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Zusammenfassung

Mit der zunehmenden Verbreitung von in Spitzen- und Durchschnittsleistung skalier-
baren Femtosekundenlasern, insbesondere von modengekoppelten Diinnscheibenoszilla-
toren, entstand auch die Nachfrage nach ebenso leistungsskalierbaren Methoden der Pul-
skompression, Trager-Einhiillenden-Phasenstabilisierung und Frequenzumwandlung. Diese
Techniken werden routineméfig bei ultraschnellen Lasern mit kleineren Durchschnittsleis-
tungen angewandt, zum Beispiel den Titan:Saphir-basierten. Jedoch mussten sie fiir die
starksten Femtosekundenlichtquellen mit etwa 100 W Durchschnittsleitung und 10 MW
Spitzenleistung neu erfunden werden.

Diese Dissertation zeigt, wie die von einem modengekoppelten Diinnscheibenoszillator
mit 45 W Durchschnittsleistung emittierten Pulse zum ersten Mal auf eine Dauer von
nur wenigen optischen Zyklen komprimiert worden sind. Die lediglich 7.7 fs kurzen Pulse
wurden durch zwei sequentielle spektralen Verbreiterungs- und Kompressionsstufen mit
gechirpten Spiegeln erzielt.

Selbige Lichtquelle war auch der erste Diinnscheibenoszillator, sowie gleichzeitig der erste
Laseroszillator mit mehr als 10 W Durchschnittsleistung, von dessen emittierten Pulsziigen
die Trager-Einhiillenden-Phase stabilisiert wurde. Zwei Stabilisierungsschemata werden
vorgestellt: Das erste beruht auf der Modulation der Leistungsverluste des Lichts in der
Laserkavitdt durch einen akustooptischen Modulator. Der Ansatz resultierte in einem
verbleibenden Phasenrauschen von 125 mrad, gemessen im Regelkreis, sowie 270 mrad,
auBerhalb des Regelkreises gemessen. Die zweite Methode verwendete ein zuséatzliches
Netzgerat zur Modulation des Pumplaserdiodenstroms. Hierbei wurde ein verbleibendes,
im Regelkreis gemessenes Phasenrauschen von 390 mrad erreicht.

Wihrend die Methoden zur Stabilisierung der Tréger-Einhiillenden-Phase leistungsskalier-
bar sind, wird die Skalierbarkeit des urspriinglichen Ansatzes zur Kompression der Oszil-
latorpulse auf nur wenige optische Zyklen durch die Zerstorschwelle von photonischen
Kristallfasern mit festem Kern eingeschrankt. Die Dissertation beschreibt detailliert
die Limitierungen der Fasern beziiglich maximal durchléassiger Spitzenleistungen sowie
erreichbarer spektraler Verbreitungsfaktoren. Weiterhin wird ein alternativer Ansatz
demonstriert. Dieser beruht auf spektraler Verbreiterung in Hohlkernfasern mit einer
Kagomé-artigen photonischen Kristallstruktur. Ein zweistufiges Verbreiterungs- und Kom-
pressionsexperiment erzielte Pulsdauern von nur 9.1fs. Allerdings zeigte sich auch eine
signifikante Uberhohung des Intensitétsrauschens der ultrakurzen Pulse im Vergleich zu
denen, die direkt vom Laseroszillator emittiert wurden.

Daher wurde spektrales Verbreitern in Kristallfenstern untersucht. Durch das Ausnutzen
des optischen KERR-Effekts wurden Spektren erzeugt, deren Bandbreite Pulsdauern von
15fs erlaubt. Dieses Ergebnis motiviert die ausschlieSliche Anwendung von Kristallfen-
stern in der spektralen Verbreiterung von kurzen Pulsen. Simulationsergebnisse fiir die
Lichtpropagation durch eine Reihe von KERR-Medien versprechen eine gute Effizienz
dieser Methode. Dariiber hinaus wurde die Kompression von 190fs Pulsen mit einer
Durchschnittsleistung von 90 W zu 30 fs und einer Durchschnittsleistung von 70 W exper-
imentell demonstriert. Hierzu wurden selbst-defokussierende BBO-Kristalle verwendet.
Die umfassende Studie tiber spektrale Verbreiterungs- und Pulskompressionstechniken ist
wegbereitend fiir die Erzeugung von kurzen Pulsen mit Dauern von wenigen optischen
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Zyklen bei Spitzenleistungen von einigen hundert Megawatt und Durchschnittsleitungen
von mehr als einhundert Watt.

SchlieBlich befasst sich die Dissertation mit der Aufgabe die breitbandigen, leistungsstarken
Spektren in einen Wellenldngenbereich zu tibertragen, der eine riesige Anzahl an charak-
teristischen molekularen Absorptionen beherbergt - dem mittleren Infrarot. Die Umwand-
lung des Nahinfrarots zu kleineren Frequenzen durch optische parametrische Verstarkung
resultierte in Strahlung mit bis zu 5 W bei 4,1 Mikrometer und 1.3 W bei 8,5 Mikrometer,
was einer Durchschnittsleistungssteigerung von einer Gréflenordnung gegeniiber anderen
kompakten Femtosekundenlichtquellen mit iiber 5 Mikrometer Wellenldnge entspricht.

Zuséatzlich zu den Leistungsmessungen werden Durchstimmbarkeit und Superkontinuum-
serzeugung durch aufeinanderfolgende quadratische Nichtlinearitdten demonstriert. Dies
fithrte insgesamt zu einer spektralen Abdeckung der Wellenldngen von 1,6 bis 11 Mikro-
meter mit Leistungsdichten, welche 1 W /cm™ im gesamten Bereich iibersteigen.

Die demonstrierten Methoden zur Pulskompression sowie Trager-Einhiillenden-Phasen-
stabilisierung werden als grundlegende Techniken fiir die weitere Entwicklung einer neuen
Generation von Hochleistungslichtquellen dienen. Durch Wellenform-kontrollierte Pulse,
die nur wenige optische Zyklen dauern, kénnen extrem nichtlineare Effekte bei bisher
noch nicht erreichten Durchschnittsleistungen und Wiederholraten erzeugt werden. Die
mehrere Oktaven iiberspannende Femtosekundenlichtquelle im mittleren Infrarot ver-
spricht einzigarte Anwendungen beim Detektieren von molekularen Fingerabdriicken, ins-
besondere durch die Moglichkeiten zur Zuriickwandlung der Frequenzen in den Nahin-
frarotbereich oder die Nutzung der Frequenzkammspektroskopie.
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Abstract

With the advent of peak and average power scalable femtosecond lasers, in particular
mode-locked thin-disk oscillators, the need for equally scalable pulse compression, carrier-
envelope-phase stabilization and frequency conversion schemes arose. These techniques
have been routinely applied to lower average power ultrafast lasers, for instance the widely
used Ti:sapphire based ones. But they had to be reinvented for cutting-edge femtosecond
sources with 100 W level average and 10 MW level peak powers.

This dissertation presents how pulses emitted from a 45 W average power mode-locked
thin-disk oscillator were compressed for the first time to a duration of only a few optical
cycles. Pulses as short as 7.7fs were attained from two sequential spectral broadening
and chirped mirror pulse compression stages.

The same light source was also the first thin-disk oscillator, and simultaneously the first
oscillator with an average power of more than 10 W, which was carrier-envelope-phase
stabilized. Two stabilization methods are presented: The first one utilized intracavity
loss modulation by means of an acousto-optic modulator. This resulted in 125 mrad in-
loop and 270 mrad out-of-loop residual phase noise. The second one employed pump
diode current modulation by means of an auxiliary power supply. This approach yielded
a 390 mrad residual in-loop phase noise.

Whereas the presented carrier-envelope-phase stabilization schemes are power-scalable,
the scalability of the initial few-cycle pulse generation approach is restricted by the dam-
age threshold of solid-core photonic crystal fiber. The thesis reports in detail on the
limitations of these fibers with respect to maximally transmittable peak powers and at-
tainable spectral broadening factors. Moreover, an alternative approach utilizing hollow-
core Kagomé-type photonic crystal fibers is demonstrated. A double-stage broadening
and compression setup yielded pulse durations of only 9.1 fs, but also showed a significant
intensity noise increase in comparison to the thin-disk oscillator output.

Therefore, spectral broadening in bulk crystals was studied. By exploiting the optical
KERR effect, spectra with FOURIER transform-limits of 15 fs were achieved, opening the
perspective for all solid-state spectral broadening in bulk material. Simulation results
for a sequence of thin KERR media predict a good power efficiency of the method. Fur-
thermore, an experimental realization of pulse compression from 190 fs pulses with 90 W
average power to 30fs pulses with 70 W average power in self-defocusing BBO crystals
is reported. The presented comprehensive study on spectral broadening and pulse com-
pression techniques paves the way to few-cycle pulse generation at hundreds of MW peak
power and hundreds of Watts average power.

Eventually, the dissertation addresses the issue of transferring broadband, powerful spec-
tra to a wavelength region with a huge variety of characteristic molecular absorptions
- the mid-infrared. Frequency down-conversion via optical parametric amplification re-
sulted in radiation with up to 5 W at 4.1 microns and 1.3 W at 8.5 microns, corresponding
to an order-of-magnitude average power increase for compact femtosecond light sources
operating at wavelengths longer than 5 microns.

In addition to the power measurements, both wavelength tunability and supercontin-
uum generation by means of cascaded quadratic nonlinearities are reported, resulting in
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overall spectral coverage from 1.6 to 11 microns with power spectral densities exceeding
1 uW /em™! over the entire range.

The pulse compression and carrier-envelope-phase stabilization schemes demonstrated in
this dissertation will serve as fundamental techniques for the further development of a new
generation of waveform-controlled few-cycle pulse lasers which are capable of triggering
extreme nonlinear effects at unprecedented average powers and repetition rates. The
multi-octave spanning, mid-infrared femtosecond source offers exciting opportunities for
molecular fingerprinting, in particular by means of frequency up-conversion and field-
sensitive techniques as well as frequency comb spectroscopy.
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Thesis outline

The subject of this dissertation is the development of high-average power ultrafast lasers.
The main methods are spectral broadening and pulse compression, carrier-envelope-phase
stabilization as well as difference frequency generation and optical parametric amplifica-
tion.

The dissertation is structured as follows:

Chapter 1 firstly specifies the research area and defines the research objectives of this
thesis. Secondly, it introduces the main methods from a historical point of view, out-
lines the shortcomings of currently prevailing laser technologies and explains possible
applications for a new generation of mode-locked femtosecond oscillators. Thirdly, some
important properties of the thin-disk technology are introduced. In section 4 of chapter
1, fundamental physical concepts are explained in an illustrative manner.

Chapter 2 demonstrates a proof-of-principle experiment towards thin-disk-based high-
power waveform-controlled few-cycle pulse light sources. Firstly, the mainly used Kerr-
lens mode-locked thin-disk oscillator is characterized. Secondly, pulse compression with
a solid-core fiber and a bulk material broadening stage is reported. Thirdly, carrier-
envelope-phase stabilization by means of an intracavity acousto-optic modulator is demon-
strated. All results are summarized at the end.

The subject of chapter 3 is the power-scalability of the results presented in chapter 2.
In section 1 solid-core and hollow-core photonic crystal fiber spectral broadening is in-
vestigated. Section 2 focuses on pulse compression techniques that rely on bulk crystals,
either exhibiting only the optical KERR effect or additionally quadratic optical nonlineari-
ties. Section 3 presents an alternative, power-scalable approach on carrier-envelope-phase
stabilization. Eventually, section 4 gives a comprehensive overview about all studied
techniques.

Chapter 4 focuses on frequency down-conversion of the near-infrared radiation emitted by
the ultrafast oscillator to the mid-infrared. In section 1, two powerful optical parametric
amplifiers are demonstrated and a comparison to an alternative down-conversion approach
via intrapulse difference frequency generation is presented. The subject of section 2 is
supercontinuum generation in the mid-infrared by means of large cascaded quadratic
nonlinearities. In the final section the chapter is summarized.

Chapter & firstly proposes what can be done next in order to apply the achievements of
this thesis. Three applications are discussed. Secondly, the main results of the dissertation
are highlighted once more in concluding statements.



1 INTRODUCTION

1.1 What Does “Generation” Refer to?

The relatively young history of the laser began in 1960, when T. H. MAIMAN demon-
strated Light Amplification by Stimulated Emission of Radiation for the first time!. His
achievement was based on the theoretical work of V. A. FABRIKANT and the NOBEL
prize laureates A. EINSTEIN, A. M. PROHOROV, N. G. BAsov, A. L. SCHAWLOW
and CH. H. TowNES??®. During the past 58 years, the research and development field
has proliferated in many respects. Today, laser technology has become a multi-billion
dollar business with a continuous growth rate on the order of 5% during the past years®.
Moreover, the invention led to numerous NOBEL prize awarded inventions in physics as

well as in chemistry”.

The work presented in this dissertation is focused on the development of ultrashort pulse
solid-state thin-disk (TD) laser oscillators. Although solid-state lasers have only a small
market share in comparison to diode lasers, the technology is fairly interesting for the
biggest laser market segment, material processing®. Its key features, which are average
power, intensity and laser wavelength®, are in-fact addressed in this work. However, the
main goal of the thesis is to present a novel light source which enables cutting-edge appli-
cations in field-sensitive nonlinear optics as well as frequency comb spectroscopy, research
fields with tremendous potential to be employed in life sciences or signal processing, for
instance. This target requires the consideration of additional key elements, which are the
generation of pulses with a duration on the order of an optical cycle and the full phase-
control of the light field, i.e. waveform-control enabled by carrier-envelope phase (CEP)
stabilization. These features are closely related to the emergence of femtosecond titanium
doped sapphire (Ti:sapph) oscillators which have been prevailing in ultrafast optics lab-
oratories since their advent in 1990/91%1° i.e. for more than 25 years. This is a huge
era in the young history of the laser. Nevertheless, the unprecedented power-scalability
of TD oscillators and its most recent developments, which are at least partly presented in
this dissertation, promise to gradually replace the established bulk solid-state technology
within the next decades.

The “new generation of high-power, waveform controlled, few-cycle light sources” which
is discussed in this thesis must be distinguished from the recently proclaimed “third-
generation femtosecond technology”!'2.  Although both developments aim for enor-

Remark: Optical cycle

The duration of an optical cycle is calculated by the carrier (or central) wavelength of
the optical pulse (A.) divided by the speed of light (¢p ~ 299.8nm/fs). The central
wavelength of the utilized laser oscillator is about 1030 nm which corresponds to a 3.4 fs
= (0.000 000000 000003 4 s cycle duration.




2 What Does “Generation” Refer to?

Table 1.1: Generations of mode-locked oscillators - an overview.

time architecture selected milestones references
1964-1970 multiple first active mode-locking 14
first passive mode-locking 15, 16
1970-1990  organic dyes  first CW mode-locking 17
sub-10fs pulses with external compression 18
1990- 7¢ bulk solid-state demonstration of KLM Ti:sapph oscillator 9, 10
demonstration of CEP stabilization 19
first few-cycle pulse oscillator with octave- 20

spanning spectrum

74 thin-disk first mode-locked TD oscillator 21
first > 100 W fs oscillator 22
demonstration of KLM TD oscillator 23
CEP stabilization and few-cycle pulse generation 24

by external compression

CW - continuous wave, KLM - KERR lens mode-locked, CEP - carrier-envelope phase, TD - thin-disk
% A question mark is set here because the breakthrough of TD oscillators in a scale of previous
generations has not yet come. In the final chapter of this dissertation the recent progress will be
reviewed in order to conclude on how the technology will advance.

mously increasing both peak and average power, the light sources presented here are
rather considered as the front end of the amplifier systems described in refs. 11 and 12.
The distinct advantages of using the oscillators as stand alone systems are higher (MHz)
pulse repetition rates and hence data acquisition rates as well as the vastly reduced com-
plexity of the systems!3.

The term “generation” has been adapted from the historical reviews provided in refs. 36
and 37. They refer to generations of mode-locked lasers. Mode-locking is the fundamental
principle of every table-top ultrafast laser. It will be briefly explained in section 1.4.
The classification of generations, which both papers use, is shown in table 1.1. Some
important milestones of the evolving TD technology have been added. The first generation
of mode-locked lasers was called the generation of picosecond (ps) lasers and may be also
referred to as the pioneering era of ultrashort pulse generation since ps lasers are still
quite common. Many gain materials were explored. Fundamental research on mode-
locking was conducted and its principles were described for the first time. The second
generation was characterized by fs dye lasers. This period led to the first demonstration
of few-cycle pulses, i.e. the ultimate duration limits of visible pulses were approached.
AHMED ZEWAIL’s “studies of the transition states of chemical reactions using femtosecond
spectroscopy”, which were rewarded with the 1999 NOBEL prize in chemistry3®3?, were
initially based on dye lasers, but also strongly benefited from the following generation of
solid-state femtosecond lasers which enabled further breakthroughs in creating nature’s
shortest events outside the atomic nucleus. Attosecond (as) pulses®? and light field
transients*>** were demonstrated for the first time. However, these concepts do not
necessarily require solid laser gain media since they originate from optical nonlinearities.
They rather require light sources which are highly reliable and fairly easy to handle. That
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Remark: Mode-locked fiber lasers

In the early 1990s a tremendous development of ultrafast fiber lasers started in parallel to
the proliferation of solid-state bulk oscillators as, for instance, reviewed in ref. 25. This
development is still rapidly progressing, and thus should be mentioned within the context
of this section. By means of increasing mode-field areas, chirped pulse amplification (CPA)
and eventually coherent combination of multiple beams, fs lasers with kW of average power
and GW of peak power have been demonstrated? 2%, Moreover, single-cycle pulses have
been synthesized?” and tight locking of carrier-envelope-offset frequency was achieved?°.
Although thousands of kW average and TW peak power have been envisioned?3!, the
scalability of the technology relies so-far on coherent combining where firstly, power scales
only linear with the number of beams, and secondly, the combination of thousands of
lasers would be required while eight channels have been demonstrated?®. The approach
could be also transferred to any other laser architecture, and hence, the scalability is
in that sense inferior to disk or innoslab technology where kW ultrafast sources were
demonstrated without combining laser beams®? 3%, Ultrafast fiber oscillators have reached
average powers of 66 W33 which is akin to the TD oscillator that was mostly used in the
experiments presented here. However, resorting to the positive dispersion regime was
necessary to not sustain peak power induced damages which indicates that relying on the
TD concept is beneficial for power scaling. Nevertheless, all-fiber lasers exhibit certainly
many advantages in terms of applicability which are high wall-plug efficiency, robustness
due to the absence of free-standing optics, compactness, low vulnerability to thermal load
(up to moderate fiber diameters) and cost-efficiency3!. Consequently, their development
has been also driven by a variety of companies and not only by research institutions?6.

is what really made the difference between dye and solid-state femtosecond lasers. Not by
coincidence the Kerr-lens mode-locked (KLM) Ti:sapph lasers have been commercialized
only one year after they were reported for the first time in 1990%%°. Contrary to KRAUSZ
et al.3, FRENCH?" even introduces a fourth generation which he calls “useful ultrafast
lasers”. He derives this name from the following consideration:

“The extremely rapid development of tunable femtosecond solid-state lasers
has brought the field to the point where it is not always necessary to design
an experiment around the available laser source: rather, it is now reasonable
to expect that a suitable ultrafast laser will exist for a particular application.”

The categorization that KRAUSZ et al. proposed shall be utilized here since the fourth
generation of FRENCH does not introduce a new laser architecture. Nevertheless, the
quotation points out an additional important property of the third mode-locked laser gen-
eration: This is tunability or, in more general wording, the freedom to adapt the central
wavelength and the bandwidth of the light pulses to the targeted application. Although
dye lasers in principle already covered the spectral range from 320 nm to 1800 nm, they
were lacking stability in particular at near infrared (near-IR) wavelengths3”. Solid-state
gain materials allow lasing from 700nm to about 3 um?°. Furthermore, nonlinear fre-
quency conversion and supercontinuum generation give access to frequencies from several
THz up to the deep ultraviolet (UV) region and grant access to partially even octave-
spanning bandwidths 346749,

Another key feature has massively increased the importance of fs lasers. It emerged shortly
after the turn of the last millennium. The phase, which describes the shift between the
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Fig. 1.1. Key elements of the four generations of mode-locked lasers described in the main text. The
graphic indicates that all features of the preceding generations must be embedded into the new ones. The
thesis covers the key elements printed in bold type.

peaks of the carrier wave and pulse envelope was controlled for the first time'®°°. This has
linked the domain of optical frequencies (THz-PHz) to the domain of radio-frequencies
(MHz-GHz) and revolutionized metrology. Therefore, the third generation of mode-locked
lasers is also closely linked to the 2005 NOBEL prizes in physics for JOHN L. HALL’s
and THEODOR W. HANSCH’s “contributions to the development of laser-based precision
spectroscopy, including the optical frequency comb technique”?'. Moreover, the ability to
precisely control the carrier-envelope phase (CEP) opened the door to explore nonlinear
optical effects which do not only depend on the cycle-averaged intensity of the light-field
but also on its temporal phase®®. These are so-called extreme or field-sensitive optical
nonlinearities. Most prominent among them is probably the generation of phase-coherent
high harmonics®®%*.

Since these new avenues of exploiting extreme nonlinear optics set a huge demand on both
peak power to drive the effects and average power to maintain high data rates despite low
efficiencies in the nonlinear conversion processes, the bulk solid-state laser architecture
came up against its limitations!'!. Despite the efforts to extend the laser cavity lengths in
order to increase the pulse energy and the peak power, resp. while keeping the average
power at a Watt-level®® and to operate the laser in the positive dispersion regime, i.e.
with temporally stretched pulses, to avoid detrimental nonlinearities, Ti:sapph oscillators
remained at sub-uJ pulse energy and sub-10 W average output power levels®®*7. By con-
trast, the first mode-locked TD oscillator, demonstrated in 20002, already delivered more
than 16 W of average power at about 0.5 uJ pulse energy. Today, roughly 18 years later,
average powers of more than 250 W55 multiple tens of xJ%* 5! and peak powers of more
than 60 MW %61 are directly extracted from the oscillators. Moreover, up to 230 MW
after external pulse compression® have been obtained. In spite of these highly impressive
numbers, mode-locked TD lasers have only been employed in a few spectroscopic applica-
tions 13364 which did not even clearly reveal the advantages of the oscillators. A reason
is that until recently the key features of the second and third generations of mode-locked
lasers have not been realized with the new, power-scalable technology. However, to consti-
tute a novel generation of femtosecond oscillators, it is essential that all main advantages
of the older technologies are transferred to the new one. Otherwise, the development may
be interesting for specific applications but will not be capable of replacing a technology
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which has been established for decades. The key elements of the four mode-locked laser
generations are displayed in Fig. 1.1.

A very important step towards applicability of mode-locked TD oscillators was made
through the first demonstration of KLM in 2011%%. Maybe similar to the replacement
of slow saturable absorbers in dye lasers with fast saturable absorbers in bulk lasers,
the advance from semiconductor saturable absorber mirror (SESAM) to KERR media as
primary mode-locker yielded a huge gain in reliability®. In-fact, the first KLM oscillator
has been utilized for the research presented in this dissertation. It has been running for
about five years on a daily basis without the need for any major replacements.

Three key elements of Fig. 1.1 remained to be realized in order to proclaim a next gen-
eration of mode-locked oscillators. They are highlighted in bold type, being firstly, the
demonstration of few-cycle pulse operation, secondly waveform stabilization, and thirdly,
the ability to transfer all the advantageous properties to other wavelength regions. This
thesis presents the realization of the first two features and shows examples of transferring
all properties from the near-IR to the mid-IR which is extremely attractive for frequency
and time-domain applications*!:66:67,

The next subsection will take a look at the addressed key elements from a historical
perspective. This will motivate the experimental methods presented in this dissertation.

1.2 A Short History of Short Pulses

In 1961, already one year after the first demonstration of the laser, the controlled pulsed
operation of a laser was used to generate light of unprecedented intensity®®. This so-
called “Giant Optical Pulsation” was estimated to be 0.12 us long, coming with a “total
peak output intensity” of about 600 kW. The still very common technique of quality-,
or briefly, Q-switching by means of a POCKELS cell was employed to achieve the pulsed
operation. Temporally increasing the losses (lowering the quality) of the laser resonator
allows an enhanced inversion build-up in the active medium which is depleted quickly if
the resonator quality is high. The POCKELS effect describes a direct current (DC)-field
dependent polarization rotation of the laser field%, i.e. actively switching a high static
voltage led to the pulse formation. Further information about Q-switching can be found
in laser textbooks, for instance in refs. 70 and 71.

By tailoring the loss modulation frequency to the longitudinal mode spacing of the res-
onator, the formation of much shorter pulses is achieved. The periodic modulation leads
to side-band formation of the lasing longitudinal modes and thus to a broad emission
spectrum. Moreover, all modes oscillate in phase, they are locked, and hence interfere
constructively at a certain time t, which consequently leads to the formation of ultrashort
pulses (cf. section 1.4). The more modes oscillate and the better their relative timing,
the shorter the generated pulses. In 1964, this principle of mode-locking was described
and realized, resp. for the first time by W. E. LAMB™ and L. E. HARGROVE et al.'*.

Remark: Pulse duration

The definition of “pulse duration” is not unique. Unless explicitly specified differently, it
refers to the full width at half maximum (FWHM) of the pulse intensity envelope.
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The latter paper describes a He-Ne-laser with an acousto-optic-modulator (AOM) inside
the resonator. The optical wave is diffracted from the acoustic wave which is driven at
the doubled laser repetition rate. At the zero-crossing time of the acoustic wave, the
resonator losses are minimal, and hence photons preferably pass the modulator at this
instant of time. Consequently, the modes are forced to oscillate in phase which enabled
the generation of 5ns pulses in the first demonstration of the method 4.

Up to six orders of magnitude shorter pulses can be generated if the mode-locking is not
achieved by an active device such as an AOM but through a passive mechanism which is
in general triggered by some (slow or fast) saturable absorber ™. The saturation behavior
results in lower resonator losses for intense pulses than for waves continuously spread in
time. Since the most intense pulses are generated by a constructive interference of a broad
band of resonant cavity modes, the laser seeks the mode-locking regime if some chaotic
light is launched in the cavity (cf. section 1.4). While the active approach requires the
synchronization of the repetition rate and the driving frequency of the mode-locker, the
passive approach is intrinsically synchronized. Mode-locking is, for instance, explicitly de-
scribed in the textbooks 74 and 75. First passively mode-locked lasers were demonstrated
in 1965. A Q-switched ruby laser was used and an additional dye was inserted which
acted as the saturable absorber and initiated the mode-locking!®. A dye also served as
passive mode-locker in the first femtosecond laser which utilized flowing Rhodamine 6G
as active medium. It was reported in 197476, The same gain medium was employed in the
first sub-100 fs laser”". Contrary to their previous work, the group around CHARLES V.
SHANK separated the gain medium from the saturable absorber and arranged them in the
colliding pulse geometry. The technique is, for instance, explained in ref. 78. Moreover,
all bandwidth limiting elements inside the cavity were removed. Additional balancing of
intracavity group dispersion delay (GDD) and self-phase modulation (SPM) as well as
saturable absorption and gain led to the shortest pulses which have been directly gen-
erated from a dye laser. A pulse intensity autocorrelation measurement ™ revealed a
duration of 27 fs!.

In general, the minimal pulse duration achievable from an oscillator is limited by the gain
bandwidth of its active medium (although a few exceptions have been demonstrated, e.g.
refs. 82, 83). Therefore, external spectral broadening is utilized to extend the spectral
width of the pulses, and consequently to compress them to shorter durations. In the
majority of experiments, this is achieved by applying SPM in combination with negative
GDD to the pulses. First broadening experiments were conducted in fused silica fiber 848
and negative dispersion was applied through grating or fiber pairs®®#". The principle was
also used to generate the first sub-10fs pulses'®. In 1987, the shortest pulses of the second
generation of mode-locked oscillators were achieved. They exhibited a duration of only
6 fs, corresponding to three optical cycles at the central wavelength of 620 nm®.

Remark: Dispersion

The term “negative dispersion” is ambiguous since group velocity dispersion (GVD) and
the “dispersion parameter”, which is more common in fiber optics, have opposite signs.
In this dissertation, positive means normal dispersion, while negative means anomalous
dispersion.
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By this time, the unique properties for ultrashort pulse generation of Ti:sapph crystals
have already been discovered®. Of course, many of the optical techniques and models
which have been studied with dye lasers, such as balancing of GDD and SPM in the laser
cavity (e.g. described by the so-called master equation for fast saturable absorbers®) or
external pulse compression, could be transferred to the solid-state architecture. For ex-
ample, the shortest pulse record of the second mode-locked laser generation was beaten 10
years later for the first time with a similar fiber-prism-grating pulse compression scheme®!.
Therefore, it is rather surprising that probably the most common solid-state laser mode-
locking technique, KLM, was not discovered before the advent of Ti:sapph oscillators.
Rather by coincidence, it was firstly experimentally observed®!? and based on earlier pro-
posals?? explained shortly after its realization”® . Nowadays, the extremely broad gain
bandwidth of Ti:sapph has supported octave-spanning spectra generated directly from
the oscillator?’. Broadband pulses, exhibiting a FOURIER transform-limit (FTL) of only
3.7fs, could be compressed to 4.4fs, less than two optical cycles?. To generate such
ultrashort pulses, the control of higher-order phase terms becomes inevitable®®, and thus
the achievement is inherently linked to the advances of dielectric multi-layer coatings®’.
The invention of chirped mirrors®+”® has provided a huge degree of freedom in tailoring
the phase of the light fields, being not restricted anymore to the control of GDD and
third order dispersion (TOD) which was possible with grating-prism-type compressors.
Further reductions of pulse durations even to sub-cycle regime**#* have been achieved
through the synthesize of multiple ultrashort pulses by spectral broadening of nearly mJ
pulses with kHz repetition rate in a hollow-core capillary followed by three or four parallel
chirped mirror compression stages.

The shortest isolated light pulses which have been generated up to now, rely on the tech-
nique called high harmonic generation (HHG)®*% 192 In 2001, the method opened the
gate to the sub-fs regime® 2. Nowadays, even pulses of less than 100 as have been demon-
strated 193719 Attosecond pulse generation originally required the light field causing HHG
to fulfill three conditions*?:

(i) Its peak intensities must be on the order of 10 W/cm? - 10 W/cm? to
initiate the extreme nonlinear effect.
(ii) Its duration must be in the few-cycle regime to generate only a single as pulse
per shot.
(iii) Its waveform must be controlled to control temporal and spectral shape of
the high harmonics.

It is to note that meanwhile modified attosecond generation techniques have been de-
veloped that somewhat soften the second condition, but those are less efficient than the
original technique!%¢.

Condition (iii) was recognized early,? but the means to achieve precise control came with
the revolution of frequency metrology,'%” namely the full stabilization of the frequency
comb emitted by a mode-locked laser. The review of ref. 50 describes that the realization of
a stable frequency comb, as a clockwork for linking a precisely known frequency reference
to an atomic or molecular transition of interest, had been envisioned for decades. However,
only after the emergence of the Ti:sapph technology in the 1990s and the invention of
microstructured photonic crystal fibers (PCFs), the technical preconditions, namely the
routine generation of ultrabroadband (octave-spanning) spectra, were fulfilled to actually
realize an universal, precise link.
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While for frequency domain applications, the nJ pulses emitted from bulk solid-state or
fiber oscillators are sufficient for conducting experiments, reaching > 10" W /cm? (condi-
tion (i)) for field-sensitive nonlinear optics was hardly possible with ultrafast oscillators
of the first three generations. A few field-sensitive experiments in gases with oscillators
were demonstrated. They exhibit, however, very low conversion efficiencies and do not
fulfill conditions (ii) and (iii),*"!%1%9 j e. can, for instance, not be employed in as pulse
generation with MHz repetition rates. For frequency comb spectroscopy applications in
the vacuum ultraviolet (VUV) and extreme ultraviolet (XUV), enhancement cavities were
utilized to boost the pulse energies and average powers inside a resonator in order to make
up for the low conversion efficiencies in HHG . This approach has allowed to generate
frequency combs with up to about 100 eV photon energies %12 and power levels of tens
to hundreds of W per harmonic!** 15, But the concept exhibits also several drawbacks.
Firstly, the setup is rather complex and expensive. Secondly, output coupling of the
UV while maintaining high enhancement factors of the near-IR is a highly complex issue
where no “ideal” solution for a wide parameter range has been found, yet 11611 Thirdly,
enhancing large bandwidths comes with increasing difficulty and reduced enhancement
factors. The shortest enhanced pulses exhibited a duration of about 20 fs2°, being still
too long to satisfy condition (ii).

