 two-photon transition was
measured with an uncertainty six times smaller than previous work.
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Figure 67. Simplified representation of the setup for spectopy on the §— 8s transition in
cesium. The laser frequency is shifted using amstosoptic modulator (AOM). The distance
between the retro-reflecting mirror and the celtis2 f,o, so that two counter-propagating
pulses collide inside the cell. An optical isolaterused to prevent the back-reflected light
from going back into the laser. The photo-multipliebe (PMT) is detecting the photons
emitted via the [ — 6s decay channel.
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When measuring the cesium transition, like in all optical frequencirology
experiments, the frequency comb was used to transfer the timerstdroia the rf
region to the optical region. However, it is also possible to uséréljgency comb
transfer mechanism in the other direction, namely as clockwork optécal atomic
clock. Just like any other clock, an atomic clock consists of an osci(fgemdulum’)
that defines the ticks in time and a counter that counts thoseltickase of an optical
atomic clock, an optical transition serves as the clock’s pendulunthanilequency
comb acts as the link to connect phase-coherently to the clookider. In practice,
this is realized by phase-locking the offset frequefigy to a fractionk of the
repetition frequence, of the mode-locked oscillator:

fo=nf o+ foo =(N+1/K) fo. Eq. 39

n rep

A suitable comb liné, is then locked to the optical transition line ébace. The large
integern acts as the transfer coefficient, when the cyafdke repetition frequency are
counted.

Obviously, a clock becomes more accurate, the highe oscillation frequency,
simply because time is divided into smaller pieddgerefore, redefining the second in
terms of an optical frequency transition, ratheantithe rf frequency Cs transition
currently used, has been a long-standing goal.atiantage is straightforward: to first
order, the uncertainty is inversely proportionatite number of cycles counted during
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a measurement. This means that increasing the éneguof a clock allows a
measurement with a certain statistical error tonm@de in a shorter time. This
corresponds to an improvement of up to the ratitheffrequencies of the Cs and the
optical standard.

With the development of frequency comb stabilizattechniques, a reliable optical
atomic clock has come into reach [160]. Owing te 8implicity of the system,
compared to previous harmonic frequency chainsait run for hours and may
eventually become a truly turn-key system.

Controlling the frequency comb evidently also meamstrolling the waveform of the
electric field of an ultrashort laser pulse. Theref the advent of offset frequency
stabilization techniques also had a great impactutirafast physics. Generally
speaking, the control of the CE phase enablesttioly ©f highly nonlinear phenomena
in the time domain. CE phase-sensitive processgs asi above-threshold ionization,
photoemission or high-order harmonic generationehaecome the focus of interest.
However, almost all of these processes require pigik intensities that cannot be
delivered by laser oscillators presently but regjain amplifier system. The generation
of intense few-cycle pulses in an amplifier equgbpeith a CE phase-stabilized
oscillator and a secondary stabilization loop (¢h@phas enabled the study of these
phase-sensitive phenomena. Two examples will ligéed in the next chapters.

5.2 High-order harmonic generation

CE phase-stabilized amplified ultrashort pulsesearployed to study various high-
field phenomena. Amongst the ones most intensgljoégd is the generation of XUV
light by the non-perturbative mechanism of highesrtdarmonic generation (HHG).
Focusing intense (>50* W/cnT) laser pulses into a gaseous medium produces high-
order harmonics of the laser frequency that ardétedhas a coherent beam in the laser
direction.

HHG can be described using a semi-classical thegeraodel (see fig. 68) [161] or a
guantum version [162]. In the first step, an atasuglly a noble gas) or molecule in
the laser field isunnel ionized, releasing an electron into the continuum. Thisuog at
or slightly after the maxima of the electric fidldlIf-cycles in the pulse that are strong
enough to overcome the effective binding potential.a first approximation, the
ionized electron can be considered as born indh&rmuum with zero velocity.
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Step 1 Step 2 Step 3
Optical tield ionization e acceleration XUV emission
E,() upon recollision
L
Y]

Figure 68. Schematic of the three-step model for harmonic ggio® in gases. Step 1, the
Coulomb barriei(x) (dashed line) is temporarily bent down by thestdeld E_(t). An outer-
shell valence electron can tunnel through the barfdormed by the superposition of the
Coulomb field and the instantaneous laser fieldidsourve); step 2, acceleration by the
linearly polarized laser field in the continuumorad a trajectory typical of an oscillating free
electron; step 3, radiative recombination occurgmtine electron is set free at or slightly after
the maximum of the electric field half-cycle.

The intensity regime where tunneling occurs is abi@rized by the so-called Keldysh
parameter [163]

I
= P Eq. 40
4 U a

p

being smaller than one. Helgis the ionization potential of the atom aug is the
ponderomotive quiver energy of the electron inldser field.U,, the average kinetic
energy of the accelerated electrons, is given\{iInby

_eEZ €& 2l
" 40’m, 4w’ m, cg,

U 09330071 A° Eqg. 41

where g, = 8.8510"? F/m is the vacuum permittivity, the wavelength of the laser
light in pm, and its intensity in W/crh

For values of the Keldysh parameter much highem three, the field ionization rate is
dominated by multi-photon absorption. HHG is tyfliicaonducted in the intermediate
region of y=~1, which translates to intensities ofl8° to 1.10"*Wi/cn? for the
typically used noble gases.

In the second step, this electronaxcelerated by the laser fieldE (t) and can gain
considerable kinetic energy. The oscillation aroplé of the electron in this step can
be calculated (in m) by
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5.2 High-order harmonic generation

A=

ek,
m, &’

= 256[10°1 Aa, Eq. 42

where e is the electron charger. its mass,Ey the electric field amplitudep the
frequency of the laser light, the wavelength in m, andits intensity in W/crf, and

ap = 5.2910! m the Bohr radius.

In the third step, the electron is driven backh® ¢ore approximately three-quarters of
an optical cycle after it was ionized, where it ga@oombine emitting a photon of
energy equal to the sum of its kinetic energy &gl ibnization potential, of the
system. In fact, the electron can recollide withramge of kinetic energies that
correspond to a spread of possible ionization tinmeghe laser field. Different
ionization times lead to different semi-classiclgiceron trajectories. This results in a
broad emission spectrum.

The repetition of this process in multi-cycle lapeiises leads to a spectral comb of
harmonics that extends over many orders up to la-fneguency cut-off. The photon
energy at the cut-off can be estimated using

For a few-cycle pulse, the electric-field extrenaayvsignificantly from one half-cycle

to the next. As a consequence, each half-cycleymeslan HHG spectrum with a cut-
off dependent on the amplitude of the half-cyckxtic-field extremum (fig. 69).

A

o

from core

Electric field amplitude, resp.
Separation of electron

Figure 69. Sketch of the temporal distribution of HHG in a fewcle laser pulse. The electric

field of a two-cycle laser pulse (dashed blue lieyhown with the corresponding electron
trajectories. Owing to the trajectory dependenceahenhistory of field amplitudes, electrons

released at different instants undergo a diffeenbunt of acceleration and therefore every
half-cycle has a different cutoff energy.
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Due to the strict periodicity and spatial symmaetfyhe process only harmonics of odd
number are generated. Even harmonics from neighipohalf-cycles interfere
destructively due to the change of direction. Hogvethis applies only to media with
inversion symmetry, like gaseous media. In contrdbtG from solid surfaces yields
odd and even harmonics when illuminated with a laumed laser beam, because the
surface breaks the inversion symmetry.

The efficiency of the HHG process is abgut 10” to 10°, depending on laser pulse
width, the cross-section of the gas medium, the Xdp¥ctral range considered and in
particular the phase-matching in the gas. The aimn of the gas, accompanying
HHG generates a free-electron plasma that cauggsse-mismatch due to altered
dispersion. The electron plasma dispersion relas@iven by

a)Z
k(w) =6—01/1——Z' Eq. 44
C w

wherewy is the plasma frequency. As this dispersion retatipproaches the one for
vacuum with increasing frequency, the effect of thlasma is largest for the
fundamental wave and diminishes with ascending baroorders.

Furthermore, the Gouy phase [164], the phase shifie beam at the focus creates a
phase-mismatch and reduces efficiency.

Many efforts have been undertaken to improve tlieiehcy, among others by using
guasi-phase-matching in modulated hollow wavegujiléS] or by placing gas targets
in a row, separated by twice the coherence lenggle fig. 22). Moreover, using a
standing wave instead of a traveling wave is exkdb boost the conversion
efficiency. This can be accomplished by placingghs jet in an enhancement cavity
(see chapt. 5.2.2).

Another way to improve the efficiency of HHG coudé to increase the number of
particles that are contributing in the nonlineasgass. Yet, the particle density in the
gas target cannot be raised easily, as this wdstil @gause higher absorption of the
generated XUV photons. As an alternative, HHG fraumfaces was proposed [166],
using the same mechanism as in a gas target (depicfig. 68).

5.2.1 High harmonic generation from surfaces

High-order harmonics from surfaces have been prdifit67], however only in the
so-called oscillating plasma mirror regime [168tthiequires high laser intensities
(>10" W/cn?). There, the target surface is highly ionized bg keading edge of the
laser pulse, and a reflecting layer of plasma iséa. The collective electron motion
created by the incident electromagnetic wave carebarded as an oscillating mirror.
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5.2 High-order harmonic generation

The phase modulation of the reflected light introetl by this mirror gives rise to
harmonic frequencies. Due to the plasma formatptical breakdown occurs and the
target (usually glass) has to be moved for eveoj. dtere, HHG from a surface with
the same generation process as in a gas target msiderate laser intensities shall be
treated and first experimental results presented.

Using a solid, instead of a gas target for HHG &olde potential of increased
efficiency, as more atoms or molecules can padteipn the process due to the higher
density. Comparing a typical solid (e.g. diamondused silica, Sig) with a noble gas
(at 200 mbar backing pressure), the particle demsitour orders of magnitude higher
in the solid.

On the other hand, the HHG process will only talee at or close to the illuminated
surface. This is due to the fact that the excussioh the electron during the
acceleration step (in the semi-classical picture) approximately 1 nm for the
intensities considered here (cf. eq. 42 with 510" W/cnf) and therefore much
larger than the average distance between atomsatich which are e.g. 3 A for fused
silica. Furthermore the high absorption of the Xi¥Wotons inside the solid state
material impedes the HHG process inside the solid.

Assuming suitable focusing conditions for reachihg required intensity (while
avoiding damage), a layer on the order of 1 nnhéndolid target comprises the same
amount of particles as the interaction volume igaa target with 2 mm interaction
length. Therefore, only several (~9) of the uppestmatomic layers would have to
contribute to the HHG process to rival the gasdar§or most materials, the skin
depth of the evanescent field in the solid is &agér than that.

In addition to the potential for increased effi@gnHHG from solid state surfaces has
the advantage of reducing the background pressutbel vacuum chamber. This in

turn means lower absorption of the generated XUWtqis and very pragmatically

lower demand on the turbomolecular vacuum pumps.

A thorough literature study has not provided evaenhat such HHG with non-
relativistic laser intensities has been attemptefbre. Apart from the publications
reporting harmonic generation at intensities of enian 16" W/cnt using the plasma
mirror [167], only photoemission from surfaces abderate intensities is described
[169]. The authors used 40 fs laser pulses withnisities of 0.5 to 6 TW/ctand
wide-bandgap crystals (Csl, diamond) to generagetsp up to a cut-off at 40 eV. This
indicates that HHG from surfaces might be possbleon-relativistic intensities.

Two theoretical publications have dealt with HH®nfr solid surfaces at moderate
laser intensities [170, 171]. They use a three-dsmmmal quasi-free electron model,
where the effective electron masses take into aitcthe periodic structure of the
medium. Within this approximation, it is assumedttlthe electron in the crystal
moves freely. The model relates HHG with the recowon process of
photoelectrons to the evanescent part of the eleatrave function in the vacuum
during the rescattering process with the surface.
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Material

Bandgap energy / eV

SiO, (fused silica)

8.9 (ref. [172])

AIN

6.2 (direct bandgap)

C (diamond) 6

Na 5.1

Al,Os (sapphire) 5

INAIGaN ~4

AlGaN 3.8

GaN 3.4 (direct bandgap)
SITiOs 3.4

InGaN 3.1

SiC 2.2-3.25
ZnSe 2.6

GaP 2.26

Csl 2.2 (ref. [173])

Table 1. Survey of wide-bandgap materials.