For extracavity experiments exploiting field-sensitive nonlinear optical effects, multi-pass
or regenerative amplifiers are utilized to boost the pulse energies of the oscillator pulses
by several orders of magnitude!?''?3, To avoid nonlinear effects in the additional gain
media chirped pulse amplification (CPA)?* has been established. It stretches pulses
with fs FTLs to ns in order to strongly reduce their peak power. Recompression after
amplification has allowed to reach PW peak power levels?>126, However, due to storage of
pump power in the gain materials of the amplifiers and the consequent thermal load, there
is a trade-off between repetition rate and peak power, in particular in Ti:sapph based CPA
systems'!. This trade-off is eliminated by switching from real to parametric gain materials,
i.e. crystals with quadratic (x(®) nonlinearities, exploiting so-called optical parametric
chirped pulse amplification (OPCPA)!2". In this case, the quantum defect between pump
and laser photon energy is not thermally dissipated but stored in a third, idle beam, i.e.
in optical power. The bandwidth of OPCPAs is determined by the spectrum of the low
power beam seeding the amplifier and the phase-matching bandwidth of the nonlinear
crystals, which can be very broad, particularly in a noncollinear geometry“®. Therefore,
the powerful pulses pumping the OPCPA process can exhibit ps durations!® which are
typically reached by power-scalable laser architectures. With fiber,?® innoslab,!?® and
thin-disk amplifiers,** kW average power levels with pulse durations between 0.26 to
1.1 ps have already been demonstrated.

Nevertheless, CPA and OPCPA systems are highly complex, expensive and often also
noisy. They will be needed for applications in particle acceleration, relativistic optics
and plasma physics'?® but not necessarily to fulfill the three conditions which have been
stated on the previous page. Instead, power-scalable ultrashort pulse oscillators could
be utilized to generate CEP-stabilized few-cycle pulses which can be focused to peak
irradiances of 10> W/cm?. Apart from employing such sources in HHG, time-domain
applications involving free charge carriers would highly benefit. For instance, time resolved
photoemission electron microscopy (PEEM) aims for high temporal and spatial resolution,
but if multiple electrons are released through a single laser shot, the spatial resolution
will be strongly reduced due to space charge effects?”. Hence, high repetition rates and
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Table 1.2: Advantages of the thin-disk architecture!3®.

property consequence

minimal transversal temper- good beam quality even at high average powers and negligible
ature gradient stress-induced birefringence

large surface area low brightness pump sources can be efficiently used and power
can be scaled without changing the power density

large surface-to-volume ratio efficient heat dissipation allows high power densities

multi-pass pumping scheme more than 90 % of pump power can be absorbed by the disk
with reimaging despite its thickness

moderate intensities, just enough to free a single electron per shot, would be ideal for
time-resolved PEEM. Similar arguments hold for ultrafast electron diffraction where the
shortest electron pulses contain only a single particle'%3!. Moreover, high repetition
rate lasers employed in cold target recoil ion momentum spectroscopy (COLTRIMS) near
the ionization threshold have proven to detect improbable events which can hardly be
investigated with kHz systems'®2. However, the targeted studies of complex dynamics
like non-sequential double ionization would strongly benefit from few- (or better single-)
cycle pulses and CEP control®3. The TD technology is most promising for realizing the
stated applications'®. It will be introduced in the next section.

1.3 The Thin-Disk Concept - Power-scalable Ultrashort Pulse Oscillators

In order to scale the average power achievable from solid-state lasers, ADOLF GIESEN
suggested to utilize only very thin gain media which act as active cavity mirrors'**. For
this idea and its realization, ADOLF GIESEN has received the 2017 CHARLES HARD
TownNEs Award of the Optical Society of America. The setup of a thin-disk module
is sketched in Fig. 1.2. The disks are usually very thin (0.1 mm - 0.4mm) and can be
cooled very efficiently and homogeneously across the beam plane (Fig. 1.2(a)). Therefore,
thermal effects in the gain medium can be strongly suppressed. Consequently, the laser
architecture is average power scalable. Moreover, the disk diameters of > 20 mm? allow
large laser spot sizes. Hence, the fluence in the gain medium can be kept sufficiently low
to avoid detrimental nonlinearities, and thus the concept is also peak power scalable. The
advantages of the technology, stated in ref. 135, are summarized in Table 1.2. The success
of TD manifests itself by the development of continuous wave (CW), ns, ps and fs lasers,
the commercialization of the architecture by companies like Dausinger + Giesen GmbH,
Jenoptik AG or TRUMPF Laser GmbH + Co. KG and the power records which have
been achieved with the technology. The average powers of the first TD oscillator was
4.4W1* Today, CW disk lasers routinely reach tens of kW of average power 35137 in
multi-transversal mode operation and up to 4kW in near fundamental transversal mode
operation 8. Ultrashort pulse amplifiers emitting ps pulses with more than 1kW and
good beam quality have been demonstrated as well®*3*. They reach peak powers of
more than 150 GW, exceeding the intracavity peak power of the oscillator presented in
section 2.1 by more than 4000 times.
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(@) (b)

cooling Yb:YAG disk

Fig. 1.2. (a) Schematic side view on a TD. The disk is anti-reflection (AR) coated at the front side and
high reflection (HR) coated on the rear side, and thus acts as a turning mirror (with gain) inside the laser
resonator. The yellow arrows show the coaxial heat flow which ensures low thermal gradients across the
laser beam. In this case, the gain medium is ytterbium doped yttrium-aluminumgranate (Yb:YAG), but
other active media are utilized as well. The sketch shows that the TD is bonded to a diamond heat sink.
This is usually done by the disk supplier TRUMPF Laser GmbH. In most of the experiments presented
in this thesis, the used disk is bonded to a copper heat sink (disk was provided by Dausinger + Giesen
GmbH). Both materials exhibit extraordinary heat conductivity, and thus the thermal power (= 150 W
for the oscillator used in most of the experiments) can effectively be dissipated in the cooling water circuit.
(b) Sketch of a simple TD laser. The pump light is entering the disk head from the rear side and passes
the disk multiple times by virtue of an imaging system consisting of parabolic mirrors. Multiple passes
are necessary to let the thin disk absorb a large share of the pump light. The simple resonator consists
only of the gain medium and an output coupler (OC) which is located in front of the disk head. Picture
taken from ref. 11.

The first mode-locking of a TD laser was demonstrated in 2000%'. An average power
of 16.2W was reported. The pulse energy was 0.47 uJ and the duration 730fs. Mode-
locking was realized with SESAM, i.e. a slow saturable absorber. These types of fs- to
ps-laser oscillators have been continuously developed during the past 18 years. They now
reach average powers of far more than 100 W, pulse energies of several tens of uJ and
peak powers of more than 60 MW?®86%:61  Contrary to CW lasers and ps amplifiers, fs
oscillators have not been commercialized, yet. This might be due to the shortcomings of
the SESAMs which have been pointed out in ref. 65. In 2011, a first KLM TD oscillator
was demonstrated?. It operated at 45 W average power and emitted pulses of only 270 fs
duration. With a lower output coupling ratio, which reduced the intracavity losses, pulses
of only 200 fs were reported. This immediately revealed an important advantage of the
fast saturable absorber over SESAM: the ability to generate clearly shorter pulses. A
comparison of the different mode-lockers is, for instance, presented in ref. 65. Despite
the eleven years advance of SESAM mode-locked oscillators, KLM TD oscillators quickly
caught up in their development. In 2014, a 270 W average power laser was demonstrated®,
very comparable to the 275 W stated for the highest power SESAM fs oscillator presented
in 201258, Moreover, peak power levels above 60 MW were reached for SESAM mode-
locked oscillators in 20145 and for KLM in 2016'%. Intracavity pulse energies clearly
exceeding the record of 320 uJ generated from a SESAM mode-locked oscillator, were also
enabled by a KLM TD (ring) oscillator. This was however, only reported in a conference
proceeding'’. Unfortunately, the stability and the beam quality of the laser has not
allowed any application of the light source until today and a journal publication of the
group only claimed a clearly reduced intracavity pulse energy 4!
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All the stated records have been achieved with ytterbium ion (Yb*") doped yttrium-
aluminumgranate, Y3Al;015 (YAG) as the gain medium, presenting a nearly perfect ma-
terial for high-power solid-state lasers'#?. It is optically isotropic, mechanically robust
and possesses a high thermal conductivity. Furthermore, its absorption lines at 969 nm
(zero-phonon line) and 940 nm (first-phonon line) overlap with the emission wavelengths
of InGaAs laser diodes. These can be stacked to deliver up to multiples of kW optical
power. Fiber coupled diode units are available from commercial suppliers like DILAS
Diodenlaser GmbH (now part of Coherent) or Laserline GmbH. Yb:YAG lasers typically
emit at 1030 nm central wavelength, i.e. if pumped with 969 nm, the quantum defect (or
STOKES shift) is about 76 meV, corresponding to only 6 % of the (pump) photon energy.
For comparison, if a Ti:sapph laser is pumped at 532 nm and emits at a central wavelength
of 790 nm, the quantum defect is 761 meV and 33 %, resp. Although a first TD Ti:sapph
oscillator has been recently demonstrated,'® the much higher relative quantum defect
basically disqualifies the gain material from being nearly as power scalable as Yb:YAG.
Additionally, green laser diodes, which are desirable for efficient pumping, are clearly in-
ferior to InGaAs diodes as they come with significantly lower wall-plug efficiencies and
lifetimes 44146 On the other hand, the fluorescence linewidth of Yb:YAG is, for instance,
only about A\; = 9nm FWHM at room temperature*”, compared to A\; = 230 nm for
Ti:sapph!#2. Although near emission bandwidth limited 140fs pulses have been gener-
ated at high efficiency ' and going even beyond the FWHM of the fluorescence band was
demonstrated®?, direct few-cycle pulse generation from Yb:YAG oscillators seems impos-
sible. This motivates to retrace the early approach on sub-10fs pulse generation with dye
lasers and employ external compression schemes. Just “copying” the existing principles is,
however, not possible. Typical fs oscillators operate at sub- or low MW peak power levels
where solid-core silica fibers can be employed. By contrast, amplifiers operate at multiple
hundreds of MW or GW peak power. The gap between these two regimes, where the
latest mode-locked TD oscillators fall into, is hardly explored and requires to go beyond
the established compression schemes. Different approaches will be discussed in chapter 3
of this thesis.

It is to note that other gain materials have been envisioned or utilized in the TD geometry
as well. Two (slightly outdated) overviews are, for instance, presented in refs. 148 and 149.
A few years ago, a Yb:CaGdAlO, (Yb:CALGO) oscillator was SESAM mode-locked 1.
It emitted 62 fs pulses, but only delivered 5 W of average power and could not be power-
scaled so-far. A recent publication presented 35 fs pulses emitted from a KLM Yb:LusOs3
thin-disk oscillator, however, also only at 1.6 W average power®. Another very recent
development reports on a first ultrafast TD oscillator emitting at 2 ym with an average
power of 20 WL, The result is highly interesting for applications in the mid-infrared.
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1.4 Fundamentals

So far, the methods which will be discussed in this thesis have been considered from a
historical perspective. In this section their physical backgrounds shall be introduced in
an illustrative way without going into great detail. The reader may be referred to many
excellent graduate level textbooks where all concepts have been explained in a compre-
hensive and mathematically neat form. This is beyond the scope of this dissertation which
will just present a few mathematical derivations where particularly helpful.

1.4.1 Mode-beating

As the section is called “fundamentals”, it starts with a very basic experiment which
is usually taught in middle or high school physics courses. Two tuning forks emitting
acoustic waves at slightly different frequencies shall be considered, or, since this is a
thesis about lasers, two perfect CW lasers emitting optical waves at slightly different
frequencies (cf. Fig. 1.3). While a single tuning fork gives a constant clear tone which
is used as a reference for singers, two slightly detuned forks give a similar tone which,
however, is periodically modulated in volume (cf. Fig. 1.3(c)). Mathematically, this is
shown as follows:

E(t) = cos(jw — Aw] - t 4+ 1) +cos([w + Aw] - t + ¢2) (1.1)
~— ~—
=0 =0
1 1(w—Aw —t(w—Aw 1 i(w+Aw —i(w+Aw
:§<e( At 4 il A)t)+§(e(+A)t—l—e (+A)t> (1.2)
1 1Aw —1Aw w —iw
:§(€At+€ At)(e +e t) (1.3)
= 2 cos(Awt) cos(wt), (1.4)
—_—— ——

A(t) car(t)

where w is the angular frequency, ¢ the time, FE(t) the field amplitude, A(t) is the (slowly
varying) envelope of the wave and car(t) its carrier. A wave does not only evolve in time
but also in space, and hence the time and space dependent field reads:

E(t,7) = 2 cos(Awt — Ak - 7) cos(wt — k - 7), (1.5)

(a)

(b) ANAN ») (c) 7, |—single mode —— mode beating
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Fig. 1.3. (a) Two tuning forks emitting acoustic waves at slightly different frequencies. (b) Two perfect
CW lasers emitting optical waves at slightly different frequencies. (c¢) The functions cos(10 - ¢) (black
line) and cos([10 — 0.5] - t) + cos([10 4+ 0.5] - t) (red line).
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where k is the wave vector and 7 the space coordinate. The velocity of the carrier phase

—

fronts (“phase velocity”, v,), which fulfill wt — k - 7" = const., can be readily derived:

i d E ow.
= — = — t— t.) - == 71{ 1
U= = (wt — const.) e TR (1.6)

—

where k is the unit vector in propagation direction. In the same way the velocity of the
envelope (“group velocity”, v,) is determined, yielding v, = Aw/|Ak|Ak. If the wave
packet consists of a quasi-continuous set of modes, this expression is generalized to

o
o k|

wo

(1.7)

where wy is the carrier angular frequency.

1.4.2 Mode-locking

The case of a wave packet consisting of a quasi-continuous set of modes describes the
pulses emitted by a mode-locked oscillator. The laser cavity which is used in most of the
experiments has a roundtrip time of about 25 ns for a light pulse with a 3dB bandwidth of
about 5 nm at 1030 nm central wavelength, corresponding to a frequency width of 1400/ns.
Consequently, about N = 1400 - 25 ~ 35000 modes (or “perfect CW lasers”) oscillate in
the utilized resonator within the FWHM of the laser pulse spectrum. In Fig. 1.3(c)
and Eq. (1.4) it became apparent that already the existence of two modes allows the
description of the wave in terms of carrier and envelope. Constructive interference of
the modes doubled the amplitude (quadrupled the intensity) in comparison to the single
mode while destructive interference led to an instantaneous amplitude of zero. Fig. 1.4(a)

(@) 1 N=3 N=5 N =10/ (b) ioT o . (© &
100 - 1 2 <
e M 2 0.5 1 <

= = 80 5 o 05
=} 5 k= _“q__)

< 2 60 5 0.0 3 00
> & o N
> 40] = ©

5 g 3-0.51 {1 E -0.5
B @ 20 | | = e

£ E . & 1.0

© 0 L* k’ §_1'0'. SRR -

0 1 2 3 0 1 2 3 € -4 0 4 25000 0 6 12 18 24
time (inverse frequency units) time (ps) time (ns)

Fig. 1.4. (a) Field (left graph) and cycle-averaged intensity (right graph) of 3, 5 and 10 modes oscillating
in phase, w = 10, Aw = 1 like in Fig. 1.3(c). The more modes, the higher the amplitude, the narrower
the FWHM and the longer the dead-time. (b) Normalized field (black line) and cycle-averaged intensity
(red line) for w = 27 - 291 THz, Aw = 27 - 40 MHz and N = 60000. The modes are phase-locked. Note
the long dead-time of about 25ns, about five orders of magnitude longer than the FWHM of the pulse.
The situation is comparable to the utilized oscillator. However, a constant mode amplitude (i.e. flat
gain) has been assumed which is in reality not the case. (¢) Same parameters like in (b), but each mode
has a random phase. The field is normalized as in (b). One spike at around 18 ns reaches slightly more
than 1% of the maximal field strength. It will undergo the highest gain during a cavity roundtrip.
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Remark: What determines the pulse duration?

The description in this section might be somewhat misleading in the sense that the number
of oscillating modes does not directly determine the pulse duration. Like the mode spacing
Auw, it is set by laser repetition rate which is in general independent of the pulse duration.
Instead, the spectral width (IV - Aw) is decisive for the pulse duration. In the shown
examples, it increases with N by assuming constant Aw. In a real mode-locked oscillator
it is, however, determined by the gain medium in the first place, and furthermore by
intracavity nonlinearities and GDD®.

shows how these effects get enhanced if additional modes are added. Fig. 1.4(b) displays
an example which is close to the situation in a real laser. In this case, 60000 modes
were constructively added and the ratio of Aw/wy is on the order of 1077. This results
in a very narrow pulse (~fs) and a long dead-time (/ns) where the optical intensity is
practically zero. Fig. 1.4(c) shows that the field behaves completely different if a random
(time-independent) phase term is added to the thousands of cosine functions which have
been introduced for two modes in Eq. (1.1). The modes are not locked in this case, but
oscillate freely. Many textbooks introduce mode-locking in almost exactly the same way
(e.g. refs. 71, 152-155). They may be consulted for further details about the technique.
Here, it is only briefly discussed how to get from the random phase case displayed in
Fig. 1.4(c) to the phase-locked situation of Fig. 1.4(b).

In section 1.2, it has been already mentioned that passive mode-locking requires some kind
of saturable absorber in the laser cavity. In the experiments presented in this dissertation,
a fast saturable absorber based on the optical KERR effect has always been exploited. The
response of a dielectric medium to an external intense light field is usually described well
by bound electrons which follow the light field quasi-instantaneously. Consequently, the
dispersion of the material polarization P plays a negligible role. It can be described as!°:

P(t) = e [xVE(F 1) + XV E(F 1) + XPE(F 1) + O{E(,1)"}] (1.8)

where ¢, denotes the vacuum permittivity, y™ the formally TAYLOR expanded n'® order
susceptibility and E(t) the real electric field. The linear term determines the material’s
refractive index, the second term the so-called three-wave mixing processes (two waves in
the E? term of the polarization and the third in the wave equation), the third term the so-
called four-wave mixing processes and so on. The used KERR medium, sapphire (c-cut),
is centrosymmetric, and thus three-wave mixing processes are suppressed ”®. The higher-
order terms exhibit only a negligible influence on the material polarization. The x®-term
remains. It includes a self-action contribution R {X(3)} |A(t)|>E(t) (R denotes the real part

and |A|? is proportional to the cycle averaged intensity) from which a nonlinear refractive
index (ns):

An(F,t) = noI(7,1), (1.9)

is derived'®”, where An(r,t) is the intensity (/) dependent refractive index change. Typ-
ical ny values of dielectrics are on the order of 1071¢ — 107 cm? /W18 i.e. even at high
peak irradiances of 1 TW /cm?, the maximal refractive index change is only on the order
of 107* — 1073. Nevertheless, due to the Gaussian profile of the laser pulses, the KERR
effect induces a wavefront curvature which leads to a self-focusing effect 1%, Fig. 1.5
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Fig. 1.5. Ray tracing of the unfolded telescope setup inside the oscillator (cf. Fig. 2.1(b)) which acts as
a fast saturable absorber. (a) CW operation. The peak irradiance is low, and hence there is no KERR
lensing effect. (b) Mode-locked operation. The KERR-effect introduces a third lens in the telescope which
reduces the beam size near the folding mirror and improves the collimation at the exit of the telescope.
Focal lengths (150 mm), peak power (36 MW) and KERR medium thickness (1 mm) have been adapted
from the experimental situation. Most of the ray tracing was done with ABCD matrices, %% only the
propagation inside the KERR medium was based on FERMAT’s principle. It will be explained in more
detail in section 3.2.2. The intensity inside the medium was assumed to be constant. The telescope
length (307mm) and the distance between focal plane and KERR medium input facet (8 mm) were free
parameters of the model. They are also close to the experimental situation. For simplicity, normal
incidence on the KERR plate was assumed.

indicates how to utilize this self-lensing effect to create a fast saturable absorber which
initiates and maintains mode-locking. It shows the propagation of ray packet equivalents
of Gaussian beams!'®! through a telescope consisting of two spherical mirrors (depicted
as lenses in the graphs), a folding mirror (dashed-dotted line in the graphs) and a 1 mm
thick fused silica (FS) plate acting as a KERR-lens for intense beams. Fig. 1.5(a) con-
siders the propagation of CW radiation. Due to the low irradiance, it does not undergo
self-focusing. Therefore, the beam size close to the folding mirror is larger than for an
intense mode-locked beam (Fig. 1.5(b)) and the collimation when exiting the telescope
is worse. Consequently, by putting a hard aperture close to the folding mirror, the CW
beam experiences higher losses during the roundtrip than the mode-locked beam. Fur-
thermore, CW light and pulsed light are diverging differently which also introduces an
additional “soft aperture” by virtue of changing the overlap of laser and pump spot in the
gain medium. This also leads to an improved gain-loss-ratio for the pulsed operation %5155,
The behavior forces the oscillator to amplify the most intense spikes of chaotic light which
leads to a transition from the random phase output shown Fig. 1.4(c) to the mode-locked
operation illustrated in Fig. 1.4(b). Such a transition has been recently resolved in time
and frequency, %2 presenting a more detailed picture of the outlined procedure.

1.4.3 Self-phase-modulation

After having discussed self-focusing, which originates from the spatial gradient of an
intense laser beam, self-phase modulation, which originates from the temporal gradient of
an intense laser pulse, is introduced. It will be studied in parts of the chapters 2-4 and is
of strong importance for this thesis. The simplest way to look at this phenomenon is to
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Fig. 1.6. (a) A FOURIER transform-limited 10 fs pulse with a peak irradiance of 1 TW /cm? (blue line)
travels through 2 mm of a material with ny = 3 x 10~* cm?/TW. The red line shows the pulse shape after
propagation. It is simply evaluated by means of Eq. (1.10). The central field peak is overlapped in time.
The dashed lines show the pulse envelope which becomes slightly asymmetric. Due to symmetric velocity
profile, the pulse duration stays the same, however. While for the incoming pulse the cycle periods
are constant, they get increasingly shorter at later times after propagation as the A’s indicate. The
pulse is chirped. (b) SPM induced temporal phase and its time derivative, the instantaneous frequency.
The frequency sweep in the pulse center is nearly linear, corresponding to linear chirp. Each frequency
appears at two instances of time, yielding the characteristic periodic modulation of a self-phase modulated
spectrum. The y-axis is inverted which accounts for the minus sign in the wt — k- 7 term. Hence, like in
(a), the longer wavelengths precede the shorter ones near the pulse center.

incorporate Eq. (1.9) into the expression for the speed of light ¢:

o(t) =

Co

where ¢y is the vacuum speed of light and ng the linear refractive index. Obviously,
the center of the laser pulse is propagating slower than the wings, yielding a charac-
teristic shift of the phase fronts that is exemplary shown in Fig. 1.6(a). While in the
FOURIER transform-limited case, the peaks of the electric field are equidistant in time,
which corresponds to a constant instantaneous frequency equal to the carrier frequency,
the self-phase modulated pulse exhibits a frequency chirp where the long wavelengths
precede the shorter ones. The width of purely self-phase modulated pulse remains con-
stant, however. As indicated in the previous section, the shortest pulses possible with a
fixed bandwidth are achieved if all modes oscillate in phase. Subsequently, the spectral
width of the self-phase modulated pulse must be broader than that of the initial one.
This is the main application of SPM which will be employed in sections 2.2, 3.1, 3.2.1
and 4.2. The simple picture of Fig. 1.6(a) also indicates what happens if prechirped
pulses undergo SPM. If the pulses are initially down-chirped, the effect described above
is reversed, i.e. the SPM induced chirp counteracts the prechirp and the outgoing pulse
can thus be nearly FOURIER transform-limited. But since the pulse duration stays the
same, SPM induces spectral narrowing'®+1%5. Applying positive input chirp modifies the
spectral shape of a self-phase modulated pulse, but still leads to spectral broadening'%°.
This will be investigated in more detail in section 3.1.1.

The more formal and most common approach on SPM (cf. the comprehensive description
in ref. 165) is adding temporal phase (Ap(t)) to the time-dependent electric field of the
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Fig. 1.7. Four-wave mixing processes. The blue arrows show the input waves (in the polarization term)
and the red arrows the output wave. The arrows heading upwards indicate a plus sign, the arrows heading
downwards a minus sign. (a) Four-wave mixing of two neighboring comb modes. The incoming modes
at w and w4+ Aw mix and generate new modes at w — Aw and w+ 2Aw. The comb spacing is maintained.
(b) Example of four-wave mixing at the pulse edges where strongly non-degenerate frequencies overlap.
(c) Cascaded xP-nonlinearities leading to an effective x(®-process. The input- and the output are
effectively the same like in the left diagram in (a). However, the process is mediated by the generation
and consequent destruction of a photon at 2w.

pulse. This follows from Egs. (1.5) and (1.9):

wt — k- 7= wt — (n + nod (t))koz, (1.11)
= Ap(t) = —nol(t)koz, (1.12)

where the z-axis was chosen as the propagation direction and ky = w/co. It is to note
that the minus sign in Eq. (1.12) depends on the convention in the carrier term which
can be either wt — k - 7 or k - ¥ — wt. If ultrashort pulses are considered, the k- 7 term
is often dropped, making the origin of Ap(t) unclear which frequently leads to a wrong
sign of it. Since Ag(t) is a pure phase term, it does not change the pulse shape, but
only the spectral shape. The instantaneous angular frequency is defined as the time
derivative of the temporal phase. Both quantities are shown in Fig. 1.6(b) (excluding
the carrier term). A Gaussian pulse shape was assumed. Like in (a), the frequency
chirp is apparent, it is nearly linear in the vicinity of the pulse center where most of the
optical power is concentrated. Another feature of SPM becomes readily apparent. Each
instantaneous frequency occurs at two instances of time. This leads to a beating signature
in the spectrum, comparable to the beat signal in time shown Fig. 1.3. Eq. (1.12) will be
used in supplement 2 of section 3.1.1 where the spectral broadening factor for positively
prechirped pulses is predicted.

Finally, SPM shall be interpreted as a four-wave mixing process. From the time-domain
treatment it becomes clear that a perfect CW laser cannot undergo spectral broadening
since a continuous wave does not exhibit a temporal gradient. Consequently, at least
two modes must be present. Fig. 1.7(a) shows diagrams which illustrate SPM in the
frequency domain. The incident two modes symmetrically spectrally broaden to four
modes. This picture indicates that the equidistant mode spacing dictated by the laser
cavity is preserved although the spectral shape changes. Maintaining the initial frequen-
cies comb structure and mutual pulse coherence, respectively, is essential for stabilizing
the carrier-envelope-offset frequency and employing the spectrally broadened light source
in field-sensitive experiments!%%167 While in the pulse center of a self-phase modulated
pulse the chirp is linear which favors the interaction of neighboring modes, in the pulse
wings stronger non-degenerate frequencies temporally overlap after a sufficiently long
propagation distance. This results from the SPM-induced down-chirp in combination
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with the normal dispersion of the optical medium. In other words, the trailing red-shifted
frequencies catch up with leading blue shifted frequencies, and may thus mix to new fre-
quency components. This phenomenon is illustrated in Fig. 1.7(b). The effect, called
optical wave-breaking (OWB), is common in fiber-based spectral broadening. It is de-
scribed in more detail in ref. 165. Among the plurality of x©) processes'®®, an effect
leading also to spectral broadening shall be pointed out which is of relevance in this thesis
(cf. section 3.2.2). It is actually not a four-wave mixing process in the stricter sense, but
a sequence of two three-wave mixing processes (cascaded x?). A second harmonic (SH)
photon is generated first and after a short propagation length destroyed again. Since
the photon is neither present at in- nor output, the process is effectively also on the
order of Y®. The creation and the destruction process of the SH does not need to in-
volve exactly the same frequencies. If, for instance, two w photons create a 2w photon
(w + w = 2w) which interacts with a w + Aw photon, a new w — Aw photon is generated
(2w —w— Aw = w — Aw) as it is illustrated in Fig. 1.7(c). Refs. 169 and 170 explain
cascaded quadratic nonlinearities in more detail.

So-far, the effects derived from Eq. (1.9) resulting from the temporal and spatial gradient
of the irradiance have been considered separately. In section 3.2, the interplay between
self-focusing and SPM will be investigated and discussed explicitly.

1.4.4 Dispersion compensation

In the previous paragraph, it was shown that a self-phase modulated pulse is chirped.
Therefore, dispersive elements must be utilized to compress the spectrally broadened
pulse to its FTL. In the beginning of this fundamentals section, the group velocity of
two propagating modes was derived. The term Aw/Ak can be rewritten to co(wir1 —
wi)/(niz1wit1 — nyw;) where i is the mode number and n; the linear refractive index at
the frequency of the i*" mode. Consequently, the group velocity would only be a constant
over the whole laser spectrum if n would exhibit no or a linear wavelength dependence.
This is only the case in vacuum, and hence the group velocity is generally dispersive.
An intuitive definition for the GVD would thus be'™: GVD* := dv,/d\, where X is the
wavelength. However, for pulse propagation, it is more convenient to define the GVD as
follows ™!

1y,

2
vg dw

GVD (= —

Y (1.13)

wo wo

This is the definition which will be used throughout this dissertation. It is to note that
the GVD is, like the group velocity, evaluated at the carrier frequency wy. Of course, also
the GVD is dispersive and its derivative is then called TOD and so on. Expanding the
angular wavenumber k in this manner into a TAYLOR series is often useful because terms
higher than second order usually influence the pulse duration only for few-cycle pulses®.
The expansion is discussed explicitly in refs. 171 and 172.