As a case study, a sodium surface is employed iltuminated with laser light at
800 nm wavelength with an intensity of*3@v/cn? at an angle of incidence of 60°.
The resulting calculated spectrum shows a platgsit, as expected for an HHG
process. Efficiencies of = 10* for the & harmonic (in the plateau) and 4€or the
10" harmonic (in the cut-off) are estimated. These Ipens are comparable to those
from gas targets, but one must recall that ther#imal model only accounts for
effects at the very surface; evanescence of tharieldield into the solid is not taken
into account. Further simulation results show thet higher-order harmonics (15
order) are radiated predominantly parallel to thefage and in the direction
perpendicular to the plane of incidence of therlaBarmonics from the plateau are
almost isotropically distributed.

The choice of sodium for the published simulatiesults poses the question of target
materials. In a first attempt, materials with agkarenergy band gap, high optical
breakdown threshold and high surface quality weslected. The requirement of a
large bandgap is motivated by the dependence ofntagimum photon energy
(cut-off) achievable through HHG on the ionizatigotential. Table 1 shows a
selection of wide-bandgap materials. In order toiithe immediate absorption of the
generated photons, a material with high transmiss$io the wavelength range of
interest has to be chosen. Figure 70a shows absoiirves for the XUV wavelength
range for some of the materials in table 1.
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Figure 70. (a) Calculated transmission of a 10 nm layer of a widadgap material (AIN,
SrTiO;, SiOy) in the XUV wavelength region [174{b) Damage threshold study of a fused
silica sample. The super-polished sample (surféamdss better thaw/10~ 63 nm) was
irradiated in vacuum (pressure-38° mbar) under grazing incidence (66 — 86°) with &fser
pulses. After each parameter setting, the sampéeinvaestigated with an optical microscope.
A transition zone is marked in red where damagesiooally occurs. The spot size in the
focus was verified with a beam profiler.

For the following experiments, a fused silica samplas irradiated under grazing
incidence with intense few-cycle laser pulses. Bssiica was chosen, as samples with
high surface quality are easily available. Grazimgdence was chosen in order to
maximize the contribution of the electric field wecthat is normal to the target
surface. This should maximize the overlap of theident electric field with the
evanescent electron wave function in vacuum.

For the realization of HHG from surfaces below tmeset of plasma formation, it is
important to know the optical breakdown threshotdcpsely. Due to surface field
enhancement, optical damage in a bulk materialrgdist at the surface. The surface
optical breakdown threshold was studied in ref5|1With laser pulses of 120 fs
duration. In fused silica breakdown occurred 40 W/cn?. The authors infer that
the measured thresholds are affected by surfacerfegtions, such as scratches,
cracks, grooves, and chemical contamination. Alamialue for fused silica is also
given in ref. [176], as well as the dependencehefdptical breakdown threshold on
the pulse duration: an 8 fs pulse raises the thidsb ~1.710** W/cn?.

With a laser amplifier system similar to the onsa#ed in chapter 3.1, the damage
threshold of fused silica was measured. Illlumirgaeinsuper-polished sample of fused
silica (surface flatness better thatiO~ 63 nm) with 8 fs laser pulses under grazing
incidence yielded the results shown in figure 70ike the published value, they
indicate a damage threshold of 2@ W/cnt.
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Figure 71. Setup for HHG from surfaces. The incident lasessesilhave a duration of ~8 fs
and a per-pulse energy of ~250 pJ at a repetitienafal kHz. The vacuum in the target and
detection chambers was12® mbar and 40° mbar, respectively. CEM: channel electron
multiplier, wavelength range 10 — 130 nm, phototediion efficiency ~30% at 50 — 150 nm
(CEM 4751G, Burle Inc.), fM: focusing mirror, ROC-500 mm; G: concave grating,
300 G/mm, platinum coated, ROC =-1000 mm, wavdlengange 1 — 140 nm,; XUV
spectrograph: 88° grazing angle of incidence, Rodlaircle 1 m (248/310G, McPherson
Inc.); LIA: analog lock-in-amplifier (5209, EG&G &nal Recovery Inc.).
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Figure 72. XUV spectrum of harmonics from a fused silica scefaBlue line shows an
average of three scans. Black line shows the baakgl, measured with a 5 pm thick pellicle
in the beam 10 cm after the target. The signaleigsenratio is ~11. The purple dots mark the
position of the odd harmonics, calculated from mteefrequency of the fundamental spectrum
of 780 nm. The intensity on-target of the 8 fs tgmdses was estimated at-+8" W/cnt at an
angle of incidence of ~85°. The channeltron bias 2t8kV, resulting in an electron gain of
~2:10°. Integration time of the lock-in amplifier was &0together with a scan speed of
0.6 inches/min resulting in a spectral resolutib@ am.
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Figure 73. (a) Calculated transmission of an aluminum filter 00X0n thickness in the XUV
spectral range. Purple dots show the position ®fthto 19" harmonic at a center wavelength
of 780 nm [174](b) Power scaling of the ¥1harmonic at 71 nm. The grating was removed
and the channeltron placed directly in the XUV beam aluminum filter (Lebow Company)
of 100 nm thickness was inserted to block lowereodtarmonics and the fundamental light.
From the measured spectrum it is known that theomepntribution stems from the %1
harmonic. The red line is a power law fit to theadaith an exponent of 4.4. The 10 fs laser
pulses were incident at 85°. The bias voltage efctanneltron was 2.6 kV.

In order to characterize the generated XUV lightsaanning XUV spectrograph
(248/310G, McPherson Inc.) was installed after tiget in the direction of the
reflected beam (see fig. 71). It consists mainla&00 G/mm-grating and a movable
channeltron detector. The signal from the chanmelis fed to a lock-in-amplifier
triggered by the laser repetition rate and logggd lcomputer. The target was set up
in a vacuum chamber to prevent absorption of thé/Xight and the formation of
plasma in air. Figure 72 shows an XUV spectrum néeo in the described manner.
Odd harmonics of %, 9", and 11" order are clearly visible, which is in contrasthe
theoretical prediction that odd and even harmoaresgenerated at the surface due to
the lack of inversion symmetry. The cut-off of thgectrum is calculated according to
equation 43 at 63 nm. In order to get an estimatthe total power and the power
scaling as a function of peak intensity, the momogtator was removed and the
channeltron placed directly in the beam path. Bmaum filter of 100 nm thickness
was inserted that transmits only in the wavelemgtige of 17 — 80 nm (see fig. 73a)
and in particular blocks the infrared light effiatly. Thus, only the 1L harmonic can
reach the detector. Additionally, the channeltreninsensitive to the infrared laser
light. A rough knife-edge measurement confirmed tha XUV radiation is confined
to the center of the reflected fundamental beamgxaected (but in contrast to the
results in ref. [171]). The channeltron photocutreneasured for different laser
intensities shows a clear nonlinear behavior {#&p). The estimated exponent of the
intensity scaling of 4.4 indicates that thé"tarmonic belongs to the plateau region of
the XUV spectrum. The maximum photocurrent is ~6gnhoss the input impedance
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of 100 MQ at a bias voltage of 2.6 kV, which indicates aegated power in the 1
harmonic of about a few femtowatts. This means that efficiency of the HHG
process to this particular harmonic is 210However, this estimate contains several
uncertainties, most notably the transmission ofalbeninum filter which theoretically
is 67% for the 11 harmonic, but in reality can be reduced dramdyida} oxidation or
other impurities.