The GDD describes the linear chirp an optical element applies to an ultrashort pulse.
It is just the GVD multiplied by the propagation length for pulse propagation through
a homogenous medium. Up to about 1.2 um wavelength, it is not possible to utilize
bulk media in order to compress self-phase modulated pulses since all common materials
exhibit normal dispersion, and thus can only compensate for down-chirp. In the mid-IR,
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Fig. 1.8. (a) The chirped mirror principle. The longer wavelength penetrate deeper into the multilayer
structure and thus get delayed with respect to the shorter wavelengths which leads to effective negative
GDD. (b) Chirped mirror example - “PC1305”. The GDD of the single mirrors oscillates strongly, in
particular for longer wavelengths due to the cavity effects in the multilayer structures. The oscillations
can, however, be largely compensated by using one mirror with 5° angle of incidence (AOI) and one with
19° AOI, as the red solid line shows. The GDD is nearly constant over the range from 825 nm to 1200 nm.
For reference, the black dashed line shows GDD = —150 fs®. The reflectivity (blue dashed lines) is about
99.8 % over the whole range of flat GDD. (Courtesy: Vladimir Pervak)

both normally and anomalously dispersive materials exist, offering at least full control
over the quadratic spectral phase of an ultrashort pulse which is related to the GVD of
a material. Optical elements like prism or grating pairs can also introduce anomalous
dispersion in the near-IR by firstly, spatially separating the frequency components of
the pulse, secondly, delaying the long with respect to the short wavelengths by letting
them travel a longer optical path, and thirdly, spatially recombining the frequencies. The
techniques are described in refs. 172 and 173. They offer somewhat limited control over
the spectral phase of the ultrashort pulses - only over GDD or GDD and TOD if prisms
and gratings are combined %174,

In this dissertation, chirped mirrors are used for dispersion compensation. Through the
ability to precisely tune the penetration depth of the wavelength components into a mul-
tilayer structure, they combine the highest degree of phase control with low losses and
large bandwidths®9717 The concept of a chirped mirror is sketched in Fig. 1.8(a). The
picture, however, oversimplifies the working principle since the individual wavelength
components are not totally reflected at a specific penetration depth, but undergo partial
FRESNEL reflections on all interfaces of the multilayer structure. This leads to interfer-
ence effects comparable to those in a FABRY-PEROT cavity!"2. Therefore, numerical tools
are utilized '™>!7® to optimize the multilayer design for an anticipated phase and reflectiv-
ity. Moreover, among other approaches, complementary mirror pairs'”’ and double-angle
configurations'™ smooth the inevitable dispersion oscillations that arise from the cavity
effects in the layer structure. Fig. 1.8(b) shows an example for chirped mirrors which
are utilized in multiple experiments presented in this thesis. They exhibit almost 100 %
reflectivity over the whole operation range from 825nm to 1200 nm. By combining two
AOIs the GDD oscillations are strongly suppressed and the mirror pair exhibits a nearly
perfectly flat GDD with an average of -150fs?> per bounce.
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1.4.5 Frequency combs

In the previous paragraph, it was noted that the group velocity is generally dispersive.
In particular, all of the oscillator modes travel with a different (phase) velocity through
the laser cavity. Nevertheless, it suffices to describe the emitted femtosecond pulses com-
posed of thousands of modes by the carrier and the envelope term (at least at pulse
durations which are obtained in this thesis), similar to Eq. (1.4) where only two modes
were considered. Ref. 179 has demonstrated with a precision of better than 107! that
the spacing between the individual modes is equidistant and equal to the repetition rate
of the laser. Therefore, the output of a mode-locked oscillator has been considered as a
perfect frequency ruler which is, however, not intrinsically calibrated. Obviously, the line
spacing varies with the roundtrip time of the laser pulse which is directly related to the
resonance frequencies of the laser cavity. Consequently, full stabilization of a frequency
comb needs firstly, stabilization of the repetition rate which is usually done by means of a
piezoelectric-actuated mirror'*. Secondly, the zero-offset of the frequency ruler must be
stabilized. It originates from the difference of the (phase) velocity of the carrier and the
(group) velocity of the envelope!®! and is therefore called carrier-envelope-offset frequency

(feeo)-

On the one hand, for the envelope, a roundtrip takes the time 7" = 2L /v, = 1/ fe, where
L is the physical length of the (linear) laser resonator and v, is averaged over L. On the
other hand, for the carrier, a roundtrip takes 7, = 2L /v, where v, is again averaged over
L. Consequently, a phase slip after every period T arises:

. T
Ap = 27TAf = sz(”pQng) — o (T . 1) = 27 foco/ frep + 2701, (1.14)

where 0 < feeo < frep and m is an integer. It is shown in ref. 182 that the FOURIER
transformation of a complex pulse train:

Bw) = [ 3 A@ = aT)eletommactal iy, (1.15)

froot M fep f

Fig. 1.9. (a) Pulse train like shown in Fig. 1.4(c). The periodic phase slip Ag is emphasized. It is
constant if the carrier-envelope-offset frequency is stabilized. (b) FOURIER transformation of the pulse
train from (a). The carrier-envelope-offset frequency is shown which does not carry any power. The comb
modes within the laser gain medium (red columuns) lie at much higher frequencies. They are equally spaced
by frep and can be expressed by feeo + M frep. The picture is simplified for clarity. A real mode-locked
laser spectrum typically spans over thousands of comb modes. Adapted from ref. 50.
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where n is the pulse number, wy the angular carrier frequency and ¢, a constant phase
shift, allows only the frequencies

f = fceo+mfrep (116)

to interfere constructively, and thus to compose the laser spectrum. This discrete mode
structure is called the “frequency comb”. It is illustrated in Fig. 1.9 in time and frequency
domain. While f.., can be directly detected through the beating of neighboring modes
when laser light is sent onto a photodiode, the detection of the radio frequency f.e, is not
straight forward. It will be discussed in section 2.3.2. The detection and stabilization of
the offset frequency is particularly interesting for time domain applications. Eq. (1.15)
indicates that the term nAp + ¢y determines the relative position of the carrier with
respect to the peak of the envelope of the n*® pulse (it is therefore called “carrier-envelope-
phase”), and hence has decisive influence on the maximal field strength of few-cycle pulses.

The considerations of a frequency comb so-far only referred to the output of a mode-
locked oscillator. Mathematically, Eq. (1.15) is, however, much more general. Basically,
two conditions have to be fulfilled: The carrier as well as envelope terms must be periodic
in T and must be independent of the pulse number n, i.e. the pulses must be identical
up to the CEP. This means that the comb nature is maintained if 7" is changed, for
instance, by a pulse picker, if the pulses accumulate temporal or spectral phase, amplitude
modulation or if the comb frequencies are mixed through nonlinear effects. The frequency
domain pictures of SPM in Fig. 1.7 indicate that the generated frequencies will obey the
comb spacing dictated by the initial pulse train. This robustness of the frequency comb
description is of fundamental importance for almost all applications of the tool. For
example, it enabled self-referencing of a frequency comb by generating the SH with twice
the offset frequency,!® attosecond pulse generation with kHz repetition rates but phase
control on the oscillator level,*? frequency combs in the XUV 'Y and mid-IR which will
be discussed extensively in chapter 4.
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Fig. 1.10. (a) Difference frequency generation schemes. The first two graphs are taken from ref. 183.
The leftmost scheme illustrates the generation of an idler photon (w;), from a pump photon (w,). The
process is seeded by a signal photon (ws). Vice versa, the middle graph shows the generation of a signal
photon seeded by an idler photon. The rightmost graph illustrates the spontaneous decay of a high energy
pump photon into lower energy signal and idler photons. In this case, energy conservation is obvious.
In the other graphs, the two outgoing seed photons are not explicitly shown. This stimulated process
becomes clearer in (b) where the analogy to a laser gain medium is drawn. The pump photon excites
the virtual laser level 3 which instantaneously relaxes to the virtual level 2 under the emission of an idler
photon. At the same time, a seed photon causes the emission of a second identical (in phase and energy)
signal photon.
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1.4.6 Nonlinear frequency down-conversion

Reaching the mid-IR spectral range is accomplished in this thesis by frequency down-
conversion via three-wave mixing. Similar to the diagrams of Fig. 1.7, the process is
illustrated in Fig. 1.10(a). The first two graphs are taken from ref. 183 where the math-
ematical description of the nonlinear phenomenon can be found. Two incoming photons,
called “pump” and “seed”, generate a third photon at the difference frequency of both
(“difference frequency generation” - DFG). The terminology is taken from refs. 184, 185
which also give a detailed overview about different down-conversion techniques. It will
become clearer when Fig. 1.10(b) is described. The rightmost graph of (a) shows a spon-
taneous, and thus highly unlikely process. Only one input photon decays into two lower
energy output photons. The process is triggered by vacuum fluctuations which can, within
the uncertainty of energy and time, create a seed photon for DFG. The process is exploited
in optical parametric generators or OPOs. One may think of a virtual excited state that
is populated by the pump photon and is spontaneously deexcited like a real transition.

The analogy is extended in Fig. 1.10(b) where a stimulated emission-like process is de-
picted. The scheme shows a three-level system which can be found in every laser textbook
(e.g. in ref. 186). Energy is stored by a pump source in an upper energy level (3) and
released again by a photon which stimulates the emission of an identical second photon
from a lower lying state 2. It is populated by a fast relaxation process. Crucially, the
upper two levels (2 and 3) are virtual. This has important consequences. Firstly, contrary
to a real gain medium, excitation, relaxation and stimulated emission must happen at
the same instance of time (again within the time-energy uncertainty), i.e. the process
depends on intensity, not fluence. Secondly, no energy is stored in the gain medium and
the relaxation process is purely optical, not thermal. This has been exploited in OPCPAs
as described in section 1.2 and is utilized in this thesis as well. While in OPCPAs, the
optical relaxation produces an “idle” photon which is dumped again, this long-wavelength
radiation makes up the mid-IR sources that are presented in chapter 4. Thirdly, virtual
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Fig. 1.11. Frequency down-conversion via three-wave mixing. (a) difference frequency generation
(DFG): Pump and seed radiation are of similar power. The nonlinear crystal is typically fairly short such
that the idler irradiance scales proportional to pump and signal irradiance 4. This yields only moderate
conversion efficiencies but usually very broadband mid-IR radiation. (b) optical parametric amplifier
(OPA): The pump power is much higher than the seed power but the seed undergoes a coherent build-up
in a typically long nonlinear crystal. Conversion efficiencies are higher than in a DFG setup but usually
the bandwidth is narrower due to the long interaction lengths. (c) (singly resonant) optical parametric
oscillator (OPO): Power of pump and seed in the nonlinear crystal are high because a weak seed is
enhanced in a resonator. Pump and seed pulses must be synchronized. Crystal lengths differ. Typically,
the conversion efficiencies are the highest. More details on the conversion schemes are presented, for
instance, in refs. 183-185. Also many hybrid forms of the sketched schemes exist.
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states form a continuum resulting in tunability of the outgoing photons which typically
clearly exceeds the gain bandwidth of a real laser medium. Tuning is accomplished by
phase-matching pump-, signal- and idler-waves. The velocities of each wave are adjusted
such that photons, which are created at different crystal positions, constructively inter-
fere. This is equivalent to preserving the total photon momentum!®3. The seed photons
replicate themselves during the three-wave mixing process. This is comparable to stimu-
lated emission in real gain media. Therefore, one speaks of optical parametric oscillators
in analogy to laser oscillators and optical parametric amplifiers in analogy to laser ampli-
fiers. The latter ones will be investigated in more detail in section 4.1. At this point, only
the basic principles of typical DFG, OPA and OPO schemes are summarized in Fig. 1.11.






2 PROOF OF CONCEPT: FEW-CYCLE PULSE GENERATION
AND CARRIER-ENVELOPE-PHASE STABILIZATION

Parts of this chapter have been published in:

O. Pronin, M. Seidel, F. Liicking, J. Brons, E. Fedulova, M. Trubetskov, V. Pervak, A.
Apolonski, Th. Udem, and F. Krausz, “High-power multi-megahertz source of waveform-
stabilized few-cycle light,” Nat. Commun. 6, 6988 (2015).

The first chapter has pointed out important breakthroughs of solid-state laser architec-
tures. In particular Ti:sapph lasers have revolutionized frequency metrology and ultrafast
optics. The introduction has also emphasized the potential of the thin-disk technology
to become the foundation of the upcoming power-scalable laser oscillator generation.
However, when I started my PhD work, neither compression of thin-disk laser pulses to
the few-cycle regime nor carrier-envelope phase stabilization of any TD oscillator were
demonstrated.

These two achievements present important milestones in the development of the tech-
nology towards new workhorses in ultrafast optics laboratories. This chapter reports on
spectral broadening and pulse compression experiments where pulses with durations of
only 2.3 carrier-wave cycles were attained. Moreover, carrier-envelope phase stabiliza-
tion by means of intracavity loss modulation is presented. For the 40 W average power
oscillator a residual carrier-envelope phase noise of less than 300 mrad (1Hz - 500kHz
bandwidth) was measured.


http://dx.doi.org/10.1038/ncomms7988
http://dx.doi.org/10.1038/ncomms7988

26 An Ultrafast Workhorse: The Kerr-lens Mode-locked Thin-disk Oscillator

2.1 An Ultrafast Workhorse: The Kerr-lens Mode-locked Thin-disk Oscillator

Most of the experiments presented in this dissertation have been performed with the
KLM TD oscillator which was developed by OLEG PRONIN when he was a PhD student
in the laboratories of FERENC KRrRAUSz. His dissertation explains the development and
the working principle of the oscillator in detail®. In the context of this thesis, just a short
characterization of the light source is presented. A picture and the setup of it are shown
in Fig. 2.1. Although it is the first KLM TD oscillator which has been demonstrated?, it
has served as a true “ultrafast workhorse” because it has been operated for about 5 years
on a daily basis and without the need for major replacements or changes.

Over the time, however, some minor modifications were made to improve the handiness
and stability of the laser. Firstly, most of the mirror mounts were exchanged. The new
ones were water-cooled to avoid thermal drifts of the oscillator. After an initial cavity
alignment with a weak CW laser, only the end mirror and the outcoupling mirror were still
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Fig. 2.1. (a) Top view photograph of the latest setup. (b) Sketch of the beam path inside the oscillator
and the optical components. The high reflection (dielectric coating) (HR) mirrors are marked. If not
flat, their radii of curvature (R) are stated. All unspecified mirrors are flat and highly dispersive. Their
GDD at 1030 nm is either -1000 fs? or -3000 fs2. The Kerr medium is a 1 mm thick sapphire plate. The
disk (Dausinger + Giesen GmbH) is only 215 um thin. It is cooled from its rear side. The collimated
pump light passes the disk 24 times. Mode-locking is initiated by gently shifting the end mirror forth
and back again. The hard aperture is a copper plate with a 4.5 mm hole drilled into it. The oscillator
operated at about 17 W output power with the 5.5 % OC, which was only used for initial CEP stabilization
experiments, and usually between 45 and 50 W with the 14 % output coupler. The inset shows a typical
output beam profile of the mode-locked KLM TD oscillator measured with a CCD camera.
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adjusted, whereas the other mirrors remained fixed. Moreover, no SESAM was utilized
to start the mode-locking as it has been described in refs. 23 and 65. Solely a water
cooled hard aperture made from copper was placed directly in front of the end mirror.
A 1mm thick sapphire plate has served as the KERR medium instead of an initially
used 1 mm thick FS plate due to the higher heat conductivity of the crystalline material.
Although the plate has not been replaced for more than three years, it had to be frequently
rotated by a few degrees, circa after a couple of weeks, since increased scattering indicated
microscopic damages. Rotating the plate was, however, quite convenient and did not
involve a major realignment of the oscillator. Gently pushing the end mirror instead of
one of the R = —300mm spherical mirrors to start mode-locking greatly improved the
handiness of the oscillator. This is because the end mirror was aligned exactly at 0°
AOI, and hence shifting it introduced just a slight but sufficient perturbation of the laser
operation. The chaotic starting process was often the cause for damaged optics inside
the oscillator. Reducing the external perturbation helped also to encounter damage less
often. Another precaution was taken to avoid the need of frequent realignment of the
laser. Mirrors with -3000 fs> GDD were removed from the beam path between thin-disk
and output coupler where the beam size was relatively small. Instead, HR mirrors as
well as mirrors with -1000 fs? were inserted owing to the higher damage threshold of these
optics in comparison to highly dispersive mirrors'®”. It was iteratively tried to reduce
the length of the telescope, i.e. the distance between the two R = —300mm spherical
mirrors, in order to move closer to the stability center of the resonator. Average power
and spectral width after mode-locking were measured to ensure that the pulse energy and
duration were not negatively affected when changing the resonator length. In the final
configuration, the telescope length was 305 mm.

Characteristic output powers for the 14 % output coupler are shown in Fig. 2.2. De-
pending on the alignment, the output power values varied by ~ +5 %The emitted pulses
exhibited durations between 220fs and 270fs. Increasing the output power through the
diode current usually yielded slight shortening of the emitted pulses. The oscillator was
operated in the so-called soliton mode-locking regime (cf. ref. 65 for more details). It
exhibited a nearly perfect sech?-spectral and temporal shape as the fits of the spectrum
and autocorrelation measurements of Fig. 2.3 demonstrate. The output beam was nearly
ideally Gaussian. The M? factors in horizontal and vertical direction were 1.05. These
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Fig. 2.2. Average power and optical-to-optical efficiency of the TD oscillator in (a) continuous wave and
(b) mode-locked operation. The laser was usually operated with 200 - 230 W pump power, depending
on the application. The presented data was taken without intermediate realignment.
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Fig. 2.3. (a) Spectrum measured with a grating spectrometer and fitted to the characteristic sech?-pulse
shape!™, S(Q) o sech?(7Q7,/2), where Q = 27co(1/X —1/).), o is the speed of light, A the wavelength,
Ac = 1030.8 nm the central wavelength and 75 = ¢,/1.763. A pulse duration of ¢, = 220fs is retrieved from
the fit. The spectral width is 5.1 nm. (b) Intensity autocorrelation measured with an APE PulseCheck.
The sech?-fit yields a pulse duration of 221 fs. Data was taken at 52 W output power.

“textbook characteristics” of pulses and beam presented an ideal starting point for com-
paring the experiments, which will be presented later in this dissertation, to nonlinear
beam propagation simulations.

Eventually, relative intensity noise (RIN) measurements of short- and longtime laser fluc-
tuations are presented in Fig. 2.4 to complete the characterization of the KLM TD oscil-
lator. They were measured after the oscillator had warmed up and do not include initial
thermal drifts. Usually, half an hour after the oscillator was started, mode-locking was
easily possible, but slight adjustments of the beam height with the end mirror were still

(@) -60 (b) s . . , . . .
— oscillator PaVg =499 W
¥ noise floor =
3 god w0{
Q \ N c
2 ) 6, = 0.1 % g
= R f N o = U1 70 . g
g) \/ ‘,“\” S 304 =
S -100 il 5} g
© “M‘ g c
g i S 20 2
I3 |/ il 'g
@ VL 3-
» -120 4 T
03) ‘ 104 3 - Gy=016%
o = T T T T T T T '
a 0 20 40 60 8 100 120
140 0 time (min)
10 100 1k 10k 0 20 40 60 80 100 120
frequency (Hz) time (min)

Fig. 2.4. (a) Short-term power fluctuations measured with a radio-frequency (RF) spectrum analyzer
in the range from 10 Hz to 500 kHz. The power spectral density (PSD) is normalized to the power of the
carrier which was also measured with the RF spectrum analyzer. The root mean square (RMS) is only
0.1% of the carrier power. (b) Long-term fluctuations of the oscillator power measured over more than
2 hours with 1 sample per second. The sensitivity seems limited by the noise of the thermal power meter
which was used to measure the power fluctuations. The outer graph shows the fluctuations in scale while
the inset shows the fluctuations relative to the mean average power of the laser. The derived RMS is only
0.16 %. Tt is to note that the fluctuations were also alignment-dependent. In section 3.3 a noise spike was
measured at 7kHz while in section 4.1 slow fluctuation with a ~ 9 minute period were observed. The
exact origins of these perturbations have not been investigated.



An Ultrafast Workhorse: The Kerr-lens Mode-locked Thin-disk Oscillator 29

necessary within the following 2-3 hours of operation to sustain the initial average power
level. Afterwards, the oscillator was running without any need for realignment. During
daily operation only the end mirror was used to correct for thermal drifts. The very low
RMS values < 0.2% of the RIN measurements demonstrate an important advantage of
amplification-free systems. Active optical elements of laser amplifiers do not only enhance
pulse energy, they introduce additional noise to the light source. Consequently, their RIN
figures without active stabilization are hardly on the sub-percent level. Already small dif-
ferences may, for instance, have a huge impact in experiments involving extreme nonlinear
optics where field amplitude fluctuations may be enhanced exponentially.

Section 2.3 presents more details on the passive stabilization of this KLM TD oscillator.
Beforehand, first pulse compression experiments are discussed which enable to reduce the
pulse duration from more than 200fs to less than 10fs.
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2.2 Entering the Few-cycle Pulse Regime with Mode-locked Thin-disk Oscillators

2.2.1 Solid-core Fiber-based Pulse Compression

As mentioned in the introduction section 1.2, the first pulses with durations below 10 fs
were generated by means of spectral broadening in solid-core fiber and post-compression
by applying negative GDD'®. This approach was also transferred to first compression ex-
periments of SESAM mode-locked TD oscillators. In 2003 SUDMEYER et al. accomplished
to reduce the duration of 810fs pulses to 33fs by spectral broadening in a large mode
area (LMA) PCF with about 16 yum mode-field diameter (MFD) and post-compression
by a prism pair'®. Two years later the group of URSULA KELLER reported obtaining
24 fs pulses from a similar compression scheme!®, but never published the experiment
in a peer-reviewed journal. To the best of the author’s knowledge, these results present
still today the shortest pulses achieved from a SESAM mode-locked TD oscillator. For
first compression experiments with KLM TD oscillators, LMA PCFs were chosen as well,
because they allow single mode operation over a broad bandwidth despite MFDs of sev-
eral tens of microns!?919. Therefore, they are also able to strongly reduce the influence
of mostly anomalous waveguide dispersion, and thus let ultrashort pulses centered at
1030 nm undergo the normal dispersion of FS. The consequent pulse broadening leads to
a saturation of the irradiance driven nonlinear effects, and hence to a relatively stable and
coherent power output if compared to fiber with anomalous dispersion“®'%*. Furthermore,
large core areas enable to increase pulse peak powers up to the critical power of the fiber
material. The peak power limitations of LMA PCFs will be investigated and explained
in more detail in section 3.1.1 of the dissertation.

Spectral broadening in LMA-35 and post-compression to sub-20 fs

In the initial fiber compression experiments, LMA-35 with a MFD of 26 ym was used. It
was, contrary to fibers with even larger core sizes, readily commercially available when
the experiments were performed (supplied by NKT Photonics). A fiber length of about
8 cm was chosen. The simulations in Fig. 2.5(a) show that the SPM-based broadening is
fully saturated at this point since the peak powers of the ultrashort pulses have dropped
to about one forth of their initial value. Consequently, the gain in RMS spectral width
per unit length is relatively low and mainly originates from OWB!% a four-wave mix-
ing process briefly described in the fundamental section 1.4. OWB exhibits two obvious
differences in comparison to SPM. Firstly, the spectrum is not modulated but forms a
flat pedestal structure. Secondly, the resulting frequency components are not delayed
in time with respect to the edges of the pulse as the spectrogram in Fig. 2.5(b) shows.
Subsequently, imposing only linear chirp on the broadened pulses would lead to a signif-
icant pedestal structure. A choice of an 8cm fiber length therefore also simplified pulse
compression after the fiber stage. The predictions of the discussed simulations have been
experimentally confirmed as the spectra of Fig. 2.6 indicate. The presented measurements
were taken with 32 - 33 W of pump power. For permanent operation only 27 W of power
were sent into the fiber. An empirical study of MARCHESE!"® showed an exponential
increase of fiber degradation with increasing pump power. Although a quantitative ex-
planation was missing and the relation was extracted from only a single data set, the
reduction of pump power well below 30 W also extended the fiber life times from sev-
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Fig. 2.5. (a) Propagation of 550nJ, 250 fs pulses in a 15 cm long LMA-35 fiber with 26 um MFD. The
pulse parameters are close to the experimental ones. Only the input energy is slightly lower than in the
experiment (595 nJ). This can be attributed to uncertainties in the exact MFD of the fiber as well as the
ng value at 1030 nm. The simulation considered second and third order dispersion as well as SPM and
OWB. Raman scattering and self-steepening hardly affect the simulation outcome. The plotted spectra
were normalized for each propagation length. The dominating SPM contributions exhibit strong spectral
modulations while the OWB contributions at the spectral wings are rather flat. The RMS spectral width
is increased from about 650 GHz to 12 THz after 8 cm of propagation, yielding a remarkable broadening
factor of 18.4. (b) Spectrogram of the pulses after 15cm of propagation. While the SPM contributions
exhibit nearly linear chirp, the OWB contributions are hardly delayed with respect to the wings of the
SPM broadened spectrum. The simulations were conducted with the “fiberdesk” software, version 2.0
(www.fiberdesk.com).

eral hours to several weeks. The usage of fiber end caps'®” has led to the best long term
stability results to the best of the author’s knowledge and is now implemented in the mid-
infrared generation setup of ref. 198, the first application of the fiber-based compression
scheme which is presented in this section.
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Fig. 2.6. Spectra measured with an optical spectrum analyzer (OSA) after LMA-35 fibers of different
lengths. The pump powers were 32-33 W. After 5.5 cm of propagation the spectrum looks purely broad-
ened by SPM. The OWB features become visible after 8 cm of propagation but also the SPM contributions
are clearly stronger than after 5.5 cm. Hardly any change in spectral width is noticeable when comparing
the spectra after 8 and 10 cm of propagation. For comparison, the oscillator spectrum is shown (dashed
gray line).
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KLM TD oscillator

0'0@

photonic crystal fiber

chirped mirror compressorx

In: 27 W, 0.7 uJ, 250 fs

Fig. 2.7. Solid-core fiber compression setup. The oscillator output was attenuated to 27 W through
a half-wave plate (A/2) and a thin-film polarizer (TFP). Back reflections from the fiber facet into the
oscillator were avoided by means of a FARADAY rotator. A second half-wave plate and a polarizing beam
splitting cube (pol) yielded a clean p-polarization of the beam at the fiber entrance. Coupling into and
collimation after the fiber was achieved by plano-convex FS lenses. After the chirped-mirror compressor,
which was set up in double-angle configuration, 20 W of average power and 17 fs pulses were measured.
The inset shows the beam profile recorded after the compression stage with a charge coupled device
(CCD) camera (WinCamD).

The experimental setup is sketched in Fig. 2.7. Using an f = 35mm plano-convex lens,
coupling efficiencies of up to 85 % were achieved. They were measured directly behind
the fiber and may include residual contributions of light coupled into the cladding. The
beam was collimated with an f = 50 mm thin F'S lens. The output profile exhibited the
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Fig. 2.8. (a) Spectrum measured with an OSA (black solid line) in comparison to the spectrum extracted
from the simulation of Fig. 2.5 (blue solid line). Their agreement is excellent. (b) Theoretical reflectivity
(R) and average GDD of the chirped mirrors PC1305 and PC301 for p-polarized light. The displayed
GDD plots refer to the average of pairwise reflections under an AOI of 5° and 19° for PC1305 as well as
5° and 20° for PC301. Those are the design AOIs of the double-angle mirror pairs. Both mirror sets cover
the full bandwidth of the broadened spectrum. (c) Comparison of the directly measured (black solid line)
spectrum and the spectrum retrieved from a frequency resolved optical gating (FROG) measurement (red
solid line). The excellent agreement indicates the reliability of the FROG retrieval. The dashed blue line
shows the retrieved spectral phase. The phase of the SPM broadened spectrum is basically contained
within an [—7/2, 7/2] interval, the OWB contribution is, however, clearly out of phase.
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typical hexagonal pattern of the LMA core (cf. Fig. 2.7). The mode did not exhibit
spectral inhomogeneities. Moreover, an M? factor of 1.3 was measured in horizontal (x-)
and vertical (y-) direction of the beam. For comparison, the M? value of the oscillator
was 1.05 in x- and y-direction, i.e. the beam quality was slightly reduced but still good.

The broadened spectrum, measured with an OSA, is shown in Fig. 2.8(a). It is compared
to the simulation results from Fig. 2.5. As expected, the spectrum is mainly formed
by SPM but it also exhibits a weak OWB contribution on the short wavelength side.
The FTL of the spectrum is 13.6 fs, and thus in excellent agreement with the computed
broadening factor of 18. The spectrogram of Fig. 2.5(b) indicates that linear up-chirp
dominates the spectrally broadened pulses. To compensate for it, two sets of chirped
mirrors were utilized. They were labeled PC1305 and PC301. Both were arranged in
a double-angle configuration to minimize the GDD oscillations which are inherent to
broadband chirped mirrors!'™. Moreover, they were designed for p-polarized light. Most
of the positive dispersion was compensated by 12 bounces off PC1305, 3 from each of
the 4 utilized mirrors. The average GDD of those mirrors was about -150 fs?> per bounce.
PC1305 did not exhibit TOD. This was in contrast to PC301. Those mirrors exhibited a
GDD of about -60fs? and a TOD of about -120 fs®>. The pulses were reflected twice from
cach of the 4 mirrors used. Fig. 2.8(b) presents an overview of bandwidth, reflectivity and
dispersion of both mirror sets. In sum with the collimation lens, a GDD of -2100 fs? and
a TOD of -1100fs® was applied to the pulses, reducing their duration to only 17 fs (cf.
Fig. 2.9(b)). The difference between the FTL and the measured pulse duration originates
from the OWB contribution to the spectrum. Fig. 2.8(c) shows that the spectral phase on
the short wavelength edge of the spectrum is not compensated. Pulse duration and phase
were measured with a home-built second harmonic FROG setup (cf. Appendix A.1). A
reflection from a F'S wedge provided sufficient power for the pulse duration measurements.
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Fig. 2.9. (a) Measured (top) and retrieved (bottom) FROG traces of the pulse after the chirped mirror
compressor. The color scale is in units of dB with respect to the maximum of the trace. The RMS FROG
error was 0.38 % for a 5122 grid size. (b) Retrieved ultrahort pulse (red solid line) and temporal phase
(black solid line). The blue solid line shows the compression of the simulated spectrum of Fig. 2.8(a)
with GDD only. The simulation of the short pulse is in excellent agreement with the measured pulse.
(c) Fringe resolved autocorrelations measured with a Femotchrome autocorrelator (black solid line) and
derived from the retrieved pulse of (b). The inset shows the intensity autocorrelations which were
computed by low-passing the fringe resolved traces.
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The spectrometer could be easily saturated from the SH generated in a 10 ym beta barium
borate, 5-BaB,O4 (BBO) crystal.

Several cross-checks confirmed the FROG results. Firstly, the retrieved FROG spectrum
reproduces the directly measured one well (Fig. 2.8(c)). Secondly, the previously discussed
simulations show excellent agreement with the measured pulses (Fig. 2.9(b)). Finally, the
autocorrelation trace measured with a two-photon-conduction-based device (Femtochrome
FR-103PD) can be reproduced by a numerical autocorrelation of the pulses extracted
from FROG (Fig. 2.9(c)). It is to note that the small asymmetry of directly measured
autocorrelation stems from the asymmetric beam splitter in the autocorrelator!'%.

Discussion

To the best of the author’s knowledge, the demonstrated compression experiments already
yielded pulses shorter than from any Yb-based system at the time they were reported.
In the meantime, hollow-core capillary based compression schemes after fiber amplifiers
have been also able to generate sub-20fs pulses?’?2°!. The experiments were, however,
performed with mJ-level pulses. The success of compression experiments reported here is
attributed to two major advantages of the presented scheme. Firstly, direct pumping by
a KLM TD oscillator provides relatively short input pulses. KERR-lens mode-locking al-
lows to exploit a large share of the Yb-ion gain bandwidth - about 4.5 nm in the presented
setup, nearly the full bandwidth of 9nm in ref. 139 and even up to 40 nm in a distributed
KERR-lens setup® which was, however, realized at sub-10 W average power. For compari-
son, the initially mentioned SESAM TD oscillator solid-core fiber compression experiment
was performed with 810 fs input pulses, the most powerful SESAM mode-locked oscillator
generated pulses of about 580 fs®®, the most energetic mode-locked TD oscillator emitted
ps pulses®. Other TD gain materials have allowed the emission of sub-100fs pulses but
only generated about 5 W of average power %9292, While SESAM mode-locked osillators
suffer from the finite bandwidth of the saturable absorber, fiber amplifiers cannot di-
rectly generate ultrashort pulses due to gain narrowing. However, broadband oscillators,
CPA grating stretchers and combiners as well as active phase shapers enabled to extract
sub-300fs pulses from the amplifiers, and consequently also led to sub-20fs pulses af-
ter nonlinear pulse compression?”. The second advantage of the presented scheme stems
from the large broadening factors achievable with fiber and the resulting dominating linear
chirp. The long nonlinear interaction lengths, 8 cm here, up to ~ 100 m in other exper-
iments (e.g. ref. 203), enabled a broadening factor of 18 in our case which can be even
increased to about 50 for the same input pulse duration as section 3.1.1 will demonstrate.
Large broadening factors in bulk or filamentation based spectral broadening experiments
usually result in reduced efficiency and compressibility which will be shown in section 3.2.

Another favorable property of the compression scheme shall be highlighted: The input
peak power of about 2.5 MW was increased to 25 MW, i.e. by factor of ten. Increasing
peak power by means of pulse compression is in particular important for uJ pulse energy
levels because extreme nonlinear optical effects in gases, like HHG, usually require peak
powers on the order of at least 100 MW. Such powerful pulses have not been emitted
from any oscillator, yet. On the other hand, the presented scheme is very limited in peak
power scalability as section 3.1.1 will discuss in more detail. This is certainly the most
severe drawback of solid-core fiber compression. Only 27 W average power of the 40 W
emitted from the KLM TD oscillator could be utilized in the compression experiment.



Few-cycle Pulse Generation in Bulk Material 35

The latest generation of mode-locked TD oscillators delivers pulses with peak powers of
about 60 MW %1139 - Achieving a further increase of this value by means of solid-core fiber
pulse compression would be very difficult. The only successfully demonstrated applicable
concept, coherent combining, 2°*2% would require tens of fibers operating in parallel, and
thus would be highly impractical. A few other minor drawbacks are the degradation of
the fiber facets which has been mentioned before and the daily need for optimizing the
coupling into the fiber (if no expensive automated system is employed). These features
reduce the applicability of solid-core fiber compression which is also of major importance of
a new generation of ultrahort pulse sources as pointed out in the introduction section 1.1.

In conclusion, sub-20 fs pulses have been demonstrated for the first time from any high-
power amplification-free system. The concept of solid-core fiber compression has revealed
strongly favorable properties, i.e. high compression factors and high compression efficien-
cies, but also severe limitations with respect to the peak power scalability of the method.
Approaches to overcome this drawback will be presented in chapter 3 of this dissertation.

2.2.2 Few-cycle Pulse Generation in Bulk Material

While 17 fs pulses were the shortest pulses ever generated from a TD oscillator, they do
not fully suffice the initial target to reach the few-cycle regime. For a duration of five
optical cycles the maximal field strength of a sine pulse would be only about 0.35 % larger
than that of a cosine pulse (assuming the same Gaussian envelope for both). If the pulses
would be compressed by another factor of two, the contrast was already about 1.35 %.
For a single cycle pulse, it would be 7.88 %, i.e. the CEP dependence of extreme nonlinear
effects would become much stronger.

Two major challenges arise upon going to sub-10 fs pulse durations. Firstly, as discussed in
the previous section, the peak power of the 17 fs pulses is about 25 MW, i.e. about a factor
of six larger than the critical power of FS. Consequently, the use of a second solid-core
fiber for further spectral broadening is not possible. Chirped pulse broadening?’® is also
not applicable as section 3.1.1 will explain. The second challenge arises from the spectral
bandwidth of the short pulses and the impact of material dispersion, resp. While 290 cm
of F'S were needed to double the duration of the pulses emerging from the oscillator, only
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Fig. 2.10. The setup of the compression experiment is sketched. The output of the fiber compression
stage is focused with a spherical mirror R1 into a dielectric medium which can be translated along the
propagation direction. The spherical mirror R2 collimates the spectrally broadened beam which is steered
into a chirped mirror compressor. A hard aperture cleans the beam profile.
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1.9cm are sufficient to lengthen the 17fs pulses by a factor of two (RMS duration, c.f.
supplement 2). Subsequently, for further spectral broadening experiments, it becomes
necessary to either shorten the interaction length between the intense pulses and the
nonlinear medium or to reduce material nonlinearity and dispersion. The former approach
is addressed in this section while the latter approach will be discussed in section 3.1.2.
A short interaction length will apparently reduce the total GDD the pulses undergo in
the broadening medium. Furthermore, beam collapse happens after a certain propagation
length (cf. section 3.2.1), and hence, the material thickness can be made shorter than the
critical self-focusing distance. These properties, together with the target of demonstrating
only a moderate compression factor of ~2 for reaching the few-cycle regime, motivated
the approach of spectral broadening in a dielectric bulk medium.

Spectral broadening in bulk material

The 17fs, 500 nJ pulses emerging from the fiber compression stage were focused by means
of an enhanced silver mirror (R1) into a dielectric window to achieve additional spectral
broadening (Fig. 2.10). The window was placed behind the focus of R1 and was afterwards
slowly shifted by means of a mechanical translation stage towards the focal plane while
the spectrum emerging from the nonlinear medium was monitored with an OSA. If the
material was moved too close to the focus, where peak irradiances in the range of 1-
10 TW /cm? were reached, beam filamentation?®2%7 set in. This process, involving the
generation of an electron-hole plasma, was avoided due to the high thermal load of the
nonlinear medium. Instead, the spectral broadening was solely based on the optical
KERR effect which does not involve absorption, and hence generally leads to better power
stability. By applying the described routine, several parameters were varied to maximize
SPM in the bulk medium: Firstly, different materials were tested. While YAG and
sapphire tended to form filaments or were damaged before exhibiting broad spectra, the
ny ~ 1.9 x 10716 cm?/W of CaF, was too low to reach best broadening results which
were obtained with fused silica and crystalline quartz. The latter has much better heat
conductivity and generated steadily broad spectra over several hours. Neither slight
variation of the crystal thickness (3 - 5mm for crystalline quartz), nor of the input chirp
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Fig. 2.11. Spectra measured with an OSA after spectral broadening in a 5 mm thick crystalline quartz

plate for different distances between focal plane and nonlinear medium. The blue solid line shows mod-

erate spectral broadening. The FTL is 7.5fs. After moving the quartz plate closer to the focus, the red

solid line was measured. The FTL is 6.4fs. For comparison, the spectrum of the pulses emerging from

the fiber compression stage is shown (black solid line).
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had significant impact on the achievable spectral widths. Instead, balancing the Gaussian
beam divergence and the nonlinear self-focusing turned out to be decisive for reaching
the broadest spectra. This will be investigated in more detail in section 3.2. Spherical
mirrors (R1) with focal lengths of 50 mm and 150 mm were tested. With a f = 50 mm
focal length, a FTL of 6.4 fs was achieved (red spectrum Fig. 2.11). In this configuration,
a slight red glow became visible, being a precursor of filamentation, and thus marking the
maximally achievable spectral bandwidth.

These ultrabroadband pulses required, however, tailored dispersive mirrors in order to
reach durations on the order of two optical cycles. Consequently, in a first step, a slightly
narrower spectrum (blue curve Fig. 2.11) was compressed by six bounces off complemen-
tary chirped mirrors, labeled PC247. These compensated for the dispersion of 2mm FS
per bounce (Fig. 2.12(b)). A pulse duration of 10 fs was retrieved (Fig. 2.12(d)) by means
of a SH-FROG measurement. The autocorrelator used to cross-check the 17 fs pulse mea-
surements could not be used for these very short pulses. It was noticed that inserting a
2mm thin FS window did not change the autocorrelation trace although the short pulses
must be sensitive to it. Therefore, only the RMS FROG error and the agreement between
measured and retrieved spectrum could be used to verify the correctness of the FROG
measurement (Fig. 2.12(a)+(c)). Although these cross-checks are not quite as extensive
as in the fiber-compression study, they exhibit clear evidence for the reliability of the
pulse measurement.

The spectral phase of Fig. 2.12(c) reveals that the PC247 mirrors are not ideal for the
compression of even shorter pulses. At the long wavelength edge, around 1300 nm, both
the GDD of PC247 and the spectral phase are uncontrolled, and hence the spectrum is
close to the bandwidth limits of the mirrors. Moreover, the oscillations of the spectral

(a) ———t (b) 100 +—pmeecr——— < (1.0 e 14
__ 6001 measured g = 99 E 100 £
E & g5 10
c E:’ 98 ] [a =412
= 5501 - N 5.000 97 ] ] 100% Q0.8
o — > T T T T T o Y =
S o0 " 2oy = (€) 1.0 f 2 o VAL 110g
® e E ] 47 © 9§ PP { =
3 1500 £ 1] & 906+ 1 =9.9fs @
2 450 5084 M = Q . 18 @
4 :: Io~ 6 ko) % OTD g
8 @ _J° S = = V] &
Q064 : 1 = S PN w
600 | 0.6 ' @ i 6 ®©
= 2600 @ A ; 15 & 0.4+ 1° g
c ] | oo | < - 1 Q
=550 { Nogd : 12 8 £
< © I3 ; 44 ®© N _F_),
gsoo © |jf-3500 E / 5 'c—;u 0.2 1
2 5001 0.2 1. @
2 - :' 138 ¢
4 D 1 "
5 -45.00 0.0 f r T T T v 0.0 Pt 0
150100 20 6 20 100 150 800 1000 1200 -60-40-20 0 20 40 60
delay (fs) wavelength (nm) time (fs)

Fig. 2.12. (a) Measured (top) and retrieved (bottom) FROG traces of the pulses after the PC247 mirror
compressor. The color scale is in units of dB with respect to the maximum of the trace. The RMS FROG
error was 0.77% for a 5122 grid size. (b) Reflectivity (R, blue solid line) and average GDD (red solid
line) of PC247. “Average” refers to the mean GDD of a complementary mirror pair. The dispersion of
about 2mm FS is compensated by one bounce off the mirrors in the spectral range from 700 - 1300 nm.
(c) Spectrum measured with an OSA (black solid line) and retrieved from FROG (red solid line). The
blue dashed line shows the retrieved spectral phase. (d) Retrieved ultrahort pulse of only 10 fs duration
(red solid line) and corresponding temporal phase (black dashed line).
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phase in the most powerful parts of the spectrum are quite strong. This results in about
25 % of the energy being located in the pulse pedestals. For comparison, only 15 % of the
energy was located in the pedestals of the 17 fs pulse.

Subsequently, new mirrors were designed to compress the pulses with the maximal band-
width as clean as possible. In order to do so, the spectral phase of the uncompressed pulses
was measured by means of SH-FROG. It is represented by the dark blue dotted line in
Fig. 2.13(b). Different thin CaFy, F'S and sapphire plates of thicknesses from 1 to 5mm
were inserted into the collimated beam to verify the phase sensitivity of the FROG. After-
wards, the measured phase was fed into a multilayer design software (www.optilayer. com)
which calculated an optimal layer structure for double-angle chirped mirrors. Their reflec-
tivity and average GDD are shown in Fig. 2.13(b). It is remarkable that the reflectivity
is larger than 99.8 % for the whole pulse spectrum and that the GDD exhibits very strong
excursions from -800 to +800fs?, i.e. hardly implies a phase that can be readily decom-
posed into GDD, TOD and higher-order terms. Nevertheless, the predicted spectral phase
of the ultrashort pulses, which is plotted as a dashed dark gray line in Fig. 2.13(c), is very
flat. The pulses were compressed by means of two bounces off the tailored mirrors. Their
measured spectral phase (blue dashed line Fig. 2.13(c)) is in very good agreement with
the prediction. This demonstrates on the one hand, the capability of FROG to precisely
determine the spectral phases of ultrashort pulses, and on the other hand, the powerful-
ness of both state-of-the-art multilayer-mirror design software and coating facilities. The
measured pulses exhibit a duration of 7.7fs, corresponding to only 2.2 optical cycles at
1030 nm central wavelength (Fig. 2.13(d)). If the spectral phase and the spectrum mea-
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Fig. 2.13. (a) Measured (top) and retrieved (bottom) FROG traces of the pulses after the tailored
mirror compressor. The color scale is in units of dB with respect to the maximum of the trace. The
RMS FROG error was 0.48 % for a 5122 grid size. (b) Reflectivity (R, blue solid line) and average GDD
(red solid line) of the tailored mirrors. “Average” refers to the mean GDD of a double-angle mirror pair.
(c) Spectrum measured with an OSA (black solid line) and retrieved from FROG (red solid line). The
blue dashed line shows the corresponding retrieved spectral phase of the compressed pulses, the dark
blue dotted line the retrieved spectral phase of the uncompressed pulses and the dark gray dashed line
the spectral phase predicted from the uncompressed phase and the tailored mirror design. (d) Retrieved
ultrahort pulse of only 7.7 fs duration (red solid line) and corresponding temporal phase (black dashed
line). For comparison, the FOURIER transform-limited pulse of the retrieved spectrum from (b) (dashed
gray line, mostly hidden behind the measured pulse) and the predicted pulse from the tailored mirror
design (solid blue line, also mostly hidden behind the measured pulse) are shown.
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Fig. 2.14. (a) Measured beam profile with a CCD camera without additional spectral filtering. (b)
Beam profile after a 1064 nm laser line bandpass filter. (c) Spectra measured with an OSA in dependence
on the hard aperture transmission. The solid lines show the recorded spectra. The dashed lines have been
scaled in order to normalize all spectra. The spectral shapes are very similar, the FTLs nearly identical.

sured with the OSA are combined, the pulse duration would be only 6.6fs, and hence
very close to the FTL of 6.4fs, showing very good compression quality. If the retrieved
pulse is compared to the predicted one, just a trailing pedestal is more pronounced than
expected from the design. The main pulse, however, contains 80 % of the total energy.

Contrary to fiber, bulk material does not provide a guiding structure which leads to ho-
mogeneous spectral broadening across the beam area?’®. Therefore, beam profile and
spectral homogeneity of the beam are of particular interest in bulk broadening. The
connection between spatial and temporal nonlinearities will be investigated in more de-
tail in section 3.2. For now, the studies mainly refer to experimental observations: The
beam profile after the broadening stage (Fig. 2.14(a)) exhibits higher spatial frequencies
which were generated analogously to the new spectral frequency components in the non-
linear material. This becomes particularly evident by filtering a narrow band of incoming
wavelengths as demonstrated in Fig. 2.14(b). To clean the beam from higher spatial fre-
quencies, the aperture indicated in Fig. 2.10 was set such that only the part within the
red dashed circle of Fig. 2.14(b) was transmitted. In the case of the blue spectrum of
Fig. 2.11 about 60 % of the power was contained in the encircled part, while about 40 % of
the power is transmitted in case of the broadest spectrum (red solid line of Fig. 2.11). An
M2-measurement according to the ISO 11146 standard was performed with the spatially
filtered beam after moderate broadening (i.e. blue curve Fig. 2.11). A scanning slit beam
profiler with a pyroelectric detector was used to quantify the beam quality. The measured
M?2, 1.4 in both directions, was only slightly larger than the M? value behind the PCF of
the first broadening stage (M? = 1.3). To investigate the homogeneity of the broadened
spectra, the aperture was gradually closed while the spectrum of the transmitted beam
was measured. Fig. 2.14(c) shows that closing the aperture does not affect the spectral
width of the pulse. The FTLs of all three curves are 6.1fs + 0.1fs.

Discussion

The experiments have shown that spectral broadening in bulk material is capable of
generating ultrabroadband spectra with F'TLs down to 6fs. The relatively short crystal
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length of 5mm resulted in solely SPM-based broadening despite the fact that the peak
power of the incident pulses was multiple times higher than the critical power of the
nonlinear material. By utilizing a tight focusing geometry, the additional free parameter
of divergence, which is not accessible in fiber schemes, was exploited to achieve significant
spectral broadening without beam filamentation. The relatively low broadening factors of
1.7 - 2.3 sufficed to reach the few-cycle regime. Consequently, bulk broadening has proven
to be a viable method for ultrashort pulse compression which works in pulse parameter
regimes where solid-core fiber techniques are not applicable.

A considerable drawback of the approach was, however, the fact that the peak power of
the pulses could not be further increased due to the spatial nonlinearities which led to
ring formation and subsequently power losses. The peak power of the 10fs and the 7.7 fs
pulses were 20 MW and 16 MW, resp., i.e. both values were lower than the peak power of
the input pulses. Furthermore, only 15 % of the oscillator power and 30 % of the average
power after the fiber stage were transferred to the most broadband pulses, highlighting
that succeeding research must concentrate on improving the efficiency of the method.
Section 3.2 will demonstrate techniques to make bulk broadening more efficient.

An additional disadvantage of the bulk scheme was the need for tailored chirped mirrors.
As previously discussed, chirp compensation could be mainly accomplished by applying
quadratic phase to the spectrally broadened pulses emerging from LMA-35. By compen-
sating GDD and TOD only, minimal pulse durations of 10fs could be reached after the
quartz crystal while the generation of shorter pulses required tailored mirrors. Fortunately,
cutting-edge multilayer technology was available for accomplishing sub-10 fs compression.
Such an advanced dispersion control is, however, only accessible for a small number of
ultrafast optics laboratories worldwide. A first reason for the increased difficulty of high
quality pulse compression is the nearly octave-spanning bandwidth of the pulses which
was very hard to handle before the emergence of the chirped mirror technology 8. An-
other reason, however, is connected to the free beam propagation in the bulk material
which leads to a coupling of beam transformation and pulse shape?®?1? (cf. Fig. 3.28).

Otherwise, bulk broadening has revealed many practical advantages over fiber-based
broadening. The output spectrum of the compression stage could simply be adjusted
by means of a translation stage that shifted the quartz window with respect to the focal
plane. No daily coupling optimization was necessary, no degradation of the nonlinear
medium was observed. If the bulk plate was moved too close to the focus and got dam-
aged, it could be simply rotated in order to reuse it. By contrast, fiber damage required
at least recleaving, which is not straight forward due to the large air content of LMA-35,
or even fiber exchange in order to maintain a length of about 8 cm. Consequently, the
5mm quartz plate was never replaced while performing the experiments whereas meters
of LMA-35 were used for the compression experiments. This constitutes an important
complexity and cost advantage of the bulk scheme in comparison to the fiber setup.

In conclusion, for the first time, sub-10fs, sub-3 cycle pulses have been generated from
the output of a TD oscillator. This proof-of-principle experiment has demonstrated that
power-scalable lasers that emit pulses of clearly more than 100fs can be transformed to
few-cycle sources by virtue of external pulse compression schemes. Bulk broadening was
applied to successfully overcome the peak power limitations of fiber broadening. The
technique has very practical advantages, but still requires concepts to operate with higher
efficiencies. These concepts will be discussed in section 3.2 of this thesis.
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2.3 Stabilizing Kerr-lens Mode-locked Thin-disk Oscillators

Compressing the output pulses of a KLM TD oscillator to durations of only a few op-
tical cycles opens a new gateway to extreme nonlinear optics at MHz repetition rates.
However, another imperative prerequisite to efficiently exploit field sensitive effects is the
control over the optical waveform. Therefore, it was aimed for CEP stabilization as a
next milestone in mode-locked thin-disk laser development. It was targeted in earlier ex-
periments %2 where beat signals in f-to-2f interferometers were detected but could not
be stabilized.

The CEP is highly sensitive to any kind of external laser perturbations. It could, for
example, be easily shifted by gently manipulating the flow of the disk cooling water.
Therefore, an initial investigation of noise sources was performed as a prerequisite of en-
suing carrier-envelope-offset frequency locking experiments. Although mode-locked laser
noise manifests itself in many ways, 2?13 only intensity noise (IN) in the following section
and subsequently CEP noise will be discussed in detail. The a priori suppression of IN is
of utmost importance for achieving active CEP stabilization owing to amplitude-to-phase
coupling in nonlinear elements, e.g. in the KERR lens inside the oscillator or the PCFs
utilized for spectral broadening.

2.3.1 Passive Stabilization

A typical setup of short-term (t < 100ms) IN measurements is sketched in Fig. 2.15.
Essentially, a photodiode was placed in an attenuated laser beam. It converted optical
power to electric current which was proportional to the voltage drop across a load resistor
that was usually analyzed in frequency domain by an RF spectrum analyzer. The Agilent
E4447A has a very low noise floor and can measure precisely down to 10 Hz. Taking a time
domain trace with an oscilloscope and performing the frequency analysis via FOURIER
transformation is an alternative to direct frequency domain measurements. This was
done in the experiments reported in section 3.1.2. Typical digital oscilloscopes exhibit,
however, clearly higher noise floors than spectrum analyzers, and hence they are better

Remark: carrier-envelope-offset frequency, carrier-envelope phase and

carrier-envelope phase shift

The following sections describe the stabilization of the carrier-envelope-offset frequency
and the carrier-envelope phase without explicitly discriminating between the distinct
quantities. In section 1.4.5, the linear relation between carrier-envelope-offset frequency
and carrier-envelope phase shift per round trip was explained. Consequently, if the carrier-
envelope-offset frequency is stabilized, the carrier-envelope phase shift is stabilized as well.
This, however, does not imply that the carrier-envelope phase of every pulse is the same.
This would require to stabilize carrier-envelope-offset frequency to an integer of the repe-
tition rate. The absolute carrier-envelope phase is also unknown and cannot be measured
by means of an f-to-2f interferometer but only by field-sensitive nonlinear optics 24215,
Nevertheless, a carrier-envelope-offset frequency stabilized source will be also called CEP
stabilized because the carrier-envelope phase is, up to a residual jitter, controllable by
means of the reference frequency of the servo loop and dispersive elements in the beam
path (e.g. thin wedges).




42 Passive Stabilization

from oscillator \
or laser diodes \

O
bias .
e I GHz photodiode Agilent
+ 500 E4447A
O

Fig. 2.15. Generic intensity noise measurement setup.

suited for analyzing fluctuation in the low Hz and mHz range which can hardly be reached
by RF spectrum analyzers. In this section, the IN in the frequency range from 10 Hz to
500kHz is investigated. Typically, an optical power which corresponded to a peak-peak
voltage between 500 mV and 1V was measured by the fast photodiode. The noise figures
of the utilized KLM TD oscillator measured in 2017 are shown in Fig. 2.4 of section 2.1.
These properties have been reached after identifying noise sources which did not allow
CEP stabilization in the first experiments that are described in ref. 65. Fig. 2.16(a)
compares the short term fluctuations of Fig. 2.4 with a measurement which was taken
in August 2012 before the oscillator was passively stabilized. The graph shows very
significant improvement in the IN performance that has mainly been reached because of
(I) the usage of a highly stable power supply to drive the laser diodes and (II) the strong
reduction of turbulence in the cooling circuits of thin disk and laser diodes.

The importance of (I) becomes very clear upon considering Fig. 2.16(b). The laser diodes
(Laserline LDM 500-1000) had to be purchased with an integrated chiller as well as an
integrated power supply. If solely the IN of the laser diodes (and not of the KLM TD
oscillator) was measured, massive excess noise was detected in whole kHz range (black
curve Fig. 2.16(b)). This was partially filtered through the active Yb3" ions hosted by
the YAG disk as the comparison to Fig. 2.16(a) indicates. The gain medium’s upper
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Fig. 2.16. (a) Gray and red curve correspond to the noise measurements shown in Fig. 2.4(a) (3
averages). The black curve shows the measured oscillator IN before additional means to stabilize the
KLM TD oscillator were taken (10 averages). A massive excess noise is visible at frequencies lower than
10kHz. The PSDs have been normalized to the value at 500 kHz where the noise floor of the Agilent
PSA E4447 spectrum analyzer is reached. (b) Measured IN of the fiber-coupled laser diodes of Laserline
LDM 500-1000. The black curve shows a measurement that was taken when the laser diodes were driven
with the integrated power supply. The red curve was taken after the laser diodes have been connected
to an external power supply (Delta Electronika). The gray curve shows the noise floor.
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Fig. 2.17. (a) Comparison between IN measurements of laser diodes pumped with different switching
(red line: Delta Elektronika, black line: Toellner Electronics) or a series connection of linear and switch-
ing (blue line, Toellner Electronics) power supplies. The Delta Elektronika supply demonstrates the best
noise performance. The linear/switching combination exhibits only excess noise around 1kHz. Using
solely the Toellner Electronics switching power supply resulted in the highest integrated IN. (b) Com-
parison between IN measurements of laser diodes pumped with high-end switching power supplies (Delta
Elektronika, ILX Lightwave) or a cost-efficient linear power supply (Stratron). The blue curve represents
a measurement with the Delta Elektronika supply where power output was additionally passed through
a 0.47 pF feedthrough filter. This reduced the noise in the lower kHz range (cf. dark yellow curve). The
devices of ILX lightwave and Delta Elektronika exhibited a comparable good performance while many
noise spikes were observed if the cost-efficient power supply of Statron was connected to the laser diodes.
In both plots laser diodes of the company Dilas, which required lower currents than the LDM 500-1000,
were driven by the power supplies.

state lifetime is ~ 1ms!¥2 resulting in an effective low pass filter of the pump light.

Nevertheless, the noisy power supply severely affected the measured PSD of the KLM
TD oscillator. Therefore, several other power supplies were tested. The measurements
are partly presented in Fig. 2.17. It was expected that linear power supplies exhibit
better noise performance than switching power supplies which generate a kHz frequency
modulated signal before current rectification. The need of a typically heavier and more
expensive linear power supply does, however, not seem imperative. Fig. 2.17(a) shows IN
measurements of lower power laser diodes (supplied by DILAS) that were taken with a
switching power supply of the company Delta Electronika as well as a switching and a
series connection of linear and switching supply of the company Toellner. Toellner could,
unfortunately, not offer a single linear power supply for the required electric current,
and thus two sources had to be connected. The figure demonstrates firstly, that all
supplies yielded better noise properties than those obtained with the integrated supply
(cf. Fig. 2.16(b)). Secondly, if only the Toellner devices are compared, the use of a
linear supply led to IN reduction at frequencies between 100 Hz and 3kHz. Nonetheless,
the Delta Elektronika device exhibited the lowest noise level although it was a switching
power supply. Therefore, the choice of the power supply type (linear/switching) appears
not as important as proper alternating current (AC) suppression by adequate low pass
filtering.

This claim is manifested by Fig. 2.17(b) which shows that the high-end switching supplies
of the specialized companies Delta Elektronika and ILX Lightwave exhibit a similar low
power spectral density over the full measurement bandwidth, whereas the cost-efficient
linear device of Statron is fairly noisy. Consequently, discriminating only between linear
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Fig. 2.18. (a) IN comparison of the a typical low-power Ti:sapph pump source (Verdi V10) and
the utilized high-power laser diodes (LDM 500-1000) driven by a stable linear power supply. (b) IN
comparison of the a commercial femtosecond oscillator (Amplitude t-pulse 50) and the utilized KLM
TD oscillator with about 20 times higher power than the commercial oscillator. The thin-disk oscillator
still exhibits two pronounced noise features in the shown measurement. One is located around 1kHz,
corresponding to the inverse of the upper state lifetime, and hence it can be attributed to relaxation
oscillations. The second one is located around 7 kHz. It is not clear where this feature originates from. In
some experiments it showed up (e.g. Fig. 3.38(b)), in some it did not (e.g. Fig. 3.38(a)). Without knowing
further details, it is therefore believed that proper oscillator alignment may remove this contribution to
the total IN.

and switching types of power supplies is not sufficient for the choice of an appropriate
laser pump source. Proper electronic noise filtering is at least as important as the choice
of the supply type. It is, however, difficult to extract detailed information on the noise
performance of the power supplies from the companies’ data sheets, and thus the test
of different devices was inevitable. Eventually, it was decided to utilize a power supply
of ILX Lightwave, a company which specializes on laser diode control. Nonetheless, it
is to note that other supplies performed similarly well. Fig. 2.18(a) demonstrates that
the search for a suited power supply was successful. Noise levels of a common low power
Ti:sapph pump source, Coherent Verdi V10, were achieved with the high-power diodes
pumping the KLM TD oscillator. The frequency doubled solid-state laser is well-suited

for carrier-envelope-offset frequency stabilization,?'® and thus served as a good reference.

After having addressed the noise in the kHz range (“electronic noise”), reducing the fluc-
tuations in the Hz range (“acoustic noise”) was targeted. At first, the setup was entirely
covered to minimize the air flow in the vicinity of the laser beam. If this was not fully
possible, the air conditioning was turned off for a few minutes in order to perform mea-
surements. Moreover, changes were introduced to the cooling circuits (II). The integrated
chiller of the pump diodes was removed. It contained a temperature dependent switch
which alternatingly turned off and on the coolant flow. Instead, an external laser chiller
was used that constantly circulated water with a temperature of 24.0°C and a flow of
about 51/min. Furthermore, the coolant flow in the disk head was strongly reduced from
31/min to only about 0.51/min. The impingement cooling scheme (cf. Fig. 1.2(a)) other-
wise induced vibrations of the disk. The improvement in the IN after having performed
the described changes becomes obvious in Fig. 2.16. Further potential noise sources were
not considered at that point, since the KLM TD oscillator IN power spectral density
became very comparable to that of the commercial oscillator Amplitude t-pulse 50 which
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only provided 5 % of the TD laser output power. Therefore, ensuing research was targeted
to reach the primary goal of the presented investigations, the first CEP stabilization of a
mode-locked thin-disk oscillator.

2.3.2 Active Carrier-Envelope-Phase Stabilization
Beat signal detection

Contrary to the IN, which can easily be measured with a photodiode and some analyz-
ing device, the carrier-envelope-offset frequency is not accessible in a straight forward
way since not even the best optical spectrum analyzers can nearly measure with MHz
resolution. Therefore, schemes were employed that generate a beat signal of two frequen-
cies which are shifted by carrier-envelope-offset frequency. Generally, this is achieved by
spatially and temporally overlapping the j** and k*™ harmonic of the comb lines m, n:

Af=j- (mfrep + feeo) = k- (nfrep + feeo); (2.1)

where f..p, is the laser repetition rate and fee, is the carrier-envelope-offset frequency. If
j-m =k -n, a beat signal with the radio frequency

fO = |.] - k|fceo (22)

can be detected. Typically |[j — k| = 1, e.g. in so-called 0-to-f-interferometers?!%21%

(j=1, k=0) or 2f-to-3f-interferometers?!?*?" (j=3, k=2). The most common configura-
tion, namely an f-to-2f interferometer!®*?! (j=2, k=1) was implemented here. A quasi
common-path interferometer was utilized which typically introduces less artificial noise,
due acoustically or thermally induced optical path fluctuations, than in the originally
used MICHELSON-type interferometers®%223. Tts setup is sketched in Fig. 2.19(a) while
Fig. 2.19(b) shows an optimized free running beat signal which was detected with an RF
spectrum analyzer. Obviously, a beat signal can only be detected if the frequency doubled
m'" comb line (2f component) and the n'® comb line (f compenent) carry optical power,
i.e. if a coherent octave spanning spectrum is generated. Therefore, a small part of the
ultrashort pulses, which were emitted from the fiber compression stage presented in sec-
tion 2.2.1, were sent into a highly nonlinear PCF at the input of the interferometer. It was
operated in the anomalous dispersion regime, and hence sub-100 fs pulses were needed to
maintain coherence at the fiber output®. If longer pulses are used, quantum fluctuations
may initiate amplified spontaneous RAMAN scattering while laser intensity fluctuations
lead to extremely nonlinear soliton-fission and modulation instabilities resulting in the
destruction of the pulse-to-pulse phase coherence which is essential for frequency combs.
The temporal overlap in the avalanche photodiode was accomplished by a delay stage
consisting of two prisms which resolved the optical spectrum in space and two D-shape
mirrors which created an optical path difference between the blue and the red wing of
the continuum. Since only the spectra around 680 nm and 1360 nm were of interest for
the beat note detection, a precise phase control was not necessary. The fundamental
wavelength of 1360 nm carried relatively high spectral power in the fiber continuum (cf.
spectrum in ref 65). It was doubled in a periodically-poled MgO-doped lithium niobate
(PPLN) crystal which exhibits a high effective quadratic nonlinearity deg ~ 16 pm/V and
can be type 0 phase-matched, i.e. fundamental and SH exhibit the same polarization, and
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Fig. 2.19. (a) Setup of the f-to-2f interferometers. The highly nonlinear PCF (SC-3.7-975, NKT
Photonics) generated a coherent continuum which is angularly dispersed by the prism sequence. The D-
shape mirrors M2 and M3 introduce a delay between long and short wavelengths in order to temporally
overlap the f and the 2f component of the interferometer. They are also set to reduce the beam height
at the D-shape mirror M1 such the the beam returning from the delay line is reflected into a lens that
focuses into a PPLN crystal which frequency doubles the continuum wavelengths around 1360 nm. The
lens behind the PPLN gently focused the beam on a APD. To get a high SNR, the beam passed a filter
(BP) with a 10nm transmission band centered at 680nm before. In a first step the beat signal was
detected with an analog RF spectrum analyzer. All mirrors (M1-4) were silver-coated. All lenses were
asphers. (b) Optimizing input power, fiber coupling and overlap of f and 2f components typically yielded
40dB SNR within a 10 kHz resolution bandwidth. The frequency at frcp + fo originates from the beating
of the 2f component with a neighboring comb line of the f component since the bandpassed spectrum still
hosts many thousands of comb lines. No active stabilization of the beat signal is applied in the graph,
yielding a ~ 1 MHz excursion of the signal.

thus can interfere on the detector. Allowing only the comb lines with frequency doubled
counterparts to hit the avalanche photodiode (APD) was imperative to keep the noise
floor of the detector low. Therefore, a narrow frequency band around 680 nm was filtered.
Since a high signal-to-noise ratio (SNR) of the beat signal resulted in tighter locking of
the carrier-envelope-offset frequency,?' optimization of the interferometer alignment was
performed to a minimum 35dB difference between noise floor and beat note. Typically,
even 40 dB could be reached (cf. Fig. 2.19(b)). Mainly the coupling into the highly non-
linear PCF was repeated often. But also the AOI of the beam on the bandpass filter,
which slightly manipulated the transmission spectrum, and the input power were varied
to maximize the SNR.