This low power might be improved by one of the daling measures: Due to the
destructive interference of the incident with tleflected beam in the focus area, a
different focusing geometry might be more suitalfl&lculations indicate that less
grazing angles close to the Brewster angle maxirhizeelectric field strength at the
surface.

Additionally, phase-matching could improve the attan. As fused silica is an
amorphous material, no Bragg condition for phaséshiag has to be fulfilled. Using
a target material with a lattice structure, suchdizsnond or AIN and adjusting the
angle of incidence to fulfill the Bragg equationymae useful (as was proposed in
ref. [177] for relativistic intensities).

5.2.2 High-order harmonic generation
iIn an enhancement cavity

High harmonic generation is a powerful tool for fitease-coherent conversion of light
to the XUV region. Thus one could think of using &Hor extending optical
frequency metrology (as discussed in chapter ®.ihése shorter wavelengths. This
would open up the study of a whole new world ohsition lines — however the
typically used chirped-pulse amplifiers for drivittge HHG process destroy the comb
structure during amplification. This is because fihése repetition rate is reduced by a
pulse picker and thus the spacing of the comb lisegso narrow to be useable for
spectroscopic purposes. As a consequence, an mafphh method is necessary that
keeps the repetition frequency of the seeding lasoil while reaching the intensities
required for HHG. Enhancement cavities for femtose pulses as presented in
chapter 4 can fulfill both requirements and conostita major step towards a useful
frequency comb in the XUV spectral region.

In contrast to the usual HHG schemes, such an eehaant cavity has the benefit that
the power that is not converted into the XUV aé#iesingle pass through the medium is
‘recycled’ and can contribute in subsequent passeghat higher total conversion

efficiencies than for conventional schemes canxpe&ed.

Yet, the fact that the high intensity exists onlighmm a carefully balanced resonator
imposes additional obstacles to the productiond¥Xight by HHG.
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5.2 High-order harmonic generation

Firstly, placing a gas jet at a cavity focus introds additional dispersion to the
circulating infrared light and thus may reduce #mhancement factor if not being
compensated for. Due to the strong ionization efgaseous medium, its dispersion is
dominated by the contribution from the plasma amiby equation 44. Fluctuations
in the plasma density make the compensation of thgpersion contribution
impossible and thus add phase noise to both thaafuantal as well as the XUV light.
Plasma density fluctuations may arise from gas itlerfeictuations as well as
fundamental laser intensity fluctuations. The plasdispersion also affects the
generated XUV light, however it scales (linearlyijnathe frequency of the light, thus
the effect is much weaker there.

Secondly, another obstacle is given by the fact tha XUV radiation is emitted
collinearly with the driving light. Hence, some sof beamsplitter that separates the
infrared from the XUV light is necessary. The usapproach of a specially designed
dielectric cavity mirror that transmits the desingdvelength region is not feasible as
XUV light is strongly absorbed by all common substrand coating materials. On the
other hand, several optical materials exist thavigie considerable Fresnel reflection
coefficients in the XUV (due to the refractive ixdbeing smaller than one) which
could be used to couple out the upconverted ligbinfthe cavity. With this
configuration a strong limitation of choice of aabesplitter is given by the low-loss
criterion for the fundamental infrared light thattransmitted so that cavity finesse is
not compromised. When placed at Brewster angleinkiance a sapphire plate has a
reflectance in the XUV as shown in figure 74. Thea8 reflectivity with at most 18%
originates from the absorption of the penetratv@nescent wave by the sapphire. The
most promising alternative materials are silicorbwe (SiC) and diamond (C) whose
reflection coefficients at 60 nm are higher at ~6880 ~48%. Yet these materials are
hard to obtain in high optical quality and withanmpurities.

Reflectance / %
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Figure 74. Fresnel reflectivity of sapphire for p-polarizeghit incident at the Brewster angle
(6 = 60.4° at 800 nm wavelength).
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An alternative way for coupling the XUV light ouf the resonator was proposed
recently [178]: As the divergence of the generdtadnonics scales asnlwith n the
harmonic order (assuming a Gaussian spatial pyofigh-order harmonics have a
divergence much smaller than the fundamental beartiny hole in the concave
mirror right after the gas target passes the lessgent XUV beam while almost the
entire fundamental light is reflected by the mir®till this introduces notable losses to
the cavity, as the peak intensity maximum is ors,agkactly where the hole in the
mirror is located. Therefore it was further progbse employ higher order cavity
modes, such as TEM and TEM, which have an intensity minimum on axis.
However, several challenges arise: Firstly, gemegasuch a higher order mode
directly from the seeding laser is difficult, s@attphase-masks have to be employed.
Further, the peak intensity in such a donut-modenily 74% of the intensity of a
TEMoo mode, which will result in a significant reductionthe HHG yield. Also, the
XUV light is produced in two lobes due to the twdensity maxima in the spatial
profile. Another issue is the tricky alignment bétHHG beam through the tiny hole in
the mirror. Due to these reasons, so far only hivel harmonic was coupled out by a
holey mirror.

An enhancement cavity similar to the one descrilme@hapter 4 but operating at
100 MHz repetition rate with average circulatingyeo 38 W was used to characterize
the generated XUV light [7]. As not the whole reatam was installed in a vacuum
setup, a small chamber that contained the gasgetplaced at the intra-cavity focus in
the short cavity arm. The focus size was estimatighl a diameter of 5.3 um with a
peak intensity on-axis of 50" W/cn?. Figure 75 shows a close-up view of this part of
the setup.

Xe gas jet
XUV output

Figure 75. Close-up of the interaction zone of the enhancémawity. The gas jet is housed

by small vacuum chamber with two windows (W) madenf sapphire with 1 mm thickness.