Stabilizing the beat signal

After having established means to measure the carrier-envelope-offset frequency, its strong,
quasi-random excursions (cf. Fig. 2.19(b)) were supposed to be reduced as much as pos-
sible. For this purpose a phase-locked loop (PLL) was implemented?*. The setup is
shown in Fig. 2.20. The main challenge to achieve a tight lock is indicated in Fig. 2.16.
It is related to the ~ 1ms upper state lifetime of the active medium. In Fig. 2.16, this
effective low-pass led to a strong suppression of the laser diode IN. By contrast to this
desirable effect, the low-pass will be detrimental for the purpose of actively controlling
the carrier-envelope phase because it severely reduces the bandwidth of a pump power
regulated feedback loop. For comparison, the upper state relaxation time of Ti:sapph is
only about 3 us,'#? and hence feedback up to the 100 kHz range is possible. This is usu-
ally more than sufficient to achieve tight locking of the carrier-envelope-offset frequency.
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Fig. 2.20. (a) CEP stabilization setup. Oscillator and fiber compression stage are almost as before (cf.
Fig. 2.7, A/2 - half-wave plate, TFP - thin-film polarizer, pol - polarizing beam splitting cube), just an
AOM was inserted into the oscillator next to the output coupler. It was placed at BREWSTER’s angle.
For initial experiments the 5.5% OC was used, otherwise the 14 % OC. In the former case, the pulses
emerging from the compression stage were about 40 fs long. This was still short enough to the generated
a coherent supercontinuum in the highly nonlinear PCFs. The power sent into the interferometers was
adjusted by a half-wave plate and a wedge (W) with 45° to 55° AOIL Two f-to-2f interferometers were
set up. The in-loop interferometer provided feedback to the AOM while the out-of-loop interferometer
analyzed the residual CEP noise. The dashed line indicating the electronic feedback is explained in more
detail in (b). The beat signal was electronically band-passed (central frequency 10.7 MHz, bandwidth
2MHz) to suppress the signal originating from the laser repetition rate. The beat signal was amplified
afterwards and compared to a reference stemming from a RF generator by a digital phase detector (DPD)
in the in-loop interferometer and a analog phase-detector in the out-of-loop interferometer. The error
signal originating from the phase-difference was sent to a PI?D controller and monitored in parallel. The
signal of the servo controller modulated the 80 MHz RF signal that drove the AOM.

Consequently, pump power modulation via an extra-cavity AOM or electro-optic mod-
ulator (EOM) is routinely employed in carrier-envelope phase locking schemes?!6:225-227,
Diode-pumped mode-locked oscillators (bulk or fiber) can even be carrier-envelope phase
stabilized by direct current modulation of the laser diodes?2®%29. This approach is, how-
ever, not straight-forward for the KLM TD oscillator as will be discussed in more detail
in section 3.3.

The challenge to overcome the reduced feedback bandwidth that pump power modula-
tion offers can be avoided by modulating the oscillator losses instead of the gain. Both
approaches basically target to access control over the carrier-envelope-offset frequency
via amplitude-to-phase coupling which, for instance, manifests itself through SPM in the
KERR medium®?. LEE et al. demonstrated with a 20mW fiber oscillator that intracav-
ity loss modulation can in-fact significantly extend the bandwidth of the PLL?3°. They
reached an in-loop phase jitter of less than 150 mrad, a record for fiber lasers. However,
the approach of using an absorbing modulator was not applicable to the KLM TD os-
cillator which operated at more than 2800 times higher intracavity average power than
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Fig. 2.21. (a) In-loop beat signal stabilization of the KLM TD oscillator with a 5.5% OC and (b)
with a 14 % OC. Residual phase noise as low as 75 mrad for the lower output coupling and 125 mrad for
the higher output coupling were reached in the bandwidth from 1Hz to 500 kHz. The main difference in
phase noise accumulates around 90 kHz. Due to the increasing phase lag of the feedback, the servo loop
becomes resonant at this frequency. The noise spike around 330 kHz originated from the DPD electronics.
The best corner frequency settings were fi; = 20kHz, fio = 5kHz or fio = 10kHz and fp = 50 kHz.

the fiber laser in ref. 230. Therefore, loss modulation was targeted with a 3mm thick
intracavity AOM which does not absorb power itself, but introduces losses by diffracting
light into the first acoustic grating order (~ 14 mrad deflection angle). The water-cooled
AOM was placed at BREWSTER'’s angle directly in front of the output coupling mirror
(Fig. 2.20(a)) where the beam waist is relatively small (= 1mm). The 4mm aperture
of the modulator was large enough that no additional cavity losses were detected when
no acoustic wave was launched. If a 80 MHz signal at 6 W RF power was applied to the
transducer, the intracavity power was reduced by 2 %, corresponding to the modulation
depth of the EOM in ref. 230. The RF power was varied by means of the modulation input
of the RF generator that received the feedback signal from a servo controller (D2-125,
Vescent Photonics). The locking electronics are sketched in Fig. 2.20(b). A digital phase
detector??* compared the band-passed beat signal with an RF reference and generated an
error signal for the PI2D controller.

First locking experiments were performed with the 5.5 % OC which required considerably
less pump power (=~ 100W) than the 14% OC (= 200W). Consequently, the passive
carrier-envelope-offset frequency stability was expected to be better,?! promising easier
locking. Moreover, the pump power and the KERR-lens position were varied such that the
free-running carrier-envelope-offset frequency excursions were relatively low (Fig. 2.19(b),
RMS~ 350kHz) and the beat signal was located around the central frequency of the
electronic bandpass (10.7 MHz). For the 14 % OC, the carrier-envelope-offset frequency
sensitivity to the output power modulations was about 10 MHz/W. Consequently, a 1 MHz
shift of the beat signal was introduced by a change of the output power by only about
0.25%. In the final laser configuration, even 20 % of output power variation did not inter-
rupt mode-locking (cf. Fig. 2.2(b), note: in earlier experiments mode-locking sometimes
stopped when the servo loop could not be closed). This demonstrates that the KLM TD
oscillator was highly robust against the modulations introduced by the AOM. The corner
frequencies of the PI?D controller were optimized on a trial and error basis although plenty
of feedback loop theory exists (cf. ref. 232 and references therein). Firstly, relatively low
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cut-off frequencies of the integral parts were set (100 Hz - 1kHz). The differential part,
whose cut-on frequency was set between 10 kHz and 50 kHz, helped to capture the beat
signal but did lead to a significantly tighter lock. This was accomplished mainly by op-
timizing the proportional gain. After a minimal error signal was achieved, the cut-off
frequencies of the integrators were varied and the optimization procedure was repeated.
The phase of the beat signal and the 10.7 MHz reference were initially compared by a
12bit DPD?** which offered a huge capture range of £2!2 .27 ~ 4+25000rad. On the
other hand, the lock performance was limited by the intrinsic detector noise. Connecting
the reference signal to both inputs of the DPD resulted in a radian-level residual phase
noise. Therefore, after having found a optimal servo controller setting, the detector range
was reduced to £2%- 27 ~ £100rad. In this case, the residual noise was only several tens
of mrad. The servo controller optimization routine was repeated for the 4 bit detector.
Best results for tight locking of the in-loop beat signal are shown in Fig. 2.21. The error
signal was recorded with a digital oscilloscope. The voltage-to-phase conversion factor
was determined by locking both RF generators to each other and slightly detuning them
by Af = 1kHz. This resulted in a sawtooth wave. Fitting the slope dV/dt gave the
conversion factor:

AV dv/dt  dV/dt
Ap ~do/dt  2rAf

(2.3)

The power spectral densities shown on the right-hand axes of the plots in Fig. 2.21 was
derived by FOURIER transforming the recorded time signal and the integrated phase noise
(IPN) at frequency f is computed by

IPN(f) = [ /

where PSD,, is the power spectral density of the measured phase ¢. The upper integration
boundary was usually set to f,,,. = 500 kHz where the phase error is already corrupted by
the DPD electronics and where the noise floor of the detection scheme is hit (cf. Fig. 3.38).

fmaa 12
PSDv(y)dl/] , (2.4)

Out-of-loop characterization

It remains to clarify if the measured phase noise results only from the beating comb lines
as implied by Eq. (2.2). FORTIER et al. claimed that the carrier-envelope phase slippage
in the in-loop f-to-2f interferometer is different from that of the pulse train emerging
from the mode-locked oscillator?*3. Therefore, the usage of an additional out-of-loop
interferometer was proposed which is able to quantify the artificially inscribed jitter of the
feedback loop. The interferometer-induced carrier-envelope phase noise was attributed to
amplitude-to-phase coupling in the highly nonlinear fiber which generated the continuum
by means of SPM, i.e. by the same physical mechanism that also induces carrier-envelope-
offset frequency noise in the oscillator®2. The servo-loop cannot distinguish the origins of
jitters, and hence adds the inverse of the artificial fiber-induced phase noise to the one
originating from the oscillator. Variations of the paths between f and 2f component in the
interferometer are also interpreted as carrier-envelope-offset frequency noise. The DPD
counts the zero-crossings of the beat signal. If its AC term is proportional to (assuming
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fo being perfectly stable)
cos {2 (fot — fo - 7())}, (2.5)

where f;, is the central wavelength of the bandpass, ¢ is the time and 7(t) is the delay
between the f component and the 2f component, then the phase shift of the zero-crossing
Agpo(t) is given by
Al(t)
Y
where Al(t) is the time-dependent path difference and )\, is the central wavelength of the
bandpass, i.e. 680nm in the presented experiments. This explains why quasi-common-
path interferometers exhibit better out-of-loop phase stability???. The first out-of-loop
measurements in-fact revealed a strong discrepancy to the in-loop values as Fig. 2.22(a)
shows. Most prominently, in the acoustic range from 100 Hz to about 1.1 kHz significant
excess noise was detected by the second interferometer. The origin of it was investigated by
means of IN measurements allowing conclusions on the phase noise by virtue of amplitude-
to-phase coupling as described above. Fig. 2.22(b) demonstrates that both the highly
nonlinear PCFs in the in- and out-of-loop interferometers deliver a very noisy output if
compared to the thin-disk oscillator. The most dominant spikes in the PSD of the out-
of-loop fiber in Fig. 2.22(b), around 160 and 280 Hz, appear as well in the PSD of the
out-of-loop beat signal in Fig. 2.22(a). In-fact, they were already introduced by the LMA
fiber and got enhanced in the interferometers due to the highly nonlinear behavior of the
supercontinuum generating PCFs. The acoustic resonances turned out to be very sensitive
to the coupling of the laser beam into the fiber. Hence, they were reduced as much as
possible after the LMA-35 by slightly changing its alignment. Remarkably, the best noise
performance was not reached at the highest coupling efficiency. The reason for this has
not been investigated further. The degrees of freedom to align the highly nonlinear PCF's
were rather limited since it was usually optimized for reaching a high SNR of the beat
note (cf. Fig. 2.19(b)) which was also important to achieve a tight lock. Nevertheless,
the reduction of the IN emerging from the LMA was already sufficient to demonstrate
much better out-of-loop performance. The carrier-envelope phase noise measurements

Ago(t) = 4 (2.6)
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Fig. 2.22. (a) First in-loop and out-of-loop beat note measurement. It reveals strong excess phase noise
of the out-of-loop signal in the acoustic range between 100 Hz and 1.1 kHz. The analysis was done with
the numerical routine which in explained in more detail in section 3.3. (b) IN measurements behind
the three PCFs of the setup shown in Figs. 2.19 and 2.20, resp. The measurements were done with a
digital oscilloscope. The signal from the fast photodiode was low-passed by a filter with 1.9 MHz cut-off
frequency to reduce the noise floor of the oscilloscope.
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Fig. 2.23. (a) In-loop and out-of-loop beat signal stabilization of the KLM TD oscillator with a 5.5 %
OC and (b) with a 14 % OC. Residual out-of-loop phase noise of 150 mrad for the lower output coupling
and 270 mrad for the higher output coupling were reached in the bandwidth from 1 Hz to 500 kHz. The
in-loop measurements were done as described before. The out-of-loop phase error was measured with an
analog phase detector. It has a lower capture range than the DPD and is also sensitive to amplitude
fluctuations but does not show noise spike around 330 kHz.

are shown in Fig. 2.23. The acoustic resonances which were present in Fig. 2.22(a) were
eliminated for the most part. Different phase detectors were used for the in-loop and
out-of-loop measurements. The analog detector in the out-of-loop interferometer did not
reveal a noise spike around 330 kHz but displayed a generally higher residual noise in the
kHz domain (ca. 20 and 70 mrad, resp.). The other noise features (< 4 Hz for the 5.5%
OC and 425 Hz for the 14 % OC) were not present in all measurements and were probably
again related to the coupling into the highly nonlinear PCFs.

Discussion

For the first time carrier-envelope phase stabilization of a mode-locked thin-disk oscilla-
tor was demonstrated. This is considered as an important step towards both MHz-rate
phase-sensitive high-field experiments and the generation of high photon-flux XUV fre-
quency combs which do not require complex enhancement cavities'!%'4. After the first
presentation of the preliminary stabilization results?3, a first carrier-envelope phase sta-
bilized SESAM mode-locked TD oscillator was demonstrated??®. It operated, however,
only at average power levels of about 2 W. Higher power SESAM mode-locked TD oscilla-
tors could not be stabilized so-far?3*%. Consequently, the presented KLM TD oscillator is
at the moment the only carrier-envelope phase stabilized oscillator operating at average
power levels above 10 W.

The intracavity AOM has manifested itself as a very good means to control the carrier-
envelope-offset frequency. The resonance bump of the servo loop is situated around 90 kHz
which is way beyond the inverse of the upper state lifetime of the active medium (= 1kHz).
By contrast to the intracavity EOM approach presented in ref. 230, the AOM does not
modulate via absorbing light but through diffracting light out of the resonator. Therefore,
the modulator works at about 35dB higher average power. If the in-loop residual noise is
compared (no out-of-loop measurement was done in ref. 230), the stability of the carrier-
envelope-offset frequency of the high-power TD oscillator is even slightly better than that
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of the low-power fiber oscillator (140 mrad). This is due to the better passive phase
stability of solid-state lasers?3. The best PLLs for Ti:sapph oscillators reached residual
noise levels well below 100 mrad (out-of-loop) in the investigated frequency bandwidth
and also provided better long term stability?!®. This is certainly due to the usage of a
completely fiber-free stabilization schemes. The PCFs have been identified as significant
noise sources in the presented experiments. It will be shown in section 3.2 that spectral
broadening in bulk material does not lead to such a noise enhancement, and may thus be
a better platform for improving the noise performance of the lock. The lowest RMS values
for the carrier-envelope phase jitter has been reached with the so-called “feed-forward”
approach 3728 (30 mrad, 50 mHz-500 kHz). The method is, however, not suited for high-
power oscillators since firstly, the carrier-envelope phase stabilized pulses are diffracted
into the first order of an acoustic grating introduced by an acousto-optic frequency shifter
which results in low efficiencies of the scheme (30 % in ref. 238). This contradicts the
purpose of accessing the high-field regime without the need of amplification. Secondly,
high peak powers would require large spot sizes in order to avoid detrimental nonlinear
effects in the modulator. Consequently, diffraction efficiency or modulation bandwidth
would be clearly lower than for Ti:sapph systems?.

This concern limits also the power scalability of the demonstrated AOM-based stabi-
lization approach. In the presented experiments the intracavity peak power was about
30MW. It is expected that the method can readily be scaled at least by an order of
magnitude. Supplement 1 explains why. Nevertheless, avoiding additional intracavity
elements as sources of laser losses and potentially also damage is certainly attractive.
Section 3.3 presents a scheme which targets carrier-envelope phase stabilization via direct
pump current modulation.

Supplement 1: Peak power scaling limitations of intracavity AOMs

In the presented experiments an AOM made
of FS with an effective aperture of 4 mm and
a thickness of 3mm was used. It was sup-
plied by Gooch & Housego. While the GDD
of the modulator is negligible in compari-
son to the total GDD a pulse experiences
during a round trip, the AOM presents an
additional KERR medium inside the cavity
which may counteract the function of the
actual KERR lens in the telescope. Conse-
quently, it might introduce additional (non-
linear) losses and complicate mode-locking.
To prevent this, the spot size in the AOM
should be kept sufficiently large which could,
however, not be feasible due to limited aper-
tures and the reduced modulation bandwidth
which decreases with spot size due to the
propagation speed of the acoustic wave.

The nonlinear losses introduced by the mod-
ulator are estimated in the following through

the power which is diffracted into higher-
order transversal modes. Since the M?-
factor of the oscillator beam is close to 1,
higher-order modes are mostly absorbed dur-
ing a round trip.

The model uses the coupled-mode theory
presented in ref. 208. The publication inves-
tigates the self-diffraction losses of an ultra-
short pulse that passes a KERR medium un-
der negligible dispersion and self-steepening.
It assumes that only the fundamental and
the first allowed higher-order LAGUERRE-
GAUSSIAN modes are coupled which is also a
good approximation here due to the very low
losses. The following normalized complex
field-amplitudes Agy(z, t) for 0" angular and
p'! radial LAGUERRE-GAUSSIAN modes were
derived in the pulse reference frame for an
initially fundamental mode:
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Ao ~ exp {ix] Ho(t)[?
X [arctan (;) — arctan <§;)] } )
(2.7)
[F(2,t) — Fo(z0,t)],

(2.8)
(2.9)

w|Ho(t)]?
(2 + &|Ho(t)]?)

Ao %4

Lo1 =] Ao (z,t)/ Aoz, t)|?,

where ¢ denotes the time relative to the
pulse center, z the position in the non-
linear medium relative to the focal plane,
zo the position of the front facet of the
nonlinear medium, Hy(¢) the normalized
pulse shape of the fundamental mode and
zr the RAYLEIGH length. T'gi(z,t) de-
notes the instantaneous power transfer
from the fundamental to the first higher-
order mode. The parameter x and the
function F' are defined as follows:

K :W%TLQII), (2.10)
F =exp {21’ [1 + /<5|H0(t)|2} arctan (z)}
ZR

(2.11)

where ns is the nonlinear refractive index
and [, the peak irradiance. The losses,
i.e. the power transfer to the first higher-
order mode, are maximal at Hy(t) = 1,
the pulse peak. Since I'gi(z,t) increases
with Hy(t), the AOM introduces nonlin-
early rising losses which counteract the
saturable absorption of the KERR lens, at
least in the presented configuration. In
the following, only the loss at ¢ = 0 will
be considered as an upper limit for the
energy transfer to higher-order modes.

Firstly, I'g; for the presented oscillator
configuration is computed. It is assumed
that the center of the AOM is in the focal
plane of the beam which is a reasonable
assumption since the modulator length is
much smaller than the RAYLEIGH length

of the beam. The positioning at BREW-
STER’s angle, and hence the discrimina-
tion between sagittal and tangential plane
is neglected. A peak power of 30 MW
and a waist of 1 mm are set, resulting in
a peak irradiance of 1.9GW /cm?. The
nonlinear refractive index is set to 2.8 x
10719 cm? /W20 and the wavelength to
1030nm. This results in the following
graph:
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If the pulses travel through the 3mm
thick modulator only about 6 x 107% of
the power at the peak (less in the wings)
is transferred to higher-order modes in a
single pass, i.e. the losses are completely
negligible which agrees with the experi-
mental observation.

It has not been investigated how much
nonlinear losses the oscillator will toler-
ate until it stops mode-locking. This,
of course, strongly depends on the mod-
ulation depth of the fast saturable ab-
sorber and the configuration of the os-
cillator within the stability zone of the
resonator. Two examples are presented
where the maximal spot sizes are deter-
mined in dependence on the intracavity
peak power by fixing the losses to 0.1 %
and 0.5 % per pass:
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The term “spot size” was defined by the
beam area which contains 99.5% of the
optical power. This corresponds to a di-
ameter of about 3.3 times the beam waist.
The gray dashed line shows the aperture
of the AOM which was used in the carrier-
envelope phase stabilization experiments.
If peak power losses of 0.1 % per pass are
tolerated by the oscillator, the modula-
tor can be used up to an intracavity peak
power of about 600 MW which is 20 times
higher than what has been experimen-
tally demonstrated here. If 0.5% losses
per pass are tolerated even peak power of
1.4 GW would be acceptable.

Eventually, the upscaling of spot sizes
results also in a reduced modulation
bandwidth of the AOM owing to the
finite acoustic velocity (5.7mm/us for
quartz?''). The bandwidth is related to
the characteristic rise time of the acous-
tic wave (t,) by

Afs =0.29,/8/t,,

where [ is the frequency roll-off in
dB. The rise time is proportional to
the spot size. It was specified by
the supplier as ¢, 220> - wp,
where wg is the Gaussian beam waist.
For this value and the spot sizes
shown in the previous graph, the 3dB
modulation bandwidth was calculated:

(2.12)
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peak power (MW)

0.1
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It is well above 90 kHz, which was the res-
onance frequency of the presented PLL,
even for the largest considered peak power
of 10GW. For comparison, the highest
intracavity peak powers that have been
demonstrated are about 400 MW '3,

In conclusion, carrier-envelope phase sta-
bilization by means of intracavity loss
modulation via an AOM is expected to
be readily scalable to the latest genera-
tion of mode-locked thin-disk oscillators
which deliver an order of magnitude more
peak power than the oscillator utilized
here. Apertures larger than 4 mm promise
further scalability. Moreover, the limiting
self-focusing effect of the AOM could be
also utilized in different resonator geome-
tries, for instance, as an (additional) sat-
urable absorber or in distributed KERR
lens setups®. This would offer further
scalability of the approach. The modu-
lation bandwidth of the AOM does not
limit the method in its scalability.

It remains to be clarified how thermal
effects (thermal lensing) adversely affect
the AOM approach, i.e. how average
power scalable it is. In the experiments
presented in ref. 139, a 5mm thick sap-
phire plate was used as a KERR medium
at 1kW average power. The KLM TD
oscillator still exhibited a very good long-
term stability (RMS < 1% measured over
1 hour). Although the thermal conductiv-
ity of (crystalline) quartz is a factor 3-4
lower than that of sapphire, the results
hold promise that intracavity acousto-
optic modulation can also be scaled to the
kW average power level.
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2.4 Chapter Summary

In this chapter, two important achievements on the route to establish thin-disk technology
in ultrafast optics laboratories have been demonstrated. On the one hand, the few-
cycle pulse regime has been reached for the first time by means of double-stage external
pulse compression. On the other hand, a first TD oscillator (and also the first mode-
locked oscillator with more than 10 W of average power) has been carrier-envelope phase
stabilized.

Intracavity loss modulation by means of an AOM has proven to be an excellent approach
for carrier-envelope-offset frequency stabilization of high-power oscillators. The residual
CEP noise of 270 mrad (=~ 7/12, 1Hz - 500kHz) is suited for many field-sensitive ex-
periments. The lock-performance was comparable to the best results for low-power fiber
oscillators at the time they were reported®. It is to note that in the meantime fiber
oscillators have reached sub-100 mrad residual CEP noise®%?4? which is comparable to the
lowest values that have been achieved for Ti:sapph, or more general solid-state oscillators.
The monolithic scheme of ref. 218 would certainly lead to improved phase-stability of the
high-power KLM TD oscillator. The additional spectral broadening that is needed in bulk
materials can be achieved by the methods which are explained in section 3.2. The “feed-
forward” approach?*"23 is not particularly promising for mode-locked thin-disk oscillators
due to the trade-off between diffraction efficiency and modulation bandwidth.

At the shortest pulse durations of 7.7 fs, the average power was about 6 W and the pulse
energy about 150nJ. State-of-the-art commercial few-cycle Ti:sapph oscillators deliver
at least one order of magnitude less average power?*3?# while lower Watt-level Ti:sapph
oscillators operate at longer pulse durations (> 50 fs) 557245 Consequently, the presented
proof-of-principle experiment has already demonstrated a significant advance in scaling
amplification-free few-cycle pulse and CEP-stabilized sources to unprecedented average
power levels.

Yet, to reach peak irradiances of at least 10 W /cm?, which are typical for HHG in
gases, the laser beam would have to be focused down to a waist of less than 3 ym. This
is feasible but rather inconvenient. Also, short RAYLEIGH lengths would lead to small
interaction volumes, and thus low conversion efficiencies. The situation is different for
solids where peak irradiances on the order of 10'? W/cm? are sufficient to trigger extreme
nonlinear effects?4%247. Nevertheless, applications like XUV frequency comb spectroscopy
or attosecond pulse generation would certainly require HHG in gases. Although high
harmonics can be generated in solids?*® 2 the (targeted) high photon flux would lead
to a rapid degradation of the nonlinear medium. Therefore, further power scaling of the
methods discussed in this chapter is highly desirable. In particular the fiber broadening
scheme, which already did not allow to utilize the full oscillator power, needs to be
substituted by an alternative power-scalable method, and, at best, maintain the high
efficiencies of the technique. The next chapter demonstrates different power-scalable
approaches on pulse compression and will also present a method how conventional pump
power modulation is employed in CEP stabilization of KLM TD oscillators.






3 POWER SCALABLE CONCEPTS

This chapter of the dissertation will discuss the average and peak power scalability of
the achievements described in chapter 2, i.e. few-cycle pulse generation and CEP sta-
bilization. In the thesis’ introduction, this has been proclaimed as the general goal of
current femtosecond laser development. However, there are often application dependent
preferences in scaling either pulse energy or repetition rate, rather than both. A few
examples shall be sketched to enable a more specific discussion of the results presented in
the ensuing sections.

For time domain applications, high pulse energies are typically desired. They are directly
proportional to the peak power and laser fluence, and thus grant easy access to nonlinear
phenomena. Moreover, if matter is in some way excited by light, it needs a finite time to
relax back into its ground state. These time scales range from a few femtoseconds, e.g.
for lattice vibrations in solids, up to thousands of seconds, e.g. for lifetimes of metastable
atomic states?®!. The relaxation time of the sample hence sets an upper limit on the
repetition rate of the laser exciting the matter under test. For instance, in ultrafast
electron diffraction®? or multi-photon microscopy?®® repetition rates between 100kHz
and 1 MHz are preferred. Another concrete example is found in the work of HACHE et
al. 254255 Their experiments investigated single and two-photon-absorption interferences
in the conduction band of GaAs. Two light sources were utilized: one with 82 MHz and the
other one with 250 kHz repetition rate. The kHz source allowed most of the free carriers
in GaAs to relax before the sample was excited by the following pulse, and thus readily
enabled to observe fringe patterns. By contrast, interferences could only be observed with
the MHz source after additional defects, reducing the carrier lifetime, were added to the
GaAs crystal.

On the contrary, for a variety of frequency domain applications very high repetition rates
are desired whereas nonlinear effects must be avoided. In frequency comb spectroscopy,
for instance, repetition rate does not only raise the average power of the mode-locked laser,
but also the spacing between the comb teeth. Therefore, assuming fixed laser bandwidth
and pulse energy, the power per comb line is additionally increased by the reduced number
of modes which make up the optical spectrum. Finally, if a frequency comb in the XUV
shall be generated both high peak power, to enable HHG, and high repetition rate, to
achieve high powers per comb line, are required.

These brief examples shall motivate the following considerations on scaling average and
peak power in pulse compression and CEP stabilization schemes. The next section will
examine pulse compression techniques in solid- and hollow-core photonic crystal fiber.
A detailed study of pulse compression in bulk materials follows. Eventually, a second
CEP stabilization method is presented that avoids possibly limiting intracavity optical
elements.



58 Fiber-based Pulse Compression

3.1 Fiber-based Pulse Compression

3.1.1 Limitations of Solid-core Fiber

Parts of this section have been published in:

M. Seidel, X. Xiao, and A. Hartung, “Solid-Core Fiber Spectral Broadening at its Limits”
IEEE J. Sel. Top. Quant. Electron. 24 (2018)

In the previous chapter, pulse compression experiments with LMA-35 were discussed.
Large compression factors of about 15 with 75 % power efficiency were achieved. But if
more than 30 W of average power emerging from the KLM TD oscillator were coupled
into the fiber, damage occurred. This section will examine the origin of damage and infer
to which extend the damage threshold can be manipulated by pre-chirping pulses or the
use of PCFs with different mode-field diameters (MFDs).

Furthermore, the sub-10fs regime could not directly be reached with the LMA-35 com-
pression stage presented in the last chapter. Instead, bulk-based spectral broadening was
utilized to generate few-cycle pulses. That, however, reduced the average and peak power
of the ultrafast light source. Therefore, the scalability of solid-core fiber broadening,
which promises highly efficient few-cycle pulse generation, will be investigated. A final
discussion will identify possible applications of solid-core fiber pumped by high-power
thin-disk oscillators.

Spectral broadening factors for different photonic crystal fibers

In the LMA-35 experiment of section 2.2.1, pulse compression was accomplished by utiliz-
ing chirped mirrors. The amount of GDD needed for chirp compensation was determined
by both the spectral phase induced by spectral broadening and by fiber dispersion. The
latter also saturated the SPM effect and basically determined the broadening factor
which is, for initially unchirped Gaussian pulses and flat normal GVD, proportional to
the square root of the ratio between nonlinear (L,, = A/(7na1,))?* and dispersion lengths

(La=t2,,/GVD)7:

pin
t2- A ?12[
= Ly/L, = il —P ¢, 1
B~ kay/La/Ln “1J (GVD>/<7mQIp)(X\/)\-GVD pin: (3:1)

where Ky is a constant, A\ denotes the vacuum wavelength, ny the linear and ns the
nonlinear refractive index, ¢, ,, the input pulse duration, and I, the peak irradiance. The
prefactor k1 may vary depending on the application. For maximal broadening it is about
0.5, for efficient pulse compression with linear chirp it is about 0.372°7. The lengths Ly

Remark: Nonlinear length

The nonlinear length is often defined as L,, = (yP,)~! where P, is the peak power while
v = f\%’:é (cf. e.g. ref. 256). The effective area of a Gaussian beam is A.g = Tw? where
wp is the beam waist. For fibers, the definition is reasonable because the waist is defined
by the MFD. Since bulk broadening is also discussed in the context of this thesis, the

definition by means of peak irradiance and no is preferred.
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and L, can be interpreted in the following way: By scaling Ly with v/3/(41n2), it would
be the propagation length that doubles the duration of a Gaussian pulse in absence of
nonlinearity !"!. Scaling L,, with 1.974 would be the propagation length that doubles the
RMS width of Gaussian pulse in absence of dispersion!®®. These characteristic lengths
also determine the optimal physical fiber length which can be approximated by

Lf =~ KfQVLdLna (32)

where the prefactor sy is about 1.4 for efficient pulse compression with linear chirp?®7.
As an example, Egs. (3.1) and (3.2) with x; = 0.37 and k2 = 1.4 would lead to broad-
ening factors of 16.7 and fiber lengths of 10 cm for the input parameters of section 2.2.1.
This is close to the experimental values of 18 and 8cm, and hence indicates that the
simple Gaussian pulse model can be utilized for discussing scalability of solid-core fiber
broadening.

At first, Eq. (3.1) exhibits a linear dependence of /3 on the input pulse duration. If perfect
compressibility is assumed, i.e. if the compression factor is equal to the broadening factor,
then 8 = t,.n/tpout, and thus the output pulse duration t, ., would be independent of
the input pulse duration. Although neglecting many pulse width dependent effects like
RAMAN scattering?®, optical breakdown in FS25%2%0 or impact of higher-order disper-
sion, this indicates why broadening factors of 35 could be reached in a comparable fiber
broadening experiment with a TD oscillator emitting 810 fs pulses!®® and why broadening
factors of only about 2 were achieved in the second stage of the compression experiments
presented in section 2.2. Secondly, since ny as well as the GVD are determined by the
fiber material (for LMAs), and A as well as ¢,,, are given by the light source, the only
remaining free parameter of Eq. (3.1) is the peak irradiance. This motivates investigations
of the fiber damage threshold dependence on the MFD which determines I,,.