The generated XUV light may be detected at the Xautput port. The gas jet is provided by a
glass capillary with ~50 um inner diameter and 1Hdzanking pressure.
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One of the Brewster-angled windows of this chambas made of sapphire of 1 mm
thickness and thus simultaneously acted as a bdigersfor out-coupling the XUV
radiation. The losses per window are about 46 that the cavity enhancement was not
compromised R =54 for this cavity). The peak intensity in thesendows was
estimated to be below 10 GW/gmso that their nonlinear response is negligible.
Xenon gas is injected into the focus of the resmm@inde in the HHG chamber, using
a glass capillary placed right above the focus w#i® um inner diameter and 1 bar
backing pressure. This diameter is approximateliche to the Rayleigh range of the
focus of about 110 um. With this focus geometry agpktition rate, the atoms see
about five pulses before leaving the focus.

The XUV light generated in the gas jet and extrdig the sapphire window was
analyzed in a similar manner as in the previougtha The same scanning grazing
incidence spectrograph was installed at the exit@idhe small vacuum chamber. The
signal from the channeltron was analyzed withg photon counter (SR400, Stanford
Research Inc.) for high sensitivity measurementd, @) a voltmeter across a 1M
load resistance for XUV photon flux measurements.

With the photon counter, a spectrum as shown iaréig6 was recorded. The short
wavelength section of the spectrum was recordeld avid.1 pm aluminum filter in the
beam path to reduce stray light from the fundanieand the lower order harmonics.
High harmonics up to 5order or 23 eV photon energy (as expected foirttemsity

in the focus) are observed, with an exponentialafbl starting around the ninth
harmonic, presumably due to increasing phase mdmdthe cut-off wavelength of
the XUV spectrometer around 120 nm prevented tisemftion of the Bharmonic.

10*

w
1

Photon counts per second
3

(=)

40 50 0 70 80 90 100 110 120

Wavelength / nm
Figure 76. Harmonic spectrum with the cavity in lock, recatdsith a channeltron (CEM
4751G, Burle Inc.) connected to a photon count®4(®, Stanford Research Inc.). The short-
wavelength end of the spectrum (blue) is taken withl pum aluminum filter in the beam path
to reduce stray light from the stronger lower hamios, and is rescaled to match the peak
height at the eleventh harmonic of the measuremstitout filter (purple). Orange dots
indicate the 5P-7S resonance in xenon that modtfieshape of the seventh harmonic, and
the vertical line indicates the ionization potehéicl03 nm. The spectral feature just below the
ionization limit presumably originates from fluocesice of coherently excited Rydberg states.
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With the channeltron placed directly in the XUV bewaithout the monochromator in
between, the total power in the observed XUV spectwas determined with the
voltmeter. A photocurrent of 1 mA was detected.86XkV bias, which corresponds to
a photon flux of about 0.850° photons per second, according to the manufacturer’
specifications. From the spectrum it is known tih& major contributions to that flux
come from the spectral range between 85 and 115omn average photon energy of
about 12 eV can be assumed, from which the totalepaan be calculated. In the
spectral range from 120 nm down to 60 nm, the fmater was determined to be more
than 1 nW after the sapphire window. If the caltedacoupling efficiency of the
window is taken into account, the power in the haits is estimated to be 10, 1, and
0.01 nW for the 8, 11" and 1% order, respectively. On average, more thafi 4D
the power from the seeding laser is converted pitotons in the 60 — 120 nm range.
This is comparable to the typical efficiencies aied from gas jet HHG with chirped-
pulse amplifiers.

As mentioned above, a build-up cavity holds theeptial of increased efficiency in
the HHG process due to the recycling effect. Theaanement cavity discussed in
chapter 4 with a finesse exceeding 1000, seedea Ilygh-power chirped-pulse
oscillator is expected to provide higher XUV photilux as well as an increase in
conversion efficiency;. As the peak intensity in the focus is approxirtyatee same,
no change in the cut-off energy is likely. The lendocal lengths in the 10 MHz
system provide a larger interaction volume for tHeIG process. Further, the
detrimental effect of the Gouy phase, the phask ishthe focus, is greatly reduced,
thus improving the phase-matching of HHG. Combinmogh effects and neglecting
saturation effects (e.g. due to ionization) yieddscaling law of the XUV power for
plateau harmonicBxyy = P ~b%P, whereP is the average fundamental poweithe
confocal parameter, and the intra-cavity pulse duration [179]. Insertinget
parameters of both enhancement cavities yieldsxgeocted improvement in XUV
power of 510° and thus 50 uW of average power in th& harmonic.

5.3 Above-threshold ionization

When a laser beam of high intensity interacts withaseous medium ionization can
occur. If the laser intensity is increased evethin, the atoms absorb more photons
than necessary to overcome the ionization poteniiais process is calledbove-
threshold-ionization (ATI) and was discovered in 1979 [180]. For a esvisee
ref. [181]. The resulting photoelectron kinetic ey spectra consist of a series of
peaks separated by the photon energy. In genémlpéak heights decrease with
increasing order. However, a plateau behavior waitipronounced cut-off can be
observed. This is similar to the shape of spectm thigh-order harmonic generation,
which indicates that the two processes are strotmiynected.
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5.3 Above-threshold ionization

At high laser intensities, ATl can be understoodeirms of quasistatic field ionization
and subsequent classical evolution of the elecinothe laser field [161]. Directly
emitted photoelectrons are accelerated up to armami kinetic energy oE = 2 U,
whereU, is the ponderomotive potential (see eq. 41). H@wrea considerable fraction
of the photoelectrons generated when atoms or miele@re exposed to intense laser
pulses do not escape directly. Instead they retarthe ion core within times of
typically less than an optical cycle and in precss@chronization with the electric
field of the laser pulse. The underlying mechanismlastic scattering of the electrons
when they return to the ion with subsequent acagter by the laser field. The
rescattered electrons manifest themselves in tife-dmergy plateau-like annex in the
kinetic energy spectrum with a maximum drift eneofife = 10.007U, [182].
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Figure 77. Individual contributions of the half-cycles to thAd| photoelectron spectrum. The
upper three panels show qualitatively the speareerated by the three strongest half-cycles in
a phase-stabilized pulse with CE phagse 0°, a ‘cosine pulse’. The cut-off energies were
calculated for a pulse of 7 fs duration with a 3*10/cn? intensity on-target. The spectrum
for each half-cycle does not consist of a plateali@ut-off as expected in ATl emission but of
two peaks with cut-offs at @, and 10U,, respectively. Only half-cycles before the pulse
envelope peak were taken into account due to ttemgstionization of the gas at the pulse
maximum. Also only emission in one direction of gri#ation is considered & 90°). The
bottom panel is the complete spectrum, i.e. the etitthe upper panels. The dips from the
half-cycle emission are clearly visible.
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The kinetic energy spectrum of the plateau elestisrsensitive to the CE phase for
several reasons. First of all, high-energy elearogturning to the ion core can be
created only in sub-femtosecond time interval$atgeaks of the electric field of the
laser pulse [183] (analogous to high harmonic g&iwer, see fig. 69). However, the
probability for them to tunnel through the atomatgntial atty depends exponentially
on the electric field strengtB(ty). For few-cycle pulses this is likely only for thery
few optical half-cycles close to the pulse cenBanerally, the highest kinetic energies
are reached for electrons returning to the corenwthe electric field becomes nearly
zero,E(t;) = 0. Additionally, the field amplitudE, needs to be as high as possible for
t >t; in order to allow effective acceleration afteraasering. Quantum mechanical
calculations are in very good qualitative agreenvettt this classical treatment [184]
while considerably softening the sharp cut-off ggdimits.

Therefore, the number and energy of the rescatigetbelectrons depends strongly
on the evolution of the electric field. In partiaul the highest kinetic energy that the
electrons can acquire, the cut-off energy, was dawnvary with the CE phase [185].
From the asymmetry in cut-off energies in the twin@pal directions of emission (for
a linearly polarized pulse), the value of the CERgghcan be inferred [22].

However, not only the cut-off energy changes with ghase, but also the shape of the
spectrum varies. This is due to the fact that favecycle laser pulse, each half-cycle
produces a spectrum with a cut-off dependent onathelitude of its electric field
maximum. The energy of the cut-off electrons (in) @¥ thus approximated by
Erico = 10.007€%/40w°m. E* = 1.24-13° 22 E?, where is the laser wavelength in um
andE the electric field strength at the maximum of kiadf-cycle in V/m. Each of the
individual half-cycles contributes to the ATl speeh and the cut-off position, as
shown in figure 77. Analyzing this phase-dependgpéctrum can thus provide a
measure of the actual CE phase of the laser pulse.analogous effect has recently
been observed in high-order harmonic emission [188fee distinct contributions
from half-cycles were observed in the experimesgctra from which the actual
value of the CE phase was extracted by comparisitim av library of theoretical
energies. In contrast, half-cycle cut-off signasuh@ve not been reported from ATI
spectra so far. Substructures in ATI electron speatere predicted recently [187],
though, only the low-energy part of the spectruns \eaamined and the sub-peaks
were not depending on the value of the CE phase.

In the experiment, ATl electrons may simply be gatedl by focusing an intense
ultrashort laser beam into a gas jet. Here, phtdmliged linearly polarized pulses
from the amplifier system described in chapter Benemployed to generate intensities
in the focus of around 1-¥0wW/cn?. The target consisted of a pulsed nozzle backed by
argon gas. The kinetic energy of the photoelecticars be measured by a time-of-
flight detector. In order to resolve not only theeegy and the number of the produced
electrons but also their direction of emission, WHecity-map imaging technique can

be employed [188].
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Figure 78. Experimental scheme of the velocity-map imagingisetntense few-cycle pulses
from the chirped-pulse amplifier systei, ¢ 300 mJfie = 3 kHz,Ac = 760 nm,z = 7 S, | peax

= 1.16* Wicnf) are focused in a jet of argon. Electron optiepéiler and extractor) direct the
generated electrons to a detector consisting ofua dultichannel plate (MCP) and a
phosphorous screen (F2226-24PX, Hamamatsu Ince.glls jet was operated at 50 Hz and
the MCP was switched such that electrons from e@éfylaser pulse were detected. This
allowed maintaining a low background pressure i thamber (typically 2-10mbar) and
keeping ionization from background gases suffitjeltw. The image of the phosphor screen
was taken by a CCD camera (TM-9701, JAI PULNIX JnG@he CE phase of the laser beam
may be adjusted with a pair of thin wedges. fM:egjdal focusing mirror, focal length 40 cm.

Figure 78 shows the schematics of the detectianciple. The electrons generated at
the crossing point of the laser beam with the gasaje accelerated and focused by
electron optics onto a multichannel plate-phospgween assembly. A CCD camera
records the image of the screen. A sample imagkawn in figure 79. In this manner,
the direction of emission is mapped onto the aaglkthe electron kinetic energy onto
the radius at the detector (using a polar coordirsgstem). Thus, the velocity-map
imaging technique enables the observation of plettben emission in both
polarization directions. This is not possible withe standard time-of-flight
measurement method.

Different information may be extracted from thes@ges. Integrating a pie section of
the image over a certain angle about an axis (lystred axis of the laser polarization)
reveals a spectrum for the upp@(E.p)) and lower Pswown(E.@)) half of the image,
respectively.
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Figure 79. Sample image from the velocity-map imaging detecldre laser pulses were
phase-stabilizedp(= 0°) and propagated along the horizontal agis 0°/180°) with linear
polarization in the vertical axig) & 90°/270°).

From both spectra, the asymmetry factor can belzdéd

P (E:#) ~ P (E.9)

AE,§) = Eq. 45
( ¢) Pup(E!¢) + Pdown(E’¢) q

with

Pprconn (B #) = [ desfodw P(E,8,¢,¢)sin@ Eq. 46

with y being the azimuthal angle and where the integrdioits over the polar angle
6 are given by the pie section of interest.
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Figure 80. Map of the asymmetry factor integrated over 10fapbalf-angle about the laser
axis. The map consists of 20 spectra. The stepEnpBase between imagesif. The
integration time for each CE phase setting wasri. iflie bottom panel shows the asymmetry
integrated over the energy range 30 to 40 eV vas€E phase.