Spectral broadening in four different PCFs (all supplied by NKT photonics) was examined.
LMA-35, LMA-25 and LMA-12 were tested. These LMA fibers exhibit MFDs between
10 and 26 pm and basically the dispersion of FS (Fig. 3.1(b)). Moreover, an ANDi fiber

(a) 507 ——LMA
KLM Thin-Disk Oscillator 40+ —— ANDiI
1030 nm, 50 W, 37.5 MHz, 250 fs, 1.3 E 30
£ 30/
/== 2/2 power meter OSA § 201
L ——— G 0.
lens lens
PCF 0
HR :

700 800 900 1000 1100 1200 1300

power meter
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Fig. 3.1. (a) Setup solid-core fiber broadening experiments. The input power into the PCFs was
adjusted with a half-wave plate (A\/2) and a thin-film polarizer (TFP). HR denotes a highly reflective
mirror that steers the beam towards the focusing lens which couples light into the fiber. After collimation,
a wedge reflection is sent to the OSA. Moreover, the power of the fiber output is monitored behind the
wedge. (b) Fiber dispersion curve for the LMA fibers (blue solid line, provided by Thorlabs) which is
basically the GVD of FS and the tailored dispersion of the all-normal dispersion (ANDj) fiber (red solid
line, from ref.261) which is always positive and minimal around 1050 nm.
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Fig. 3.2. Spectra measured with an OSA. Four fibers of different MFDs were tested: According to
the data sheets provided by NKT photonics, LMA-35 has an MFD of 26.0 ym, LMA-25 of 20.9 um
and LMA-12 of 10.3 um. The ANDi fiber (NKT NL-1050-NEG-1) with a tailored waveguide dispersion
has an MFD of about 3.0 um?2®!. The power spectral density of the ANDi spectrum does not exceed
5mW /nm whereas the LMA fibers generate power spectral densities of slightly more than 200 mW /nm
at the 37.5 MHz repetition rate of the oscillator. As a reference, the TD oscillator spectrum is shown
(gray dashed line). It has been measured with a grating spectrometer and is plotted in units of kW /nm.

(NKT NL-1050-NEG-1) with an MFD of about 3 ym was investigated. The small mode
area allows to introduce significant waveguide dispersion which was tailored to minimize
the GVD near 1050nm and to keep it positive for all wavelengths?*"263 (Fig. 3.1(b)).
According to Eq. (3.1), this allows large broadening factors. All fibers were manually
cleaved by means of a ruby fiber scribe to avoid micro-cracks on the fiber core surface.
Those were usually visible for LMA-25 and LMA-35 when an automated fiber cleaver was
used. They potentially reduce the surface damage threshold?®4. Manual cleaving resulted
in fiber length variations between 8 and 10 cm which had, however, only a small impact
on the broadening factors (cf. Fig. 2.5 and 3.3(a)). To couple the output of the oscillator
to the fiber modes, lenses with focal lengths f were chosen which approximately sufficed
the equation:

wdy MFD

o (3.3)

The equation refers to the focus size of a Gaussian beam!%* where d;,, is the diameter of
the collimated laser beam before the lens and A the wavelength. The setup is sketched in
Fig. 3.1(a). Output spectra and transmitted powers were measured while the input power
was slowly increased until fiber damage was observed by means of reduced spectral width
and transmission. Fig. 3.2 shows spectra which were measured at input powers slightly
below the damage threshold. From the graph, it becomes obvious that smaller MFDs
lead to broader spectra which span over more than one optical octave in the extreme
case of the ANDI fiber. Fig. 3.3(a) displays the broadening factors and the FTLs of the
measured spectra. For the LMA fibers, FTLs between 9 and 13 fs were extracted. The
ANDI fiber generates spectra with sub-5fs FTLs, resulting in broadening factors of more
than 50. This would directly allow few-cycle pulse generation although control of higher-
order phase terms would become necessary to compress the OWB contributions to the
spectrum 2%°.
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Fig. 3.3. (a) Dependence of the broadening factors and FTLs, resp. on different MFD of the utilized
PCFs. Multiple fibers of each type were tested, resulting in a transform-limit uncertainty of +0.5fs
(red error bars). The dashed gray curve shows the calculated broadening factors derived from Eq. (3.1)
inserting the peak irradiances of (b) and k; = 0.45. The dark gray triangle in the top-left corner represents
the calculated broadening factor for GVD = 6.4 fs?/mm (ANDi fiber) instead of GVD = 19 fs?/mm (LMA
fibers). The blue dashed line shows simulation results obtained with fiberdesk V. 2.0. The blue error bars
(partly hidden behind the experimental results) show the impact of fiber length variations between 8 cm
and 10cm. The fiber dispersions shown in Fig. 3.1(b) were used for the simulations. The effects of self-
steepening and RAMAN scattering were included, but hardly affected the simulation outcome. (b) Peak
irradiances derived from the power measurements behind the fiber. The red solid curve is predicted from
pulse energy, pulse duration and MFD, the gray dashed curve takes into account non-critical self-focusing
in the fiber. (c) Peak powers tolerated by the fibers. The values were derived from the measured output
power and the input pulse duration. The hollow red dots in (a)-(c) represent the ANDI fiber, the solid
red dots the LMA fibers.

By virtue of the power measurements, the peak irradiances inside the fibers were calcu-
lated. The red curve in Fig. 3.3(b) shows that the lower the MFD the higher the peak
irradiance the fiber seems to tolerate. The results of Fig. 3.3(a) and (b) are qualitatively
in agreement with the expectations from Eq. (3.1). The gray dashed curve in Fig. 3.3(a)
indicates that the FTLs determined after the LMA fibers are close to the \/E dependence.
For a good agreement with the measured broadening factors, x; in Eq. (3.1) was set to
0.45 which is close the values for optimal compression (0.37) and maximal broadening
(0.5)?7. The discrepancy in the broadening factor of the ANDI fiber stems from its tai-
lored dispersion entering also Eq. (3.1). Whereas the gray curve in Fig. 3.3(a), derived
from a flat dispersion of 19fs?>/mm, yields a smaller broadening factor than measured,
the actual 3-fold lower GVD at 1030 nm of the ANDI fiber would result in a somewhat
overestimated broadening factor of 58 due to the non-flat GVD over the optical octave
(dark gray triangle in Fig. 3.3(a)). In simulations, whose results are plotted with a blue
dashed curve in Fig. 3.3(a), the broadening factor of the ANDi fiber agrees well with the

measured one. Moreover, the \/Tp dependence predicted in Eq. (3.1) is also confirmed.

The origin of the varying peak irradiances displayed in Fig. 3.3(b) will be discussed in
the next paragraph. Beforehand, it is to note that smaller MFDs, on the one hand, allow
larger peak irradiances. On the other hand, they tolerate lower peak power, and thus also
lower pulse energies as Fig. 3.3(c) demonstrates. Consequently, the choice of the MFD
results in a trade-off between achievable spectral bandwidth and maximal pulse energy.
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Origins of damage

Self-phase modulation and to some extend four-wave mixing have been identified as the
physical mechanisms which caused spectral broadening in the LMA-35 experiment (sec-
tion 2.2.1). Within the framework of perturbative nonlinear optics, these are considered
as third-order, i.e. x®, effects'®. On the other hand, beam collapse, originating from
self-focusing, ultimately limits the peak power that can be sent into an LMA fiber. Self-
focusing is also dependent on the nonlinear refractive index no, i.e. is a x® effect as well.
Therefore, both the nonlinear effects being essentially important for spectral broadening
and for material damage scale linearly with irradiance. Importantly, a decoupling of both
phenomena is, nonetheless, in principle possible since spectral broadening depends on the
temporal gradient of the pulse while self-focusing depends on the spatial gradient of the
beam as explained in section 1.4.

To further draw the analogy between temporal and spatial effects, similar to ref. 171,
one may speak of “beam compression” as a result of self-focusing. In a comparable way,
diffraction, may inhibit beam compression to arbitrarily small areas, i.e. the collapse of
the laser beam. Since both, irradiance and diffraction scale with the inverse of a Gaussian
beam size?%®, the critical parameter which ultimately causes the collapse is expressed in

terms of an instantanecous power, not in terms of irradiance 16%-26%;
7(0.61)%)2
P,L=— 3.4
“ 8%0712 ( )

where P, is the so-called critical power, A is the vacuum wavelength, ng the linear and ns
the nonlinear refractive index. This equation assumes absence of significant dispersion.
For FS and 1030 nm wavelength, P,, is about 4 MW. It is remarkable that this peak power
has not been reached for any of the tested fibers as Fig. 3.3(c) shows. This is caused by
the high peak irradiances inside the fibers which trigger multi-photon and impact ioniza-
tion in FS, consequently dissipation of heat and ultimately material damage 259260264270,
This, however, does not explain the significantly different peak irradiances which were
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Fig. 3.4. (a) Free beam propagation in 1mm FS is simulated with the SISYFOS code?66:267, The
peak irradiance is 1.3 TW /cm? at the input, the beam size corresponds to the MFDs of the commercially
available LMA fibers listed in the plot legend. Propagation length 0 is always at the waist of the Gaussian
beam. Pulse energies were adapted to the spot sizes in order to keep the irradiance constant. Sub-critical
self-focusing becomes apparent for diameters of more than 16.5 um. (b) The enhancement factor, i.e.
the ratio between maximal and input irradiance, is plotted over the MFD.
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ANDi

Fig. 3.5. Microscope images of the front fiber facets after damage. While the core of the ANDi and the
LMA-12 fibers show severe modifications, the facets of LMA-25 and LMA-35 exhibit no sign of damage.

presented in Fig. 3.3(b). Those are attributed to sub-critical self-focusing which leads to
an irradiance enhancement near the front fiber facet*2™. The behavior is illustrated in
Fig. 3.4. A fixed peak irradiance of 1.3 TW /cm? has been assumed at the entrance of a
FS sample. Upon varying focus diameter and pulse energy, the impact of self-focusing
changes strongly. For large beam diameters, the Gaussian beam divergence is too weak
to completely suppress self-focusing. Only after nonlinear beam compression, the diffrac-
tion overcomes self-focusing and leads to an expanding beam. For small beam diameters,
self-focusing cannot overcome beam diffraction at any propagation length. The observed
irradiance enhancement is approximated by?™:

Imax/1, = (1 — B,/ P..)™"™, (3.5)

where I« is the maximal and I, the input irradiance, P, is the peak and P, the criti-
cal power. The exponent x3 depends on the fiber type. For bulk material, it is 126427,
This exponent matches best the determined peak irradiances. The dashed gray line in
Fig. 3.3(b) shows the peak irradiances corrected with Eq. (3.5), assuming P.. = 4 MW.
They are (1.55 £+ 0.15) TW/cm? for the LMA fibers. Unexpectedly, the peak irradiance
in the ANDi fiber is with about 2 TW /cm? somewhat higher. The origin is unknown.
The difference might arise from reduced thermal effects caused by faster heat transport
out of the interaction region due to the very small mode area and correspondingly high
temperature gradient. But this is speculation and needs further investigation. To pro-
vide additional evidence of sub-critical self-focusing, the fiber front facets were imaged
with a light microscope (Fig. 3.5). While the ANDi fiber and LMA-12 exhibit clearly
damaged surfaces, damage is not obvious for the larger core fibers. This corresponds to
the expectations derived from the enhancement curve of Fig. 3.4. LMA-25 and LMA-35
could, however, be reused after recleaving, i.e. after removing a few millimeters from the
front of the fiber. The observation also implies that collapsing the facets of the small
core fibers can in-fact increase the damage threshold. By contrast, collapsing large core
fibers may prevent long term degradation but does not raise the damage threshold. One
may use collapsed ends or end caps and correct Eq. (3.3) for the irradiance enhancement
when choosing the proper focal length for coupling the free beam to the fiber mode. But,
since both the spot size and the focal length change with input power in the sub-critical
self-focusing regime, coupling will become very difficult.

Eventually, the consideration of this section shall be summarized in Fig. 3.6 which can
serve as a rough fiber selection guide for spectral broadening of 250 fs pulses. It may, of
course, be extended to other pulse durations. It is to note, however, that the uncertainties
in the predicted broadening factors are estimated to about 25 % due to the simplicity of
the model Eq. (3.1) is derived from. Especially the flat GVD assumption in Eq. (3.1)
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Fig. 3.6. MFDs and broadening factors for various pulse peak powers derived from Egs. (3.1) and (3.5)
where k1 = 0.5, t, ;n = 250 fs, GVD=19fs?/mm, A = 1030 nm, ny = 2.8-107¢ cm? /W and P, = 4 MW.
Moreover, I, was determined from Ijyax = 1.55 TW/ cm? and sech?-pulses were assumed. The stars show
the measurement points from Fig. 3.3. The MFDs were used for the derivations of the blue curve, and
hence the excellent agreement is not surprising. The broadening factors of Eq. (3.1) are always several
percent higher than measured ones.

becomes highly questionable for large broadening factors that may even lead to spectral
extension into the anomalous dispersion regime. Moreover, only spectral broadening was
discussed in this context so-far. However, pulse compression may become increasingly
difficult for long fibers and large broadening factors, resp. Hence, maximizing spectral
broadening may not always minimize pulse durations after compression as exemplary
described in section 2.2.1 where a strong contribution of OWB was avoided.

Chirped Pulse Broadening

The previous paragraphs have described the trade-off between peak power and gain of
bandwidth in spectral broadening experiments with normally dispersive PCFs. As Fig. 3.6
indicates, spectral broadening vanishes if the peak power approaches the critical power of
the fiber material. Consequently, a first ansatz to achieve low FTLs without sacrificing
pulse energy is raising the critical power. JOCHER et al. realized this by using circular
instead of linear polarization®™. Since the KERR nonlinearity of circularly polarized light
is 2/3 of the ny for linear polarized light *>7, the critical power is increased to about 6 MW
according to Eq. (3.4). The material damage threshold is likely to be increased as well
but the author is not aware of any polarization dependent study of the optical breakdown
with fs pulses. The drawbacks of this method are that the critical power increase is
limited by the factor 1.5 and additional polarization optics are required after the fiber
which introduce chirp and polarization losses.

A second ansatz is to reduce the peak power by increasing the input pulse duration
instead of lowering pulse energy. This idea was realized by means of chirping the output
of long-cavity Ti:sapph oscillators which deliver peak powers up to 10 MW?®¢. With this
technique, GANZ et al. increased the pulse duration and energy sent into a LMA-25 fiber
compression stage by a factor of four. Nearly the same FTL was reached with both 55 fs
unchirped and longer prechirped input pulses. Furthermore, the compression factor was
only reduced from 3.8 to 3.42%. Qualitatively speaking, chirp leads to a reduced temporal
gradient on the one hand, resulting in a slower spectral broadening. On the other hand,
chirp extends the propagation length that is needed to double the pulse duration, and
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Fig. 3.7. (a) Simulated broadening factors for the data provided in ref. 206 for a fixed fiber length of
Ly = 3cm (stated in the publication, blue line and dots) and for Ly = 3cm - ¢, /55 fs. Two simulation
packages were used: 50 data points were simulated with SISYFOS and 6 data points with fiberdesk V.
2.0. The results qualitatively agree well, just differ < 10% in 5. SISYFOS used 4 times the temporal
grid points (8192) and the full Sellmeier equation of FS which may explain the slight differences. For
comparison, the reported results from GANZ et al. are shown. (b) SISYFOS simulations for the LMA-35
experiments of section 2.2.1, predicting the possibility of increasing the pulse energy inversely proportional
to the pulse duration. The FTLs were determined by dividing the initial pulse duration by the broadening
factor. Hence, they may not be fully accurate as they refer to FHWM and the broadening factors to the
RMS spectral widths in the presented plots. The top x-axes show the GDDs which are needed to achieve
the pulse duration on the lower x-axes.

thus also pulse stretching gets slower. Consequently, one may scale both nonlinear and
dispersion length by the ratio between chirped and transform-limited duration t,./t,;,
resulting in the same broadening factor according to Eq. (3.1) if, according to Eq. (3.2),
the fiber length is also extended by t¢,./t,;. It is to note that the definition of L, is
independent of the pulse duration. This can be attributed to the fact that the broadening
factor refers to the initial bandwidth which is, like the temporal gradient, proportional
to the inverse of the pulse duration. Therefore, if the pulses are chirped, the temporal
gradient is reduced while the bandwidth remains constant and the ¢, ./t, ;-factor arises.
Fig. 3.7 shows simulation results which demonstrate that these simple considerations
theoretically in-fact work very well. Both for the experiment of ref. 206 and for the
pulse parameters of the KLM TD oscillator utilized in section 2.2.1, a nearly constant
broadening factor is predicted. In Supplement 2 at the end of this section, the temporal
stretching and spectral broadening factor in absence of nonlinearity and dispersion, resp.
have been calculated. They differ from those of FOURIER transform-limited pulses with
the same duration ¢, .. Consequently, it is remarkable that Eqgs. (3.1) and (3.2) seem well
applicable. A controversy between experimental studies and simulations is the choice of
the fiber length. While in ref. 206, the fiber length was kept constant around 3 cm and in
ref. 273 no improvement in spectral broadening was reported for fibers longer than 1.5 cm
(both experiments were performed with an initial 55fs FTL), the graphs in Fig. 3.7 and
the qualitative considerations give clear evidence that longer input pulses require longer
fibers. Further investigations will be needed to explain this discrepancy.

The discussions so-far only refer to the broadening factors and do not examine compress-
ibility of the prechirped pulses. The results of refs. 206, 273 imply that compressibility
will not significantly change through prechirp. Simulations, however, indicate that higher-
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Fig. 3.8. (a) Pulse of Fig. 2.9 chirped to 4 MW peak power by adding 660 fs*> GDD (black solid line). Its
time derivative (1%* order numerical) is represented by the red solid line. It shows the strongly modulated
instantaneous frequencies generated by SPM. (b) Damage thresholds presented in refs. 259, 260, 270,
displayed in an irradiance over time plot. The original data shows fluence which has been multiplied by

1/(y/m/4In2-t,), assuming Gaussian pulses. The data was fitted by the function I, = A -} where A

and m were the free parameters. All three data sets indicate that the threshold nearly scales with ¢, 8/4,

However, the absolute damage irradiances are different. At 250fs, they are 15.6 TW /cm? for the orange
line (measured at 800 nm, 1kHz repetition rate), 6.9 TW/cm? (measured at 1050 nm, 1kHz repetition
rate) and 1.55 TW/cm? and 2 TW /cm? for the measurements presented in the last paragraph (red stars).

order chirp for longer fibers must be compensated in order to compress the pulses close
to their FTL. This can be, of course, attributed to the stronger influence of material
dispersion. The amount of input GDD is displayed on the top axes in Fig. 3.7. It is
already quite challenging to induce several 10* fs> of GDD via chirped mirrors. Stretching
with material will induce higher-order dispersion. The use of gratings may reduce beam
quality and introduce losses. The chirp needed for compression will be lower than the
input chirp?™ due to the increased bandwidth (cf. Supplement 2). Nevertherless, it will
be larger than for transform-limited input pulses, and thus will make compression more
challenging.

The need for better dispersion management when going to longer fibers is not the only
concern with respect to the generality of the chirped pulse spectral broadening (CPSB)
approach. It has got other severe limitations: Firstly, a special property of Gaussian
pulses is highly beneficial for CPSB: Adding quadratic phase changes the pulse duration
but not the pulse shape, i.e. the pulses remain Gaussian (cf. Supplement 2). Intuitively,
CPSB could have been applied to the second compression stage of the setup presented
in section 2.2. However, adding linear chirp to the compressed pulses after the LMA-
35 stage to reduce the peak power below the critical power would have resulted in the
strongly modulated temporal shape that is shown in Fig. 3.8(a). Since the instantaneous
frequencies which are generated by SPM are proportional to the time derivative of the
pulse shape, the very same frequencies would have been generated at multiple instances
of time (red solid line in Fig. 3.8(b), the frequency sweep introduced by chirping is not
shown). Although four-wave mixing may additionally change the frequency distribution,
compression by dispersive optics seems basically impossible.

Secondly, the impact of a pulse duration dependent damage threshold has not been dis-
cussed in refs. 206, 273. The studies of STUART et al., LENZNER et al. and TIEN
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Fig. 3.9. MFDs and broadening factors for various input pulse durations t, . derived from Egs. (3.1)
and (3.6) where t,; = 250 fs, GVD= 19fs?/mm, A\ = 1030 nm, ny = 2.8 1070 cm? /W and P, = 4 MW.
(a) An initial peak power of P,; = 2MW is set. The solid lines show the predicted results. The dashed
lines compare these results to a pulse duration-independent damage threshold. The MFDs are different
due to the different damage irradiances. Prechirping hardly increases the maximum broadening factor if
the damage irradiance scales o t;3/4. (b) An initial peak power of P, ; ~ 4 MW is set, being close to the
critical power. In this case, an optimal chirp and MFD can be derived, indicating possible applicability
of CPSB. Solid lines again represent the pulse duration-dependent damage threshold while dashed lines
represent the pulse duration-independent one.

et al. 29209270 show that the damage irradiance of bulk FS scales approximately with

t, 3/4 for sub-10 ps where the dominant, non-instantaneous impact ionization has not fully
evolved (Fig. 3.8(b)). SMITH et al. argue that fiber damage underlies the same physical
mechanisms?™. Although it is known that long living trap states decrease the damage
threshold if multiple pulses are incident,?™ the author is not aware of a systematic study
which investigates the repetition rate and pulse duration dependence of such cumulative
effects in F'S. It is, however, not expected that the electron avalanche is accelerated since
the mean free path of the free carriers should not be affected. Therefore, a similar pulse
duration dependence like in Fig. 3.8(b) is assumed. This implies that strong chirp signif-
icantly reduces the fiber damage threshold, and thus the achievable broadening factors.
On the one hand, the peak power would scale with P, = P, ;t,;/t,., but on the other
hand I,.x of Eq. (3.5) would also scale with lyax = Imaxi(tpi/tpe)*’*. The sub-index i
refers to the initial, unchirped value. Consequently, the peak irradiance in the fiber is

calculated by:
3/4
Iy = T, ( J ) <1 - nn) | (36)
tpyc Pcr tp,c

Two examples are shown in Fig. 3.9. Referring to Fig. 3.6, one could try to establish
CPSB with small mode area fibers in order to increase the broadening factor without
sacrificing pulse energy. Inserting I, into Eq. (3.1) for P,; ~ 2MW (corresponding to
the LMA-35 broadening) yields the plots of Fig. 3.9(a) and demonstrates that CPSB is
not applicable in this case. It is to note again that the threshold dependence on pulse
duration has been adapted from kHz bulk measurements and may differ. Upon doubling
P,; to about 4 MW, which corresponds to the output of the utilized KLM TD oscillator,
an ideal input pulse duration between 500 and 600 fs is predicted (Fig 3.9(b)).
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Fig. 3.10. (a) Unchirped pulse derived from about 40 W average power at the fiber entrance facet (black
solid line) and pulse after chirping with 48000 fs? (red solid line). The blue dashed line shows the pulse
that caused damage in the unchirped case. All pulses are calculated. The peak powers refer to values
inside the fiber. (b) Measured chirped pulse spectrum after &~ 12 cm propagation in LMA-25 (red solid
line) and comparison to the simulated spectrum (black solid line). The narrow spectral line at 790 nm is
not shown. (c) Fiber front facet after damage. Contrary to the LMA-25 facet in Fig. 3.5, the surface is
clearly disrupted.

A experiment utilizing 590 fs pulses was conducted. LMA-25 was used since larger core
sizes were not readily available. The 250 fs pulses emerging from the KLM TD oscillator
were chirped by 24 bounces off chirped mirrors with 4+2000fs> GDD per bounce. The
setup after the stretcher, consisting of 8 chirped mirror pairs and a recollimation mirror
with about 1m focal length, was practically as sketched in Fig. 3.1(a). An additional
FARADAY rotator prevented back reflections from the fiber facet into the oscillator. A
fiber length of 11.8 cm was chosen which is less than the optimal fiber length predicted
from Eq. (3.2). It would be about 21 cm for a time independent damage threshold and
28 cm for a time dependent damage threshold. The coupling efficiency at 10 W was about
85 %, but dropped to 75% at 40 W. About 45.5 W were available. Damage occurred at
about 43 W input power which corresponds to an output peak power of about 1.3 MW.
Fig. 3.10(a) shows the unchirped pulse at nearly full power sent into the fiber (black solid
line) and the pulse after chirping. For comparison, the transform-limited pulse causing
damage of the LMA-25 fiber is shown. About 60 % more pulse energy was transmitted
through the fiber while the damage threshold was reduced by about 30 %. The enhance-
ment factor (Eq. (3.5)) for a peak power of 1.7MW is 1.72, for 1.3 MW it is 1.48. Hence,
the damage irradiance is reduced to (1.3 x 1.48)/(1.7 x 1.72) = 66 % of the unchirped
value. For comparison, the theoretical value, assuming the scaling of Fig. 3.8(b), would
be (250/590)3/* = 53 %. It is to note that only a single experiment was conducted. Nev-
ertheless, it is evidenced that the pulse duration dependence of the damage threshold has
to be considered in CPSB. The fiber facet of LMA-25, shown in Fig. 3.10(c), exhibits
very clear signs of damage. This is explainable by the coupling efficiency of 75 % and
the 3.4 % FRESNEL losses. The corresponding irradiance at the facet (38 % higher than
I, in the fiber for perfect mode matching) is close to the 48 % enhancement caused by
non-critical self-focusing. This is probably the reason for the shift of the damage loca-
tion to the surface. Fig. 3.10(b) shows the spectrum measured behind the fiber. Its
FOURIER transform-limit is about 16fs, i.e. the broadening factor is reduced from about
24 to 16 if compared to the experiment with unchirped pulses. Although the low FTLs
of the unchirped case are not expected, longer fibers would probably further broaden the
spectrum. The FTL is in reasonable agreement with a fiberdesk simulation. However,
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the spectral shapes are different. The measured spectrum exhibits a stronger extension
towards longer wavelengths. Furthermore, a narrow spectral feature on the anti-STOKES
side at 790 nm appeared after increasing the input average power above 30 W. This was
also not predicted by simulations (including phenomenological quantum noise to allow
spontaneous RAMAN scattering). The RAMAN effect was modeled with the theory pre-
sented in ref. 256, being insufficient to describe the additional phenomena which was most
likely caused by the longer input pulse duration.

Discussion

The investigations of this section have revealed a general trade-off between the pulse en-
ergy which is sent into a normal dispersive PCF and the maximal spectral broadening fac-
tor. This results mainly, on the one hand, from irrdiance enhancement in the sub-critical
self-focusing regime,'®2™ and on the other hand, from the pulse duration dependent
material threshold?5%-260,264.270 At the moment, no available solid-core fiber technique
to overcome the trade-off is in sight. Tapering of LMA fibers could be interesting. But
keeping an appropriate air hole structure for maintaining guidance is challenging,?”® and
thus such fibers are not commercially available. Using a sequence of two fibers with dif-
ferent MFDs might be an alternative. However, if the damage threshold increases with
t;’/ 4. the effect leads, according to simulations, only to minor improvements in the pulse
energy-F'TL ratio, but to a much more complex setup. Another approach to power-scale
solid-core fiber techniques is exploiting higher-order spatial modes?"%2"" which is subject
to current research of other groups and might be a future option for high power spectral
broadening. Finally, active rod-type fibers have been used in combination with SPM?2" to
obtain spectrally broadened pulses with enhanced pulse energies. Although this presents
in principle an interesting approach to manipulate saturation of the SPM effect, the setup
is also rather complex and introduces additional noise through the active medium.

In the research presented here, CPSB could not be confirmed to offer good peak power
scalability. Apart from the time-dependent damage threshold, it appears restricted to
bell-shaped pulses where chirp hardly changes the pulse shape. Furthermore, parasitic
nonlinear effects were observed in the experiment with 590 fs pulses which were not pre-
dicted by simulations. Although their origin is not fully understood at this point, they
present another uncertainty of CPSB. In summary, it was found that the method ap-
pears quite restricted to lasers with peak powers close to the critical power of the fiber
material, like long-cavity Ti:sapph oscillators. The spectral broadening results presented
in refs. 206, 273 at least partly contradict the theoretical considerations as well as the
experimental and numerical investigations presented here. Of course, more systematic
studies of the pulse duration dependence on the damage threshold for MHz sources and
the fiber length dependence on the broadening factor for chirped pulses would be neces-
sary to draw final conclusions on the capabilities of CPSB. The described initial studies,
however, rather motivated to take advantage of alternative pulse compression schemes
which will be discussed in the next sections of this chapter.

Nevertheless, there are several applications of solid-core spectral broadening where the
results presented here turn out to be very helpful. In section 4.1, the measurements pre-
sented in Fig. 3.3 will be considered in order to choose an appropriate seed source for
mid-infrared generation via optical parametric amplification. Furthermore, as mentioned
in the introduction of this chapter, not all applications require high peak power. Going
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towards GHz repetition rates is attractive for spectroscopy and has recently been pur-
sued in mode-locked TD oscillator development?™. Such high repetition rates will most
likely come at sub-pJ energy levels, and thus will be best suited for spectral broaden-
ing in solid-core fiber. Yet, there has been no comprehensive investigation how repetition
rate-scalable solid-core fiber broadening is. This will require a better understanding of cu-
mulative effects causing damage (e.g. through studying relaxation times of trap states).
Nevertheless, experiments with 250 W average power and pulse compression down to
23 5272 imply that the average power-scalability of solid-core fiber is good. In addition,
multi-photon microscopy of biological tissue usually works best at low MHz repetition
rates and pulse energies about 100nJ2°®. Spectral broadening in LMA fibers has been
proposed as a tunable tool for such applications?**:?!. Finally, the discussions on the
relations between peak power, peak irradiance, broadening factor and choice of MFD can
be transferred to other waveguides like fibers suited for the mid-infrared ?*2, capillaries?*3

or hollow-core PCFs?*. The next section will discuss a compression scheme based on
such gas-filled fibers.

Supplement 2: Temporal and spectral broadening of intially chirped pulses

All considerations are made for the math-
ematically best treatable Gaussian pulses.
The results usually agree qualitatively well
with other bell-shaped pulses like the sech?-
pulses emerging from the oscillator. In the

time domain results in the following field:

tpe” = ez (wot+p(t ))
27T/<;a

FOURIER limited case, the field fulfilling 1+£2 2 e 2t2(1+§2)
|E(t)]?> = I(t) can be described as?®:
o 2 X e %t <1+52) aman§+w Bt )>,
E(t) =/Le %, (3.7) (3.9)
N
A®) where o = 2/2x + iGDD/2 and ¢ =
where I, denotes the peak irradiance, k = kGDD/ tg. The factor /1 + &2 determines

41n 2, the Gaussian shape factor, ¢ the time,
tp, the pulse duration, A the pulse envelope
and €™ the carrier wave at wg = 2mc/A
where ¢ is the speed of light and A the
wavelength. Chirp is mathematically conve-
niently added in the frequency domain where
the field reads:

t202 ) 2
E(Q) = \/QWIp/ﬁtpe_gTe_ZGD?Q )

where 2 = w—wq and solely quadratic phase
(GDD) was added. Consequently, the power
spectrum of a Gaussian pulse has a FWHM
of Awg = k/t, and Aworms = VK/2/tp
RMS width. Back transformation into the

(3.8)

the ratio between the duration of the chirped
and transform-limited pulses. Consequently,
the temporal stretching or compression fac-
tor is determined by the ratio of GDD and
the square of the bandwidth. If a chirped
pulse with a certain GDD is launched into
a fiber with a flat GVD and no nonlin-
earity, the temporal stretching factor (o =
tp.out/tpc) can be readily calculated as fol-

lows:
tp7c = tp7i \/ 1 + 527

tp,out = tp,i\/l aF [5 aF Kl/Ld]27

kl/Lq + 2¢ Kl
b= L R S
7 \/+ 1+& Ly

(3.10)
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This stretching factor is always larger
than the one of an unchirped pulse with
the same duration ¢, . which is:

| Kl/Lq Kl
— 1 —_—
Oy +1+€2Ld’

where Ly = t,,/GVD as before.
The term ¢(t) was added to Eq. (3.9). It
represents the SPM term which reads af-

(3.11)

width of unchirped pulses?®® and in a sim-
ilar way the temporal width of self-phase
modulated pulses?®”. The derivation was,
however, only briefly described, and thus
it is explicitly shown in Appendix A.2.
The result for the field of Eq. (3.9) is:

K V2¢ 1
AWC,RMS :\/gt”’i [1 == 1 T §2 f

1/2
ter a propagation of length [16°: N 4 ( 1l ) 2
L 3v3(L+¢2) \Ln
p(t) = —e  BOEH (3.12) (3.14)

n

Although the transformation of the field
in Eq. (3.9) into the frequency domain is
analytically not possible, the RMS width
of the power spectrum can be determined
analytically by:

Az — SPIFT{E®} dO
B NIFTEW®) A0
[ |dE(t)/dt| dt
— JIE@Pd T

(3.13)

where F7T is the FOURIER transform op-
erator. The upper equation assumes that
the central frequency (i.e. the first mo-
ment of the spectrum) is known. This is
the case in Eq. (3.9). The upper iden-
tity was first used to calculate the spectral

Consequently, the broadening factor S.
Awe rms/Awo rms reads:

-\

Comparing the result to an wunchirped
pulse of the same duration:

demonstrates that initial positive chirp
does not only accelerate temporal stretch-
ing but also spectral broadening. The
simulation results presented in Fig. 3.7
indicate that both effects compensate for
each other.
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3.1.2 Kagomé-type Hollow-core Photonic Crystal Fibers

Parts of this section have been published in:

K. F. Mak, M. Seidel, O. Pronin, M. H. Frosz, A. Abdolvand, V. Pervak, A. Apolonski, F.
Krausz, J. C. Travers, and P. St. J. Russell, “Compressing pJ-level pulses from 250fs to
sub-10fs at 38 MHz repetition rate using two gas-filled hollow-core photonic crystal fiber
stages,” Opt. Lett. 40, 1238 (2015).