A map of the asymmetry factor as a function of kmelectron energy and CE phase
derived from measured angular-resolved ATI speastshown in figure 80. The polar
angle was integrated over 2-10° about the lasarigation axis which provided the
strongest overall asymmetry. Figure 80 also displing asymmetry factor integrated
over the energy range 30 to 40 eV, the region wthieee strongest oscillation in
asymmetry is found. CE phase dependence, thoughsmialler modulation depth, is
also seen in the other energy ranges above anai.belo

However, as mentioned above, not only the asymmnistyween spectra but also the
individual spectra themselves reveal a CE phaserakgmce. Figure 81 illustrates the
change in the spectral shape when the CE phaseiedvrom O tar in steps oft/5.
The individual cut-offs from half-cycles appearspectral peaks that move in energy
as a function of the CE phase. At least two hadiieycut-offs are visible in each
spectrum. In contrast, the spectrum recorded aitilomly varying CE phase does not
display signs of half-cycle cut-offs. The positinenergy of the cut-offs is in good
agreement with estimates from the relative peaghtsiof half-cycles of a laser pulse
with 7 fs duration (FWHM) in a Gaussian temporabfje and a peak intensity
on-target of 1.1 Wi/cnt.
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Figure 81. Half-cycle cut-offs in ATI spectra. Spectra of Aphotoelectrons emitted in one

hemisphere, spatially integrated over 10° half-angbout the laser polarization axis

(60 =90°/180°). Smoothed line-outs (red lines) emeashe half-cycle cut-offs. The upper

five panels show spectra with phase-stabilized pulses with the CE phase varying in steps
of n/5. Bottom panel displays the spectrum generatéd wvilocked CE phase.
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5.3 Above-threshold ionization

The evolution of the half-cycle cut-offs is eveeaner visualized when the spectra are
stacked to give a color-mapped plot. Figure 82 shtve experimental ATI spectra
recorded as the CE phase is varied in a rangevaistl4. Individual contributions of
two half-cycles can be observed, which are — bypaomon to (classical) theoretical
estimates — attributed to the half-cycles with hinghest amplitude and the half-cycle
before in the same direction. The blue dots reptetigeoretical estimates of the
individual cut-offs of these half-cycles for a lagmlse with parameters as above.
Contributions from the half-cycle after the peakxmaum are not clearly observed in
the experimental data. These contributions wei@ s seen in the half-cycle cut-offs
in high-harmonic spectra in ref. [186]. Potentialipnization saturation could be
responsible for such a behavior.

Energy / eV

- 0 T 2n
CE phase / rad

Figure 82. Theoretical and experimental positions of half-eyclit-offs versus CE phase. The
color-mapped plot consists of 20 spatially-integdaspectra (10° half-angle) measured for
different settings of the CE phase. The step in gbase between images it with an
integration time for each CE phase setting of 1. e theoretical half-cycle cut-off positions
(blue dots) were calculated from the relative istgnat the maxima of the two strongest half-
cycles of a 7 fs pulse with Gaussian temporal [gaind a peak intensity of 1 4®/cn?.
Only half-cycles before the global pulse peak wkeen into account due to the strong
ionization of the gas at the pulse maximum.

By comparison between the theoretical estimatesfamexperimental data, the actual
value of the CE phase can be determined from fi@2esimilarly to the CE phase
recovery procedure proposed in ref. [186]. Both #mymmetry in the electron
emission from ATI and the position of individuallteycle cut-offs in the electron
kinetic energy spectra can serve to derive the @Rs@. Velocity-map imaging
provides electron kinetic energy spectra in bothssion directions along the laser
polarization axis such that both ways of CE phaserdination are accessible single-
shot. This is also possible with a setup employing time-of-flight detectors
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(so-called stereo-ATI setup, ref. [185]). In costréo that, half-cycle cut-offs may
serve in the future to determine the phase direatly measurement with only a single
time-of-flight detector.

5.4 Conclusions

High-harmonic generation is a highly nonlinear freqcy conversion process that
permits the generation of coherent XUV light. HHi@er makes use of the nonlinear
interaction of moderate laser intensities with & tgrget or of relativistic intensities
with solid surfaces. However, the actual generaporcess differs. Combining both
worlds by using the generation process customaniployed in a gas target (fig. 70)
and applying it to a solid surface was proposedntdg. The results from a fused silica
sample under grazing incidence showed harmonids ag" order, albeit at very low
efficiencies. Changes in the focusing geometry poskibly a different target material
(with a lattice structure) could increase the gateat power.

Also, placing the interaction gas target in an ecgkaent resonator for femtosecond
pulses holds the potential of improved overall @msion efficiency. Light that has not
contributed to the conversion is stored in the masar and can participate in a later
pass through the nonlinear medium. In a first destration harmonics up to ®rder
were demonstrated with overall efficiencies compkrao chirped-pulse amplifier
systems. The envisaged build-up resonators sesgdeigt-power Yb-based oscillator-
amplifier systems [189-191] will likely push thetenif energy to shorter wavelengths.
Here the scaling lavEquort ~ | 4% (eq. 43) helps: the longer wavelength of ytterhium
around 1030 nm, by itself results in an increasthéncut-off energy of 65%. Clearly
also the higher average power of these systems ltloé&dpromise of shifting the cut-
off energy as well as generating a larger numbg@hotons in a given harmonic order.

Apart from HHG, other strong-field phenomenon egsit can be studied with intense
few-cycle laser pulses. Above-threshold ionizai®one of the processes that display
a pronounced dependence on the CE phase of thagitaser pulses. The ionization
of argon atoms is studied with the velocity-map gmg technique that can spatially
resolve the generated photoelectrons. Apart froen well-known phase-dependent
asymmetry of the ATI spectra in the two polarizatidirections, another CE phase
effect was described: signatures of the half-cydeshe electric field in a phase-
stabilized few-cycle laser pulse were observedhm ATl spectra. Comparing the
individual contributions of these half-cycles witheoretical estimates reveals the
value of the CE phase. With better resolving powpatial filtering and thus improved
contrast, the information from the half-cycle cdfisoin an ATI spectrum could
potentially be used to determine the CE phase aviimgle time-of-flight detector.
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“I look back on tremendous efforts and
exhaustion and dismal looking out of a tent door
on to a dismal world of snow and vanishing hopes
and yet, and yet, and yet there have been a good

many things to see the other side.”

Chapter 6 G. L. Mallory

Outlook

Ultrafast laser science has progressed rapidly in the/éass. Since the invention of
chirped mirrors in 1994 pulse durations from laser oscillatonge hdecreased
continuously, reaching the single-cycle limit very recently. Sifyilathe quest for
ever higher pulse energies was spurred by the demonstration of chitped-pu
amplification in 1985. Recent developments attempt to close thangepns of pulse
energy and repetition rate between laser oscillator and compléx sggtems by
alternative methods. The alternative concepts discussed in dhisare long-cavity
oscillators, also supplemented by a cw post-amplifier, and mogoriantly
enhancement cavities. Figure 83 shows an overview of the charageostthe
presented ultrafast laser sources.

The chirped-pulse oscillator in combination with a compact doublepgusssamplifier
is expected to produce microjoule pulses at repetition rateseof mégahertz. Tightly
focusing these pulses will result in intensities well above*d \Mcnt, sufficient for
the generation of XUV photons by HHG. First ionization experiments avitielium
gas jet indicate that these intensities are attainabbsctlyirfrom a chirped-pulse
oscillator [112]. These developments could lead to a compact cobsehsource at
megahertz repetition rate.

The enhancement cavity operating at 10 MHz, seeded by a long-cavitpatosailhs
presented in detail. It is aimed at producing XUV radiation by HM@G a comb
structure usable for spectroscopic experiments. In particular, ystens will be
employed for probing the 1S-2S transition of "H&his two-photon transition is
located at 60 nm, corresponding to thé” Harmonic. Inferring from the proof-of-
principle experiment with the 100 MHz enhancement cavity, 50 pyW oagegower

in the 13" harmonic can be expected at 10 MHz repetition rate. In additioheto t
out-coupler, steering and focusing mirrors for the XUV light vatiuce the power by
a large amount, as optics with high reflectivity are not avalablthis wavelength
range. If ~20% of the power can reach the helium ions in the trap amti-collinear
arrangement with a focus spot size of 1 um, an event rate in ttizerdrege can be
expected. With an acquisition time of°16his corresponds to a measurement on the
2-10* level [192)].

115



6. Outlook

(o]

enhancement
cavities

o

10
20

s (e

T T

10° 10° 107 10°

Pulse energy / J

1 Pulse duration / fs

o+
o

o

Repetition rate / Hz

Figure 83. Overview of the ultrafast laser sources discussethis work. The range of the
technologies in the parameter space of pulse eramgyrepetition rate is marked by ovals.
Solid dots represent realized systems, while entuits denote parameters of projected
systems. CPA: chirped-pulse amplifiers; CPO: clirpalse long-cavity oscillators;
CPO+amp: CPO with subsequent cw amplification; KLi&rr-lens mode-locked oscillators.
The two projected enhancement cavities will be sddaly ytterbium amplifier systems (fiber
amplifier and slab amplifier, respectively).

Further in the future, enhancement cavities could be employed for coiceide
experiments, e.g. for the investigation of the correlation of electronsultiphoton
double ionization [193]. The simultaneous detection of the electronsednfiiom a
single atom necessitates an event rate per laser pulse malterghan one (typically
on the order of 0.05 per laser shot). This in turn means that such amexpevould
benefit immensely from an increase in repetition rate. The use &fnhancement
cavity instead of a CPA system would reduce acquisition times hy fiyetorders of
magnitude.

Both these experiments would profit greatly from an increase iavdi@ge circulating
power in the cavity. One thrust of research toward this goahe seeding of the
enhancement resonator with master oscillator-power am@iygems. Increasing the
incident pulse energy can boost the circulating power if the seed powHiciently
coupled to the cavity. The cw-pumped double-pass Ti:sapphire post-amigliféer
promising device for boosting the pulse energy before seeding the ememoavity.
But especially amplifier concepts based on ytterbium as the gaterial hold high
potential in that respect. Mainly two architectures aswslable, fiber-based amplifiers
and slab amplifiers. The former can consist of a bulk Yb:KGW laszil and
subsequent chirped-pulse amplification in an Yb-doped fiber. It proydisges at a
center wavelength of 1030 nm with an energy of up to 1 uJ and a durati@nfof
after compression by a set of chirped mirrors [190, 191]. The ladteist far only
been demonstrated for Nd:YAG doped crystals [189]. With the larger ldthdof
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Yb:YAG such a system is expected to deliver ~100 fs pulses wihwatens of
microjoule energy at a repetition rate of 50 MHz.

Enhancing the pulses from such an amplifier system in a passoreates may be by
a factor of 100, will together with intra-cavity HHG tap a rangeeiv applications:
the envisaged coherent XUV light at 13 nm wavelength with average ptygerto a
milliwatt could be used for instance in the realm of XUV littggry for the
characterization of masks or the inspection of the surface of wafers.
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Appendix

Appendix A.1

The electric field of atrain of pulsesis given by

E(t) =D E(t-n7) [@xp(i(wt —nw,T +nAg + ), Eq. 47

where E(t) is the envelope function for asingle pulse, z the time between pulses, o, the
center frequency, Ay the pulse-to-pulse CE phase shift and ¢q a phase offset.

The Fourier transform yields

E(w) = [E(t) " “dt =
=Y exp(i(-nw.7 +nAg + ¢,)) Ef E(t—nr) exp(i(w, — w)t) dt’ Eq. 48

By substituting variables and letting
E(w) = [E() e dt, Eq. 49

one obtains
E(w) = €% E(w- @,)> exp(=inwr +inAg) . Eq. 50

Using the Poisson sum formula along with the fact that the Fourier transform of a
constant is the deltafunction o(t) yields
Eqg. 51

E(w) = " E(w-w,) 2y O(-wr +A¢g - 2rm)
which is a spectrum with discrete lines at frequencies

w, _2nn_A¢ or fo=nf +f Eq. 52
T T
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for

feeo = (_)%- Eq. 53
2ir
Appendix A.2

The frequencies of the longitudinal modes that are resonant in a Fabry-Perot laser
cavity obey

27c
w, = :
n(w) L

Eq. 54

where n(w) is the index of refraction averaged over the resonator and L the cavity
length. In general n depends on w, i.e. dispersion is present. However, in a mode-
locked laser cavity effectively the dispersion vanishes due to compensation effects
from nonlinearities. Neglecting dispersion of higher than second order, thisimplies for
the wavevector k(w)

ok 1 0™k
— =-"—=const and
ow A ow

=0 form>1, Eq. 55

m

where vy is the averaged group velocity in the cavity. Therefore k(w) takes the form
k(w) = kot+w/vy. Combined with the general dispersion equation (k = w n/c) thisyields

n(w) = ({vi + k—a‘;] : Eq. 56
g

which doesin fact depend on w. Inserting thisinto eq. 54 one obtains

2nv,
W, = i m-KoyV, . Eq. 57

AsVy/L = frep, the spacing of the comb lines is again the repetition frequency.
The condition for the phase velocity vy, w/k(w) = vp, requires

K, = a)[i - i} . Eq. 58
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Appendix

Inserting eq. 58 into eg. 57, converting from angular frequencies and using

WV, 1 1
fopo = ——| ———|. Eqg. 59
o= e L2 :
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