In the previous considerations of spectral broadening in solid-core fiber, the critical power
of FS was identified as a limiting factor for peak power scaling and achieving the highest
possible broadening factors. Obviously, nonlinear materials with lower critical power
hold great promise to overcome these limitations. This is practically not possible with
other solid state materials because FS with a bandgap of 9eV is already among the
least nonlinear solids (cf. e.g. ref. 290). Therefore, noble gases are usually the broadening
media of choice. They exhibit the lowest nonlinearities due to their strongly bound valence
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electrons. However, not only the critical power of gases, but by virtue of MILLER’s rule?"!

also the refractive indices are lower than for solids, and thus guiding structures cannot be
based on total internal reflection as, for instance, in step-index fibers. The simplest and so-
far most widely used approach exploits high FRESNEL reflectivity near grazing incidence
in hollow-core capillaries?®3292, Unfortunately, this technique can only lead to efficient
spectral broadening with at least several hundreds of MWs peak power which have not even
been reached by the latest generation of TD oscillators. High peak powers are required
owing to the need for high irradiances to get significant SPM and the cubic transmission
loss dependence on the MFD?92:293 " In other words, moderate peak powers require tight
focusing (ny is about 3 orders of magnitudes lower than for FS; depending on gas type,
temperature and pressure). This, in turn, gives rise to higher angular frequencies, and
hence lower angles of incidence at the interface to the capillary which causes significant
reflection losses. Therefore, other guiding mechanisms are needed in the peak power region
from 5 MW to 500 MW which is particularly interesting for mode-locked TD oscillators.

Alternative approaches rely on photonic-bandgap (PBG) guiding 9329429 inhibited cou-

pling or anti-resonant guiding in Kagomé-type fibers284:28%:2% o1 simplified cladding struc-
tures 289297301 The cross-sections of these fiber types are shown in Fig. 3.11. PBG fibers
guide only over a narrow bandwidth. They allow FTLs of about 20 fs, but exhibit a com-
parably strong gradient in their waveguide dispersion. By contrast, Kagomé-type fibers
are very broadband and enabled few-cycle pulse generation from Ti:sapph amplifier sys-
tems®°2. Consequently, pulse compression experiments were conducted with this type of
HC-PCFs in collaboration with PHILIP ST. J. RUSSELL’s and JOHN C. TRAVER’s group
at the Max-Planck-Institute for the Science of Light in Erlangen. KA FAT MAK came to
our laboratories in Garching, was mainly in charge of the experiments and has described
them in his dissertation®"®. Therefore, they will be only briefly summarized here in the
context of developing power-scalable pulse-compression concepts for mode-locked TD os-
cillators. First, the advantages of HC-PCFs will be highlighted, the pulse compression
experiments will be presented afterwards, and thirdly some practical disadvantages of the
technique will be explained. Finally, a concluding discussion completes this section.

Properties of Kagomé-type Hollow-core Photonic Crystal Fibers

While in solid-core fiber nonlinearity and, for LMAs, dispersion is dictated by the fiber
material, HC-PCFs offer much more flexibility in tailoring dispersion and nonlinearity at
a variety of peak power levels. There are basically three “turning knobs”:

Fig. 3.11. (a) Cross-section of PBG-guiding PCF (taken from ref. 288). (b) Cross-section of Kagomé-
type hollow-core photonic crystal fiber (HC-PCF) (taken from ref. 288). (c) Cross-section of anti-resonant
guiding HC-PCF with a simplified cladding structure (taken from ref. 289). Images were taken through
scanning electron microscopy. The marked pitch A is not of interest in this context.
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Fig. 3.12. (a) GVDs of a HC-PCF with a = 18 ym filled with the noble gases neon (Ne), argon (Ar),
krypton (Kr) or xenon (Xe) at a gas pressure of 40 bar. The gas refractive indices have been calculated
from the SELLMEIER equations derived in ref. 304. For comparison, the GVD divided by 10 of the solid-
core fibers investigated in the previous section are shown (cf. Fig. 3.1(b)). (b) GVDs of a HC-PCF
with ¢ = 18 um filled with Kr. The gas pressures vary in an 8 bar equidistant spacing from 0 to 80 bar.
(c¢) GVDs of a HC-PCF filled with Kr at a pressure of 40 bar. The bore radii vary in a 2 ym equidistant
spacing from 10 to 30 um. (d) Calculated zero-dispersion wavelengths (Azp) for the gas types of (a),
a = 18 um and under varying pressures. The central wavelength of the oscillator (1030nm) is shown
for reference. The zero-dispersion wavelengths of Ne are always shorter than 700nm. (e) The nonlinear
refractive indices ny under varying gas pressures. The indices under ambient conditions have been taken
from refs. 305, 306. The literature values, however, differ by more than an order of magnitude, cf. ref. 307.
For comparison, the ny of FS divided by 10 is shown. (f) Derived broadening factors and optimal fiber
lengths for Kr (solid lines) and Xe (dashed lines) filled fibers with a = 18 ym under varying pressure (but
without gradient inside the fiber). The plots have been calculated from Egs. (3.1) and (3.2). The gray
shaded area indicates the transition of Xe to the supercritical phase. This leads to strong changes of the

gas’ optical properties38.

e bore radius (a),

e gas type,
e gas pressure (p) and temperature (7).

The (linear) refractive index is calculated by ?284288,292;
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where j,.» denotes the k™ zero of the m*™-order BESSEL function, py and Tj reference
pressure and temperature, resp. Only the fundamental mode HE;; is supposed to be
excited, corresponding to k = 1, m = 0. The Taylor expansion of the square root can be
stopped after the linear term since the refractive indices will be close to one. The scaling
of the ") polarization term is linear to the number of dipoles according to the LORENTZ
“electron-on-a-spring”’-model °° which leads to p/T o p (particle density for an ideal gas
at constant volume) dependence of the gas refractive index term. The LORENTZ model
also explains the linear scaling of ny which is supported by experimental data 307309,

Fig. 3.12(a)-(c) shows several examples that evaluate Eq. (3.17) in order to calculate the
GVD under the variation of the three tuning parameters. Firstly, it is obvious that the
GVD of the gas-filled fibers is generally lower than that of LMA and even that of ANDi
fiber near 1030 nm, the central oscillator wavelength. Owing to the anomalous waveguide
dispersion, both positive and negative GVD can be adjusted at 1030 nm (cf. Fig. 3.12(d)).
For a HC-PCF with a bore diameter of 36 um, which was available in the experiments, it
is practically only possible to reach an all-normal dispersion regime in the optical octave
from 700 to 1400 nm with xenon. As the magnitude of waveguide dispersion decreases with
a? according to Eq. (3.17), larger bore diameters would also enable ANDi broadening to
few-cycle pulses with other gases (cf. Fig. 3.12(c)). However, the nonlinear length would
increase quadratically with a for a fixed peak power, too. Due to the lower GVD and ns of
the gases in comparison to FS (cf. Fig. 3.12(e)), both dispersion and nonlinear length are
usually higher than for solid-core fiber. The consequent use of longer fibers for spectral
broadening in the normal dispersion regime leads to non-negligible transmission losses.
For comparison, the losses of Kagomé-type HC-PCFs are on the order of 1dB/m?*® while
the solid-core PCF's exhibit losses of less than 10dB/km?!?. Since the GVD reduction in
comparison to LMA fiber is stronger than the n, reduction, larger broadening factors are
predicted for lossless HC-PCFs than for solid-core fiber (cf. Figs. 3.12(f) and 3.6). At
40 bar, the zero-dispersion wavelength of krypton would be at about 1100 nm while the
GVD at 1030 nm was only 0.26 fs>/mm. Subsequently, a huge broadening factor of 70 but
also a fiber length of 2.4 m is predicted. It is to note that fiber losses and crossing of \zp
by the red spectral wing is neglected in this coarse calculation. In comparison, Xe would
exhibit a GVD of 1.8 fs?/mm at 1030 nm, Azp =~ 1360 nm, a broadening factor of 44 at a
fiber length of 55 cm.

Double-stage compression to the few-cycle regime

The conducted experiment consisted of two compression stages. The setup is shown in
Fig. 3.13. The fibers were glued with an epoxy adhesive into gas cells which were connected
either to a vacuum pump or a noble gas bottle. Details about the construction of the gas
cells can be found in ref. 303. Pressures of up to 40 bar were applied. It is remarkable that
the fragile HC-PCF's withstood such high pressures. This was enabled by the tiny gas
volume inside the fibers. The gas cell at the front of the fiber had to be evacuated. The
interaction with the atoms inside the cell led to very strong fluctuations at the fiber output.
This was surprising because of the low peak power of only about 4 MW. The critical power
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Fig. 3.13. Setup of the double stage Kagomé-type HC-PCF compression which was pumped by the
oscillator introduced in section 2.1. Inset (i) shows the cross-section of the fiber with a bore diameter of
36 pm. It was measured in Erlangen with a scanning electron microscope. Inset (ii) shows the measured
beam profile of the compressed output which was measured with a CCD camera.

of Kr at 40 bar is about 100 MW, and hence the peak power enhancement is about 4 %
according to Eq. (3.5), hardly distorting the input beam. The peak irradiance in the
fiber was about 1.65 TW/cm?, i.e. close to the damage irradiance which was estimated
for the solid-core fiber. Since the ionization energy of Krypton is about 14V and
thus clearly higher than the FS bandgap (9eV), the ionization probability is very low.
Nevertheless, the pressure gradient approach, initially proposed to suppress self-focusing
and ionization3!2313, could strongly improve the input coupling and reduce the laser
fluctuations. Therefore, the first gas cell was continuously evacuated while the second gas
cell was pressurized. Due to the small fiber diameter, the gas flow inside the HC-PCF
was low enough to create a gradient between the vacuum and the pressure of the second
cell. More information about gas flow and pressure distribution within the HC-PCF is
presented in ref. 303. Light was coupled into the gas cells through FS windows. Only the
first window and focusing lens were AR-coated. The other three windows and the lenses
between first and second compression stage were uncoated, yielding total FRESNEL losses
of about 30%. The fibers are slightly birefringent, and hence half-wave plates had to
be placed in front of them to achieve high polarization extinction ratios. The polarizing
cube in front of the first half-wave plate cleaned the input polarization and suppressed
cross-phase modulation inside the fiber. Polarization extinction ratios of 14 dB after the
first stage and 13 dB after the second stage were measured. The chirped mirrors used for
compression after the first stage were PC1305 (cf. Fig. 2.8(b)). After the second stage,
PC247 mirrors were used (cf. Fig. 2.12(b)). All chirped mirrors required p-polarization.
Therefore, additional half-wave plates were required in front of the pulse compressors.

In principle, the first spectral broadening stage was operated in the normal dispersion
regime. It is to note that due to the pressure gradient, parts of the optical spectrum
nominally experienced anomalous dispersion (cf. Fig. 3.12, simulations in ref. 303, 314).
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Fig. 3.14. (a) Measured (top) and retrieved (bottom) FROG trace of the pulse after the chirped mirror
compressor. The color scale is in units of dB with respect to the maximum of the trace. The RMS
FROG error was 0.50 % for a 10242 grid size. (b) Spectrum measured with an OSA (black solid line)
and retrieved from FROG (red solid line). The blue dashed line shows the retrieved spectral phase.
(c) Retrieved ultrahort pulse of 22 fs duration (red solid line) and corresponding temporal phase (black
dashed line).

Its impact was, however, weak, and thus the broadening characteristics can be explained
well with normal dispersion spectral broadening. A fiber length of 70 cm was chosen,
being much shorter than the predicted hypothetical fiber length of 2.4m for a 40bar
pressurized Kr filled HC-PCF. Consequently, a FTL of 21 fs was achieved, corresponding
to a broadening factor of 12 (Fig. 3.14). A total GDD of 1200 fs? (8 bounces off PC1305)
was added to the pulses in order to compress them to the nearly transform-limited duration
of 22 fs. The compressed pulses were measured by means of SH-FROG. They are displayed
in Fig. 3.14(c). Remarkably, if a bandwidth of ¢; = 21fs and 1200fs? are plugged into
Eq. (3.10), a duration of only about 160fs is derived. This underlines that due to the
very long dispersion length (240m for 40 bar and ¢, = 2501{s), spectral broadening was
not saturated like in the solid-core fiber compression case (cf. section 2.2.1). There
were two reasons why the fiber length was not extended. Firstly, the partly anomalous
dispersion arising from the need for a pressure gradient would gain stronger influence
in longer fibers, and hence clean compression would have become increasingly difficult.
Secondly, the transmission losses would have increased. In the presented setup, the fiber
transmission was 80 % which is close to the solid-core fiber transmission of section 2.2.1
(85%). The power behind the first stage was 28 W, 8 W more than behind the chirped
mirrors of the LMA-35 fiber compression stage.

To reach the few-cycle regime, a second broadening stage was set-up. Owing to the
large bandwidths required for few-cycle pulses, spectral broadening in the all-normal
dispersion regime was practically not possible anymore with bore diameters of 36 ym
(cf. Fig. 3.12(d)). Therefore, self-compression in the anomalous dispersion regime was
targeted. The idea of self-compression is that the SPM broadened spectrum is immediately
compressed by the negative GVD of the HC-PCF. In the fundamentals section (section
1.4), it was indicated that negative GDD and SPM can also lead to spectral narrowing,
and hence pulse stretching. Consequently, it is obvious that achieving self-compression
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Fig. 3.15. (a) Measured (top) and retrieved (bottom) FROG trace of the pulse after the chirped mirror
compressor. The color scale is in units of dB with respect to the maximum of the trace. The RMS
FROG error was 1.08% for a 10242 grid size. (b) Spectrum measured with an OSA (black solid line)
and retrieved from FROG (red solid line). The OSA spectrum extends down to about 600nm while
FROG could only reconstruct a spectrum down to about 700 nm with strong attenuation of the shortest
wavelengths. The blue dashed line shows the retrieved spectral phase. (c¢) Retrieved ultrahort pulse of
9fs duration (red solid line) and corresponding temporal phase (black dashed line).

at minimal pulse duration requires a proper balance between dispersion and nonlinear
lengths. The theory on the choice of this ratio shall not be treated explicitly within the
context of this dissertation. The reader is instead referred to other literature explaining
self-compression more detailed, e.g. refs. 165, 257, 303. Since the impact of GVD strongly
depends on the bandwidth of the ultrashort pulses (cf. Eq. (3.10)) and owing to the
decreasing pulse duration during propagation, the dynamics of self-compression is not
nearly as smooth as that of all-normal dispersion spectral broadening. Subsequently, the
output spectrum and pulse duration is very sensitive to the input pulse energy.

In the performed experiments, the selection of gas type, pressure and fiber length was
derived from simulation results which are presented in refs. 303, 314. A pressure gradient
had to be applied again. The second gas cell was pressurized with 26 bar of argon, yielding
a maximal zero-dispersion wavelength of about 830nm and GVDs between —0.9 and
—0.5 fs*/mm within the 25 cm long fiber. Chirped mirrors behind the last gas cell were
necessary to compensate for the dispersion of last window and the beam path between fiber
and FROG as well as for a pair of glass wedges which was used for fine adjustment of the
total GDD. The beam was reflected 6 times from PC247 mirrors. The fiber transmission
was again about 80 %, 18 W emerged from the last gas cell, 14.5 W were measured after the
chirped mirrors. Spectrum and retrieved pulses are shown in Fig. 3.15. Firstly, sub-10fs
pulse durations could be reached by means of the presented scheme. Even sub-2 cycle
pulses would have been possible (FTL of OSA spectrum in Fig. 3.15(b) is only about
5fs). The bandwidth of the available mirrors was, however, not sufficient for compressing
the very broad spectrum. Secondly, a sharp temporal spike is generated by the self-
compression technique, but the compression quality, i.e. the pulse energy confinement
in the main peak, is very low. While 80 % of the power could be confined in the main
peak of the few-cycle pulses measured after bulk broadening (cf. Fig. 2.13), only about
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Fig. 3.16. (a) Noise measurements with a fast photodiode and a digital oscilloscope. The time traces
were FOURIER transformed to obtain the PSDs. Data was taken in front of the first fiber (black line),
behind the first compression stage (red line) and behind the second compression stage (blue line). The
noise floor (gray line) is shown for comparison. (b) RMS INs derived from the PSDs from 1 Hz to 10 kHz.
The plots are normalized to the measured oscillator intensity noise (black line) over the full bandwidth.
Contrary to the graph shown in ref. 314, the square root of the integrated PSDs are taken.

32% are confined in the central part of the pulse shown in Fig. 3.15(c). Therefore, the
peak power (13MW) is lower than the one of the 7.7fs pulses after bulk broadening
(16 MW) although the average power is more than two times larger. It is to note that it
has not been investigated if the spectral phase shown in Fig. 3.15(b) can be linearized by
tailored chirped mirrors. The pulse shape of the few-cycle pulses generated by few-cycle
pulse compression is one drawback of the presented Kagomé-type HC-PCF compression
scheme. There are a few more as it will be pointed out in the next paragraph.

Drawbacks of Kagomé-type HC-PCF spectral broadening

It has already been mentioned that the spectral broadening after the first fiber stage was
not saturated and that self-compression is very sensitive to the input power. Consequently,
the setup appears much more susceptible to spectral and intensity noise than the solid-
core fiber compression experiments which have been presented before. In the context of
the reported HC-PCF experiments only intensity noise (IN) was measured. No systematic
studies on fluctuations of the spectrum were done. The IN measurements were performed
with a GHz photodiode connected to a digital oscilloscope with 502 load resistance.
The time traces, measured over 2s, were FOURIER transformed to calculate the power
spectral density within a bandwidth from 1Hz to 10kHz (cf. Fig. 3.16(a)). Three noise
measurements are displayed. One was done directly in front of the first fiber, a second
one behind the first compression stage and a third one behind the second compression
stage. The PSDs have been integrated from 10kHz to 1 Hz in order to calculate the total
IN (cf. Fig. 3.16(b)). The oscillator noise measurement is basically limited by the high
noise floor of the oscilloscope. A spectrum analyzer would give more insights into the
noise characteristics for frequencies higher than 10Hz (cf. section 2.3.1), but would not
be capable of detecting slow fluctuations. These become also visible for the oscillator
noise measurement. The data taken after the first compression stage reveals a noise spike
around 4kHz. This spike was very sensitive to the coupling into the fiber and could be
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Fig. 3.17. (a) Xe filled fiber for first stage compression. The visible (flickering) glow of the fiber is a
clear indicator for ionization and the consequent frequency blue shift. Only 9W of average power are
transmitted trough the HC-PCF. Fibers were not glued into the gas cells if no pressure gradient was
applied. The cells were connected with tubes instead. The fiber was lying inside. (b) Xe filled fiber
for second stage compression. The spectrum has been measured with two grating spectrometers (not
calibrated) to cover the full range. The spectrum is strongly blue-shifted and extremely unstable. The
modulations of the visible spectrum indicate the heavy fluctuations.

removed by careful alignment as the noise measurement after the second stage indicates
(which was not done in parallel). In comparison to the oscillator, the IN behind the
first stage slightly increased in the acoustic frequency range below 100 Hz. This noise was
alignment insensitive and was strongly amplified after the second compression stage where
a broad noise enhancement becomes visible between 30 and 100 Hz and several narrow
spikes appear below 10Hz. This acoustic noise could not be eliminated by improved
coupling. The IN was normalized to the integrated value of the oscillator measurement
and not to the power in the carrier as usual. Nonetheless, the instability of the compression
scheme becomes quite obvious by the relative IN values and was also supported by the
flickering of the weak visible light which was generated inside the fibers.

Despite the relatively small available fiber diameter of 36 um, the noisy anomalous dis-
persion regime appears avoidable if Fig. 3.12(d) is considered. The usage of xenon and
a pressure of at least 34 bar would lead to a zero-dispersion wavelength of more than
1300nm. Also, high broadening factors at reasonably short fiber lengths are expected
as Fig. 3.12(f) indicates. In-fact, Xe was originally the gas of choice for the first and
the second compression stage. However, the unexpected ionization effects, which already
enforced employing a pressure gradient, were much more pronounced for Xe than for Kr
or Ar. Two examples are given in Fig. 3.17. Firstly, a photograph of the initial Kagomé-
type HC-PCF setup is shown. The transparent tube with the fiber lying inside emits
visible light which is most likely caused by an ionization induced spectral blue-shift. The
effect became apperent at about 25 W pump power. In the shown example only 9 W are
measured directly behind the fiber. Fig. 3.17(b) shows raw data of a spectrum which was
generated in the second fiber stage. An ultrabroadband, but unfortunately also highly
unstable blue-shifted continuum is generated which is typical for spectral broadening in-
duced by free carriers®®. Consequently, it is practically not possible to saturate spectral
broadening in the presented fiber setup with the available pulse parameters and Kagomé-
type HC-PCFs.
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The need for a pressure gradient also comes with another practical disadvantage. The
fiber has to be glued into the gas cells to minimize the gas flow between the cells. Subse-
quently, the complete fiber had to be replaced after damage of the fragile front facet which
occasionally happened during the development of the presented compression scheme. At
the time the experiments were conducted, the market price for Kagomé-type HC-PCF
was about 1200 EUR/m (about 10x cost of LMA fiber). Hence, fiber damage would have
led to a tedious and expensive replacement procedure. Perhaps simplified guiding struc-
tures, as shown in Fig. 3.11(c), will reduce costs and increase robustness in the future.
The Kagomé-type HC-PCF also appeared more alignment sensitive than solid-core LMA
PCEF. The noise spike at 4kHz in Fig. 3.16 is an indicator. Moreover, higher order spa-
tial modes could be excited in the hollow-core fiber which is not possible with “endlessly
single-mode” solid-core PCF.

Discussion

The presented experiments have revealed the powerfulness of HC-PCF-based pulse com-
pression but also its severe shortcomings. The near-zero GVD, combined with the broad
transmission bandwidth has enabled the generation of few-cycle pulses. This was demon-
strated for the first time with hollow-core fibers and a MHz light source. Even single-
cycle pulses would have been theoretically possible by means of self-compression®“. This
self-compression technique seems particularly interesting for direct delivery of the ul-
trashort pulses into a vacuum chamber by means of negative pressure gradients which
were employed in HHG experiments with a kHz system, for instance®%. Otherwise, self-
compression exhibits two major drawbacks: the low compression quality and the high noise
sensitivity. Therefore, in particular if broadband chirped mirrors are available, few-cycle
pulse generation in the normal dispersion regime seems clearly preferential. HC-PCF's
with larger bore diameters would have enabled to operate the second fiber also with pos-
itive GVD. The relatively low peak powers of the utilized oscillator would have resulted,
however, in long nonlinear lengths. It is thus expected that light sources with higher peak
powers, like the latest generation of mode-locked TD oscillators®® 61139 would simplify
few-cycle pulse compression. Kagomé-type HC-PCF-based compression experiments at
kHz repetition rates®°?31631% were also conducted with higher peak powers, and hence
the approach appears scalable with respect to input pulse energies.

The perhaps most surprising finding of the presented study is the strong, detrimental im-
pact of ionization which has not been observed with kHz systems at similar intensities (cf.
e.g. ref. 302). Even more remarkable, they have not even been reported in Kagomé-type
HC-PCF compression experiments with other MHz sources®!? 3?2, Those prior studies
were conducted with lower gas pressures, lower (MHz) repetition rates and longer pulses
which were hardly susceptible to weakly anomalous dispersion. Only HADRICH et al.
mentioned “other nonlinear effects” without further specification when compression from
250 fs below 30 fs was targeted with a 10 MHz repetition rate fiber system323. The first in-
tensity noise measurement after a Kagomé-type HC-PCF was, to the best of the author’s
knowledge, shown in the presented study (cf. ref. 314). In a later experiment3?* another
IN measurement after a single fiber stage was reported. However, the data was not fully
consistent since the noise increased by 0.16 % in a bandwidth from 100 Hz to 100 kHz while
it only increased by 0.04 % at the full bandwidth from 1Hz to 100 kHz which is mathe-
matically impossible. Since the noise of the utilized KLM TD oscillator in the bandwidth
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from 10Hz to 500kHz is as low as 0.1 % (cf. Fig. 3.24 in the next section) and possibly
only a factor 2 of noise is accumulated after the second compression stage (note that it
is not clear how much noise is hidden below the oscilloscope noise floor), comparing the
data of Fig. 3.16 and from ref. 324 is not entirely conclusive. However, the authors of the
latter publication attributed “a remarkably low root-mean-square amplitude noise value”
to their setup, and hence considered the compression scheme as well applicable. This
promises that the encountered Kagomé-type HC-PCF noise issues can be solved although
a better understanding of its origin as well as of the origin of the low irradiance ionization
is urgently needed. Further research on average power scalability of Kagomé-type HC-
PCF-based spectral broadening is out of scope of this dissertation. Instead, the following
pulse compression studies will focus on bulk material which immediately eliminates the
need for mode coupling, and hence comes with much higher applicability than fiber-based
techniques.
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3.2 All Solid-state Spectral Broadening in Bulk Material

Section 2.2.2 has already demonstrated that spectral broadening in bulk material allows
few-cycle pulse generation, and hence the technique may present a viable alternative to
fiber broadening. It circumvents the main issues which have been encountered in the
Kagomé-type HC-PCF experiments: It comes with low complexity and costs, is highly
robust and exhibits excellent noise properties (as will be shown later). In order to estab-
lish a widely applicable ultrashort pulse source, a reliable and easy-to-handle technology
is imperative as explained in the introduction section 1.1. The following studies will
demonstrate that bulk broadening fulfills these requirements.

Historically, bulk broadening was introduced shortly after the advent of chirped pulse
amplification when peak power scalable pulse compression schemes became a topic of
intense research®. ROLLAND and CORKUM proposed perhaps the simplest broadening
technique which is focusing intense light into a bulk plate such that the critical self-
focusing length exceeds the physical length of the nonlinear medium??®. Although the
study accomplished pulse compression from 92fs to 19fs and was followed by several
theoretical papers discussing the method?®?°32® the power efficiency of only about 4 %
made the method fairly unattractive. In 2000, MILOSEVIC et al. explicitly evaluated the
strengths and weaknesses of pulse compression in bulk media in comparison to hollow core
capillaries which have been applied to compress GW peak power pulses for more than 20
years by now 4298283 They employed coupled-mode theory (cf. Suppl. 1) to analyze the
spatial losses in both techniques and found that broadening in solid material can only be
made efficient if the peak power is much lower than the critical power of the material.
This claim, which refers to single-plate broadening, has become questionable owing to the
findings of LU et al.3® who efficiently broadened ultrashort pulses with GW peak power
level.

Two studies on spectral broadening in bulk media are presented: First, optical KERR
effect based spectral broadening, which has been already utilized in the experiments
of section 2.2.2, shall be discussed. The following section will introduce cascaded (-
nonlinearities which induce an effective ny that can be tuned in sign and magnitude.

3.2.1 Compression by means of the Optical Kerr Effect of Dielectrics

Parts of this section have been published in:

M. Seidel, G. Arisholm, J. Brons, V. Pervak, and O. Pronin, “All solid-state spectral
broadening: an average and peak power scalable method for compression of ultrashort
pulses,” Opt. Express. 24, 9412 (2016).

This section presents a comprehensive study of bulk broadening by means of the optical
KERR effect. First, the parameters which have impact on the broadening performance
are discussed qualitatively. An experimental study of these parameters is presented af-
terwards. Subsequently, the broadened spectra and spectral phases are analyzed. An
example of cascaded bulk broadening with intermediate compression follows. Next, the
losses due to the coupling of spectral and spatial nonlinear effects are investigated. The
experimental part is completed by a check of the noise properties of the spectrally broad-
ened pulses. Simulations follow which investigate the power scalability of the concept.


http://www.opticsexpress.org/abstract.cfm?URI=oe-24-9-9412
http://www.opticsexpress.org/abstract.cfm?URI=oe-24-9-9412
http://www.opticsexpress.org/abstract.cfm?URI=oe-24-9-9412
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Fig. 3.18. Means of avoiding critical self-focusing within a nonlinear crystal. The plots are taken from
simulations which are explained in more detail in the simulation part of this section. A peak irradiance
of 2TW /cm? is considered as critical (solid black line markers). (a) Single plate approach: critical
self-focusing is avoided by choosing a large spot size at the entrance facet (dashed green line: 1.2 ulJ,
250 fs input pulses, d = 77 pm; red line: 10 pJ, 250 fs input pulses, d = 283 ym) or by utilizing a
strong beam divergence to compensate for self-focusing (blue line: 10 pJ, 250 fs input pulses, d = 67 pm,
6 = 32um/mm). (b) Multiple plate approach: The beam irradiance is kept below the critical value
inside the solid medium while the foci lie in the air gaps between the thin bulk plates (10 pJ, 250 fs input
pulses).

Finally, all results are summarized and conclusions on the applicability of bulk broadening
are drawn.

General aspects of bulk broadening

In section 3.1.1, fiber broadening in the sub-critical self-focusing regime was discussed.
Bulk broadening works in the critical self-focusing regime, too, since the beam collapse
can be avoided if the length of the medium is smaller than the critical self-focusing length
zs¢ which is approximately '0%:209;

wd?
NP e —1—0)

where d is the beam diameter at the input facet of the medium, P, the peak power of
the laser pulses and 6 the beam divergence. Assuming a 1 um wavelength, the maximal
critical power for solid materials is approximately 11 MW (for LiF'), and thus far below
the peak powers of amplifier systems or the latest mode-locked TD oscillators. Therefore,
to avoid critical self-focusing, either the beam diameter has to be expanded or the beam
divergence has to be adapted to counteract the focusing effect. To visualize these ap-
proaches Fig. 3.18(a) shows how the peak irradiance evolves in three exemplary studies.
The green dashed line represents the propagation of a 1.2 uJ, 250 fs pulse through 15 mm
of crystalline quartz. The peak power (P, = 4.2 MW) is slightly above the critical power

(3.18)
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of the material (P, ~ 3.6 MW, may slightly vary due to the uncertainties of ny). The
divergence is set to zero at the front facet of the nonlinear material. In order to stay
below the critical irradiance (2 TW /cm? assumed), the input peak irradiance must not
be larger than 180 GW/cm?. For a 10 uJ, 250 fs pulse (P, = 35.2 MW, red line) the input
peak irradiance has to be even smaller (110 GW/cm?) in order to avoid damage of the
nonlinear material. This is due to the highly nonlinear beam divergence induced by the
strong self-focusing inside the material. Although Eq. (3.18) presents a rough estimation
of the critical self-focusing length (cf. remark below), it predicts correctly that the peak
irradiance at the entrance facet of a nonlinear material, and thus SPM, can be increased
by strongly focusing the laser beam in order to apply a high (Gaussian) beam divergence.
Fig. 3.18(a) shows that the b-integral (i.e. the area under a curve) of the initially diver-
gent beam (blue line) is higher than that of a beam where § = 0 (red line). Nevertheless,
the area under the green dashed line (1.2 uJ, 250 fs pulses) is the largest, and thus the
strongest spectral broadening is anticipated in this case.

Ideally, a spectral broadening experiment induces as much SPM as possible while the
nonlinear distortions of the beam, caused by self-focusing, are kept as low as possible.
However, without additional beam shaping or guiding, the spatial and temporal nonlin-
earities cannot be decoupled?’®. A promising self-guiding mechanism relies on a sequence
of thin plates which are arranged such that the laser beam alternatingly focuses and defo-
cuses®Y. Air has a critical power of P,. ~ 5 GW at 1030 nm,*® and thus exhibits negligible
self-focusing at the considered peak power levels. Multi-photon ionization is expected to
become relevant, at intensities of about 10* W/ecm?%?. The principle of alternating bulk
and air sequences was recently exploited to avoid multiple filaments in white-light contin-
uum (WLC) generation which led to a strong suppression of spatial losses in the spectral
broadening experiment3?°. This multi-plate approach will be studied numerically in order
to evaluate if it can be transferred to longer initial pulse durations than in the original
publication and MW level peak powers which are common in the latest generation of high
power MHz laser systems. The evolution of the peak irradiance is compared to the single
plate approach in Fig. 3.18(b). The graph shows a sequence of ten 0.5mm thick quartz
plates. The incident pulse has a duration of 250 fs and 10 J energy. The variations of the
peak irradiance is much smaller than in the single plate examples. Moreover, the beam
is always focused in between the bulk plates. The examples of Fig. 3.18 will be analyzed
in detail in the simulation part of this section and shall give for now only basic insights
into the beam behavior in the nonlinear sample.

Remark: Shortcoming of Eq. (3.18)

If Eq. (3.18) is evaluated for P, >> P, and § = 0, it is found that P,/d* =
w2 P,, /(zs f)\)2 = const. for a fixed z,;. Moreover, the peak irradiance I, is proportional
to P,/d?, and thus PZ?/IP = const., i.e. Eq. (3.18) would predict that I, at the entrance

facet grows with PI}/ 2, By contrast, Fig. 3.18 shows that I, actually decreases with in-
creasing peak power. The discrepancy arises from the derivation of Eq. (3.18) in ref. 269.
It expands the beam area in terms of the peak irradiance and truncates the expansion
already after the linear term. Self-focusing behaves, however, very nonlinear since the
shrinking spot size increases the irradiance, and thus enhances the self-focusing effect.
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Fig. 3.19. Setup of the bulk broadening experiments. (a) Overview of all performed experiments. The
wedge sketched by a dashed line was inserted for characterization purposes and was not present during
the compression experiments. (b) Detailed sketch of the spectral broadening stages symbolized by the
dotted-dashed lines in (a). The characteristic lengths t, f and zp,;, were varied for optimization purposes.

Spectral broadening under variation of focal length and material

The experimental setup is shown in Fig. 3.19. Contrary to the experiments presented in
section 2.2.2, the direct output of the TD oscillator was utilized, i.e. the 250fs pulses
with about 1.3 uJ energy.

Several wide bandgap materials were tested. Crystalline quartz performed better than
fused silica due to its higher thermal conductivity. Sapphire yielded broadening factors
similar to quartz. A YAG crystal was damaged before significant broadening set in. This
could be attributed to impurities in the material which were indicated by a violet glow
not observable in the other materials. Additionally, several crystal lengths were tested.
Best spectral broadening results could be achieved with quartz and sapphire crystals of
at least t =6 mm thickness. Eventually, a 15 mm thick quartz crystal was chosen in the
experiments.

To adjust the broadening factor, the sample was slowly moved towards the focus position
of lens 1 while the spectrum was monitored after lens 2 with an OSA. The obtained spectra
are shown in Fig. 3.20(a). The focal lengths f were varied from 18 mm to 100 mm. The
maximal achievable broadening was not very sensitive to the variation. The location of
damage inside the crystal shifted however if z,,;, was set too small. This is explained by
the critical irradiance where ionization sets in. It is reached at the entrance facet if the
beam is focused strongly while it is observed inside the crystal if focusing is loose and the
self-focusing leads to a beam collapse.

Longer focal lengths also allowed white-light continuum generation®2°". The continuum
is shown in Fig. 3.20(b). However, ionization, which is essential for WLC generation,
was avoided in all other presented experiments. This was because firstly, the WLC was
rather unstable and a noticeable heating of the crystal occurred. Therefore, average power
scalability of the approach requires strong technical efforts. Secondly, the prominent blue
shoulder is 25 dB below the fundamental, and thus the conversion into the continuum is
fairly weak (<20%). Thirdly, WLC generation depends on the input pulse duration and
gets rather difficult for longer pulses®3!. No ionization losses were detected by means of
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Fig. 3.20. (a) Spectra measured with an OSA in dependence on z,;,. The focal length was f =25 mm.
The spectrum was filtered such that only the broadened parts were measured. (b) White-light continuum
generated in a 15 mm quartz crystal. The spike at 515 nm is the second harmonic generated in the quartz
crystal due to its x(®-nonlinearity.

power measurements for the spectra displayed in Fig. 3.20(a). The spectral broadening
is caused solely by SPM.

In this case, the FOURIER transform-limit of the pulses could be reduced from 250 fs to
38fs (black solid line Fig. 3.20(a)). This corresponds to a broadening factor of about 6
which is the largest in a single-stage bulk broadening experiment to the best of the author’s
knowledge.

Temporal phase behavior under variation of broadening strength

In order to compress the spectrally broadened pulses, the evolution of the spectral phase
under variation of the distance from the focus to the crystal facet (zy,) was measured by
means of SH-FROG (cf. appendix A.1). A 5pum BBO was used as a nonlinear crystal.
Fig. 3.21(a) shows the calculated FTL as well as the peak power ratio between pulses
with first order chirp compensation only and transform-limited pulses. The quantity is
denoted by compression quality. Compensating higher order phase terms, for instance
by a tailored chirped mirror design, would lead to shorter pulses and less power in the
pedestals (cf. section 2.2.2).

The chirped mirror compressor was set-up such that shortest pulses could be achieved.
A GDD of -1700fs? was predicted and realized by 4 bounces off mirrors with -400 fs?
GDD and no higher order terms. A pulse duration of 43 fs was measured. It is in good
agreement with the predicted pulse duration of 46fs for a slightly more negative GDD.
The pulse in Fig. 3.21(b) shows a significant pedestal structure carrying about 35 % total
energy which agrees with the prediction in Fig. 3.21(a). Larger broadening factors come
also with an increase of spatial losses due to the coupling of self-focusing and SPM. This
has not been considered in this section but will be addressed in detail in the simulation
part of this work.
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Fig. 3.21. (a) Expected pulse durations in dependence on the broadening factor for compensation
of first order chirp only (red squares). The compression quality (blue circles) is the ratio between the
peak power of the compressed and the FOURIER transform-limited pulses. (b) Retrieved pulse after
compressor. The compression quality is 64 % (c) retrieved spectrum and spectral phase. The spectrum
is in good agreement with the black line in Fig. 3.20(a).

Cascading bulk broadening with intermediate compression

In the previous experiments on high-power bulk broadening, 17 fs input pulses were broad-
ened and compressed down to 7.7 fs (cf. section 2.2.2). To bridge the gap from the exper-
iments reported here to the sub-20 fs regime, a second bulk broadening stage was set-up.
After a first bulk stage, the pulses were compressed to 53 fs duration with a total GDD
of -2400 fs* and afterwards focused with an anti-reflection coated lens (f = 35mm) into
another 15 mm quartz crystal (Fig. 3.19(a)). After optimizing zp,, the FTL could be re-
duced to 15fs (Fig. 3.22). The modulations of the spectral power arise from the pedestal
structure of the pulse after the first compression stage. The increase in bandwidth of the
second stage is clearly larger than in the first stage. This is due to the steeper temporal
gradient of the pulse. The broadening factor is about 3.5. The decrease in comparison
to the first stage can be attributed to the increasing impact of dispersion. It should be
pointed out that the achieved FOURIER transform-limit is comparable to the one which
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Fig. 3.22. Double stage spectral broadening. The FTL is reduced from 250fs to 15fs after the second
stage and an intermediate compression by means of chirped mirrors.
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Fig. 3.23. Spatiotemporal effects of bulk broadening. (a) Beam profiles measured behind optical
bandpass filters of 10 nm spectral width. The profiles behind the filters centered at 1010 nm (left) and
1050 nm (right) are Gaussian while the profile after the 1030 nm filter (center) exhibits a ring structure.
The profiles were measured about 20 cm behind the collimation lens. (b) Comparison of the scattered
light spectrum (i.e. spatially integrated spectrum, black line), the retrieved FROG spectrum (red line)
and the initial oscillator spectrum (gray line). The spatially averaged spectrum presents a superposition
of FROG and oscillator spectrum. The blue solid line shows the spectrum measured after spatial filtering
which is close to the spectrum retrieved by FROG.

was obtained by fiber compression in section 2.2.1, and hence there is strong evidence that
all-bulk broadening enables few-cycle pulse generation at peak power levels way beyond
the material’s critical power.

Spatial characterization

Owing to the free beam propagation within the bulk material, temporal and spatial non-
linear effects are coupled and have to be taken into account when the efficiency of the
compression stage is calculated. While strong SPM will lead to broad spectra in the beam
center, i.e. in the region of high irradiance, the FTL of the beam wings will hardly be
changed since the irradiance is too low. The spectrally filtered beam profiles shown in
Fig. 3.23(a) have clearly different shapes. The broadened spectral parts (around 1010 nm
and 1050nm) exhibit more desirable Gaussian shapes in contrast to the unbroadened
spectral part around 1030 nm where a ring structure is visible. Therefore, measuring the
spectrum emerging from the nonlinear crystal became position sensitive.

In order to spectrally homogenize the beam and to estimate the losses due to spatial
nonlinearities, a spatial filtering experiment was set-up. It was performed with about
100 mW average power, reflected from two wedges (Fig. 3.19(a)). A 10 um pinhole was
used and the best focal lengths of the lenses in front of the pinhole (f,) were calculated
by332:

wodp

where wy is the waist of the collimated beam and d, is the pinhole diameter.

First, the unbroadened, collimated oscillator output (M? = 1.05) was sent through the
pinhole to verify the spatial filter performance, yielding 87 % transmission of the incident
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Fig. 3.24. Intensity noise measurements after the first bulk broadening stage for different broadening
factors. The 55nm spectral full width at -10dB of the maximum corresponds to the black line in
Fig. 3.20(a). The excellent noise properties of the oscillator (0.1 % RMS relative intensity noise in the
bandwidth from 10 Hz to 500 kHz) are maintained independent of the broadening factor.

power. Afterwards, the 1010 nm bandpass was inserted into the broadened beam and the
lens 2 was adjusted to collimate the wings of the spectrum. After removing the bandpass,
the spatial filtering experiment was repeated. A 53 % transmission of the total power
was measured which is 40 % less than in the unbroadened case. This is considered as the
power loss due to the spatial nonlinear effects. The spectrum behind the pinhole had a
FTL of 40fs. The homogeneity was proven by scanning the expanding beam after the
pinhole with a multimode fiber coupled to the OSA. Moreover, an M? measurement of the
spectrally broadened beam was performed according to ISO Standard 11146. It yielded
M? < 1.1 along both space axes.

The spectrum after the pinhole is similar to the FROG spectrum. Due to the chro-
matic longitudinal shift of the focus position, the FROG acts like a spatial filter as well.
Within the 5 pm thin BBO crystal only the spectrally broadened beam is in focus, and
thus generates a second harmonic signal. The retrieved FROG spectrum (Fig. 3.21(d))
shows a strong suppression of the 1030 nm component. The scattering light spectrum
(Fig. 3.23(b)) can be decomposed into the part retrieved from the FROG measurement
and the initial oscillator output, i.e. the spectral content of the rings at 1030 nm.

Noise properties

Despite the fact that utilizing kagomé-type HC-PCF's for the compression of the oscillator
pulses yielded sub-10fs pulses in a double-stage setup (section 3.1.2), the applicability of
the technique appeared to be restricted owing to the intensity noise accumulation in the
broadening stages. Similar power fluctuation measurements were performed after the
first bulk broadening stage, i.e. a small fraction of the laser beam was sent onto a fast
photodiode to measure the power fluctuations of the pulse train. Fig. 3.24 shows that the
accumulated intensity noise is independent of the position z.,;,, and thus also independent
of the broadening factor. The noise measurements were performed with an RF spectrum
analyzer, and hence the noise floor is clearly lower than in Fig. 3.16, i.e. the oscillator
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Fig. 3.25. Simulation of the spectral broadening in a 15 mm crystalline quartz crystal. (a) Near-field
pattern of the 1030 nm filtered beam profile. (b) Near-field pattern of the 1040 nm filtered beam profile.
(c) Radially dependent spectra, the black line shows the spectrum of the unbroadened part located in
the wing of the near field-profile, the red line shows the broadened spectrum located in the center of the
near-field profile.

noise in the full measurement bandwidth can be discriminated against the intrinsic noise
of the measurement device. On the other hand, the slow fluctuations below 10 Hz are not
detected.

Simulations

Full three-dimensional simulations of nonlinear pulse propagation?%%:333 have been per-
formed to address the question of power-scalability of the bulk broadening approach. The
spatial grid is set to 513 x 513 points in a quarter of the x-y-plane which is justified by
the fairly weak birefringence of quartz and the circular symmetry of the beams. The
spacing is set to 10 points within the minimal 1/e?-radius. The temporal grid consists
of 256 points with a 10fs spacing. Simulations were done with the material dispersion
derived from the crystalline quartz Sellmeier equation®* and a nonlinear refractive index
of 2.8 x 10719 cm?/W, taken from fused quartz?®. The beam was treated as collapsed
when a critical value of 2 TW /cm? was reached inside the nonlinear crystal. In this case,
the simulation was stopped and rerun with a larger input beam diameter or divergence. A
first routine (i) set the front facet of the crystal into the focus and increased the spot size
until no collapse occurred (solid red and dashed dark green lines Fig. 3.18(a)). A second
routine (ii) set the peak irradiance on the front facet slightly below the damage threshold
and increased divergence until the beam collapse was avoided (blue line Fig. 3.18(a)). The
waist size, which was the optimization parameter in both routines, was varied in steps of
0.1 pm.

To benchmark the utilized code, the experimental parameters were used as the simulation
input, i.e. a 250fs, 1.2 uJ pulse was focused into a 15 mm sample. Fig. 3.25 shows sim-
ulated spectra and profiles. Near-field profiles were extracted from the simulations while
the experimental profiles (Fig. 3.23) were taken after tens of cm propagation. Qualita-
tively, the agreement of experiment and simulation is very good. The spectra show the
asymmetry with a broader but less powerful blue shoulder. The spectra can be also de-
composed into an unbroadened and a broadened part. The 1030 nm profile shows the ring
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Fig. 3.26. Spatially integrated and radially resolved spectra after propagation through a 15 mm quartz
plate. (a) Normalized spectra for (b) - (d) and the oscillator spectrum. The spectral power is integrated
over the whole beam area. (b) 1.2uJ, 250fs input pulses. A significant part of the input beam is
broadened like it was observed in the experiment. (¢) 10 pJ, 250 fs input pulses with balanced divergence
and self-focusing. The broadening in the beam center is comparable to (b) but only a small fraction
(=4 %) of the input power is broadened. (d) 10 uJ, 250 fs input pulses without divergence. The spectral
broadening is weaker than in (b) and (c). About 16 % of the total power are contained in the broadened
part. All color plots are scaled linearly and are normalized. The units of the radially resolved spectra
are J/Hz/um?, i.e. the pulse energies E are predicted by E = 2rAvAr Zl] riu(ri, v;), where Av and
Ar are the simulation grid spacing in frequency and space, r is the radius and u is the plotted energy
density. Is is summed over all spatial grid points 7; along one axis and all spectral grid points v;.

structure while the 1040 nm profile looks Gaussian. The lowest achievable FTL is 31 fs.
The broadening hardly depends on the focus spot size (i.e. focal length in the experiment)
because the pulse peak power is close to the critical power of the material, and thus the
nonlinear lens is relatively weak. This is also in good agreement with the experimental
observations. Therefore, it is inferred that the utilized code is suited to investigate the
power-scalability of the bulk broadening approach.

Subsequently, the simulation was repeated with a 10 uJ pulse, leaving all other input
parameters unchanged. Hence, the critical power is exceeded by about an order of magni-
tude. Fig. 3.18(a) shows the evolution of the peak irradiance over the propagation distance
derived from the routines (i) and (ii). Moreover, the output spectra have been depicted
in Fig. 3.26(a). The broadening seems much weaker than in the case of the 1.2 uJ input.
This agrees well with experimental observations3°. Nevertheless, the computed FTLs are
73 fs for routine (i) and 51 fs for routine (ii). The spatially resolved spectra (Fig. 3.26(b)-
(d)) reveal that the central parts of the beam are still significantly broadened but they
only contain a small amount of the pulse energy in comparison to the 1.2 uJ case. This
shows that balancing divergence and self-focusing increases the broadening factor but also
leads to a strong spectral inhomogeneity of the beam. Routine (ii) with 10 xJ pulses was
repeated for 10mm, 5mm as well as 3mm plates. The FTLs are 62fs, 77fs and 87fs,
resp. while the spectrally broadened parts amount 8 %, 15 % and 18 % of the total input
power.
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Fig. 3.27. Simulation of propagation of a 10 uJ pulse through ten 0.5 mm plates. No Fresnel losses
are considered. (a) The FTL is inversely proportional to the plate number. The FTL after 10 plates
is 31fs. (b) The spatially integrated output spectrum after ten plates (red solid line). For comparison,
the output spectrum of propagating a 100 pJ, 250 fs pulse through ten plates (solid blue line) (¢) The
spatially resolved output spectrum after 10 plates. (d) Spectrally resolved beam profiles for 1030 nm and
1040 nm during propagation in the first air gap (FTL = 165fs). The broadened part emerging from the
beam center (bluish lines) diverges quickly while the unbroadened part (reddish lines) is focused first and
diverges slowly afterwards. The propagation length inside the gap is stated in the plot legend.

These observations suggest to apply the multiple-plate method which was demonstrated
in ref. 329 for spectral broadening of 25fs pulses with hundreds of MW peak power. A
similar method has been recently presented in refs. 62, 336-339 for several hundred Watts
of average power. Instead of using multiple plates, the focus behind a single plate (cf.
Fig. 3.18(b)) can be self-imaged such that a virtual multiple-plate pattern is created. It
is in any case remarkable that in all references fairly small spatial losses are reported
although the peak powers lie well above the critical powers of fused silica.

To explain this, another simulation algorithm was written. The simulation of the first
plate was done with optimization routine (ii). The simulation of propagation through an
air gap follows. The next plate is then set behind the focus in the air gap where the peak
irradiance is below the critical value. If the beam collapses in the plate, the length of the
air gap is extended. A sequence of ten 0.5mm thick plates was simulated for a 10 uJ,
250 fs input pulse. The evolution of the peak irradiance along the plate assembly is shown
in Fig. 3.18(b).

The simulation reveals a linear increase of bandwidth per plate. The FTL is inversely
proportional to it which is shown in Fig. 3.27(a). Intermediate compression after a few
plates would increase the slope dI(t)/dt and would thus lead to a stronger increase in
bandwidth per plate. Experimentally, this behavior is indicated in Fig. 3.22. The most
remarkable effect of the multiple-plate propagation is that the integrated spectrum re-
sembles the one which was achieved with the 1.2 uJ pulses. Hence, a significant reduction
of the spatial losses in comparison to the single plate approach could be achieved. This
is demonstrated in Fig. 3.27(b) and (c). While the broadened parts of the single plate
example (Fig. 3.26(c)) amount only 4% of the total power, about 40 % are broadened
in the multi-plate example. This can be attributed to the homogenizing effect of the air
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Table 3.1: Summary of FTLs and Spatial Losses®

pulse energy (uJ) 1.2 1.2 10 10 10
routine experiment (i) (i) (i) (iii)
number of plates 1 1 1 1 10
plate thickness (mm) 15 15 15 15 0.5
FTL (fs) 38 31 73 51 31
estimated spatial losses (%) 40 60 84 96 60

%The input pulse duration is 250 fs and the nonlinear material is quartz. The routines are explained in
the main text.

gaps which is visible in Fig. 3.27(d). The central, broadened parts diverge faster than the
unbroadened parts in the wings of the beam. Hence, the unbroadened parts move to the
most intense region of the beam and get broadened as well. The multi-plate routine was
also executed with 100 pJ pulses (no other input parameters were changed). Fig. 3.27(b)
shows an integrated spectrum similar to one with 10 xJ input pulses, i.e. the losses do
not significantly differ. Furthermore, the 10 uJ pulse energy simulations were repeated
with 0.2 mm thick plates. After ten plates, the FTL was 68 fs, the efficiency about 51 %.
After 20 plates, the FTL was 35fs and the efficiency about 44 %. Consequently, thinner
plates do not necessarily yield better broadening performance. Determining the ideal
plate thicknesses has not been subject of this work which mainly highlights the power
scalability of the bulk broadening concept to peak power levels far beyond the critical
power. The results for 1.2 uJ and 10 pJ pulses are summarized again in Table 3.1.

Eventually, the broadening in a single 0.5 mm plate was investigated. Routine (ii) was
repeated with a constant peak power of 40 MW and with input pulse durations of 1 ps,
500 fs, 250 fs, 125 fs, 68 fs, 34 fs, 19 fs, and 9 fs. The temporal grid spacing was adapted
correspondingly. All simulations yielded a broadening factor of about 1.5. Next, simula-
tions with 250 fs input pulse duration and pulse energies of 1 uJ, 3uJ, 5uJ, 10 ud, 30 ud,
50 1, 100 pJ, 300 pJ, 500 pJ and 1 mJ were executed. Also in this study a broadening
factor of about 1.5 was always found. It is inferred that purely SPM based bulk broaden-
ing is applicable to a wide range of input pulse durations and energies if the focus sizes
and the plate positions are chosen appropriately.

Discussion

The single stage broadening led to an unprecedented high broadening and compression
factor (about 6) and exhibited a much higher efficiency (about 60 %) than the initial
experiments of ROLLAND and CORKUM (compression factor about 5, efficiency about
4 %)3%. Tt was shown that a single plate experiment, where the peak power exceeds the
critical power, presents a trade-off between efficiency and broadening factor. This agrees
with the results of the coupled-mode theory®#2?°®. Additionally, it was found that higher
broadening factors come at the expense of compression quality if no tailored chirped
mirrors are available. In the presented experiments, the peak power of the pulses was
increased from 4.2 MW to 9.5 MW. With tailored mirrors a peak power of 15 MW would
be possible. Similar peak power enhancements of about a factor three could be reached
with the simulated multi-plate compression scheme for 10 pJ pulses.
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The single plate experiment is particularly attractive if only a small broadening factor
(= 2) is targeted, for instance to reach the few-cycle regime (cf. section 2.2.2). Moreover,
transferring the approach to other wavelengths is highly interesting. KREBS et al. per-
formed for example experiments in the UV at kHz repetition rates3®. Transferring the
experiment to MHz rates would require peak irradiances lower than 2 TW /cm? to avoid
ionization but is expected to be also possible due to the increased ny at shorter wave-
lengths. The bandgap of CaF, is about 12 eV, corresponding to a two-photon absorption
edge of about 200 nm. This is expected to be the shortest wavelength where bulk broad-
ening is possible. Similarly, the technique can be employed in the mid-IR range where
silica fibers are not applicable at all due to the limited transparency range of quartz and
soft glass fibers are limited to mW-level average power handling®*'. Huge broadening
factors have been already achieved by means of filamentation in a YAG crystal at about
1 W average power 342,

The possibility of WLC generation was shown. However, several drawbacks like the
dependence on the input pulse duration, the observed instabilities and the need for cooling,
resp., limit the applicability of filamentation for high power sources. Simulations with a
0.5mm plate show that purely SPM based broadening is applicable to any MW peak
power level and any pulse duration up to the ps order. Moreover, crystals that serve as
KERR media in TD oscillators withstand average powers of more than 1 kW?3%33° and
hence the approach is also average power scalable. Since multiple stage broadening allows
to access the few-cycle pulse regime, the method is expected to be employed in seed
generation of the third generation of femtosecond technology .

The decoupling of spatial and temporal nonlinear effects by means of introducing a guiding
structure was revealed to be essential for peak power scaling of the approach. While
first ideas of realizing this were rather complex3*3, the method proposed in ref. 330 is
simple and was already successfully applied for GW level pulses®?. The simulations
show that it can be transferred to SPM based spectral broadening and lower peak power
levels which match the current generation of fiber and innoslab amplifiers as well as TD
oscillators?7:32:58°61:335344 " The efficiency in the case of 10 uJ, 250 fs pulses was increased
from 4 % in the single plate geometry to 40 % in an assembly of ten 0.5 mm thick plates.
Further improvements are expected by optimizing peak irradiances, plate thicknesses and
distances to maximize the homogenization effect in the gaps. The 40 % efficiency is about
a factor of two below the efficiencies of fiber technologies. In the light of the rapidly
increasing peak powers of disk, fiber and slab sources, this factor appears compensable.
The FTL is inversely proportional to the number of plates if dispersion is negligible.
Simulations show that the broadening factor in a single thin plate is constant for a fixed
peak power, crystal length and damage threshold, i.e. independent of the input pulse
duration. This makes intermediate compression after a few plates attractive for achieving
very high compression factors.

In conclusion, spectral broadening in bulk material with average powers of 50 W was
demonstrated. Broadening and compression factors of about 6 with a single plate were
reached with a 60 % efficiency. When the results were presented for the first time, this
marked a unique combination of unprecedented high compression factors and efficiencies
together with an average power which is way beyond those of previously described bulk
broadening experiments3?>34%:343  During the past two years, the interest in bulk spectral
broadening has been rapidly growing and excellent efficiencies as well as broadening factors
have been achieved at 100 W-levels of average power 52336339
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The presented study has captured the evolution of temporal phase with respect to the
broadening factor was analyzed by means of FROG measurements and the coupling be-
tween spatial losses and broadening was investigated with respect to peak power by means
of full 3D simulations which reproduce the experimental results well. The trade-off be-
tween broadening factor and efficiency was pointed out as well as the limited peak power
scalability of the single plate approach. Moreover, the experiments showed that multiple
bulk broadening stages with intermediate compression allow to go from pulse durations of
about 250 fs to the few-cycle regime. Simulations predict that the SPM based approach is
also applicable for longer pulse durations which is important for Yb:YAG based amplifiers
and SESAM mode-locked TD oscillators.

The multiple thin plate approach is also applicable to pure SPM based broadening of
pulses with peak power levels beyond the power for critical self-focusing. It has been
demonstrated that the quasi guiding structure, introduced by air gaps between the plates,
leads to homogenizing of the spectrum over the beam area, and thus to significantly
reduced losses. Moreover, contrary to the single plate approach, simulations with the
multiple plate geometry show that the losses do not scale with peak power anymore.

Consequently, ionization-free bulk broadening has proved to be scalable not only in aver-
age power but also in peak power. Eventually, the noise properties of the approach have
been investigated. The intensity noise remained on the low level of the TD oscillator and
was independent of the broadening factor. This is in particular highly favorable in com-
parison to measurements performed after spectral broadening in kagomé-type HC-PCFs
(section 3.1.2). These findings combined with low costs, high robustness and alignment
insensitivity, make the approach extremely attractive for pulse compression of high peak
and average power light sources.

3.2.2 Efficient Pulse Compression in Self-Defocusing Bulk Media

Parts of this section have been published in:

M. Seidel, J. Brons, G. Arisholm, K. Fritsch, V. Pervak, and O. Pronin, “Efficient High-
Power Ultrashort Pulse Compression in Self-Defocusing Bulk Media,” Sci. Rep. 7, 1410
(2017).

Why going to self-defocusing nonlinearities?

In the previous section, it has been demonstrated that high losses are inherent to the
propagation of an intense Gaussian beam in a long KERR medium if the peak power
of the ultrashort pulses clearly exceeds the critical power of the material. It has been
explained that quasi-guided waves overcome this issue and that multi-pass or multi-plate
approaches can extend bulk broadening to a huge peak power range with efficiencies of
at least 40 % (cf. refs. 329, 330, 336). This section demonstrates a different approach
to efficient ultrashort pulse compression in bulk material. To motivate it, Figs. 3.18 and
3.26 shall be reconsidered. On the one hand, through the combination of self-focusing
and beam divergence higher b-integrals, and thus higher phase shifts in the beam center
could be reached than without applying any divergence to the beam. But on the other
hand, this approach also induced increased spectral inhomogeneity since the beam wings
were quickly diffracted out of the intense region where SPM happened. This behavior can
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be illustrated by a qualitative ray optics description which is based on a simple model
proposed by R.Y. CHIAO et al.'%%3%. The initial model was used to find a threshold
for self-trapping of optical beams. It treated the laser beam as a step-index fibre-like
waveguide with a cladding of refractive index ng and a core of refractive index ng + nsl
where [ is the laser irradiance. This led to a good approximation of a medium’s critical
power. Here, the laser beam is treated as a graded-index waveguide with the refractive
index profile

n(r) = no + nel, exp {—27’2/11)2} : (3.20)

where I, is the peak irradiance, r the distance to the beam center and w the beam radius
at the front facet of the nonlinear crystal. Typically, ray tracing in graded index optical
elements is performed by applying FERMAT’s principle. For cylindrical symmetry, this
leads to the equation?4

d*r 1 dn(r)  1dn(r)  4nol,
dz2 " n(r) dr " ng dr  w?ng

rexp{—?rQ/wz}, (3.21)

where z is the propagation length inside the crystal. The differential equation was solved
numerically with a RUNGE-KUTTA method. It is to note that no z-dependence was
assigned to I, and w which is a strong approximation since the beam size is changing
inside the crystal. Appendix A.3 shows how to transform Eq. (3.21) from a differential to
an integral equation where I, and w could be readily recalculated after each propagation
step. For the qualitative discussion at this point, the approximation of constant I, and w
is, however, sufficient.

Ray packet equivalents (consisting of 100 rays each) of three Gaussian beams!®' were

launched. Their propagation through a 10 mm thick nonlinear crystal was modeled by
means of Eq. (3.21). The rays are plotted in Fig. 3.28. Fig. 3.28(a) presents the modeling
of the self-focusing example similar to the one presented in Fig. 3.26(c). The laser beam
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Fig. 3.28. Model for 100 rays describing a Gaussian beam. The darker the rays the larger the initial
distance to the optical axis. (a) Self-focusing nonlinearity and beam divergence: The central rays stay
close to the optical axis while the outer rays diverge strongly. (b) Self-defocusing nonlinearity and
beam convergence: The inner rays are diffracted out of the inner beam region while the outer rays move
towards the beam centre. (c) Self-defocusing nonlinearity, no divergence: the mixing of outer and inner
rays is clearly reduced in comparison to (b). For all cases, an initial peak irradiance of 200 GW /cm? was
assumed.
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is focused to a waist of 20 um. In analogy to the simulation that will be presented later in
this section, a BBO crystal with ny = +8 - 107'%cm?/W is placed at zyi, = 4z where zp
is the RAYLEIGH length. The rays which are initially in the beam center (red rays) remain
in this most intense region due to the self-focusing effect. Therefore, they undergo strong
SPM while the rays which are initially in the wing of the beam (black rays) hardly notice
the self-focusing effect, diverge strongly, and thus do not undergo SPM. This behavior is
qualitatively in excellent agreement with the simulation result of Fig. 3.26(c). The central
part of the beam is spectrally broadened while the spectrum of the wings is not affected
by the nonlinearity of the crystal.

In the presented model, divergence and nonlinearity can easily be inverted, i.e. beam
convergence is combined with self-defocusing. An example is shown in Fig. 3.28(b). The
ny is set to —8 - 107%m? /W and 2y, = —72x. The rays behave fundamentally different
from the self-focusing example. The initially central rays are strongly diffracted and cross
the rays from the wings within the defocusing medium, i.e. they undergo SPM only
at the beginning of the crystal while the rays from the wings will spectrally broaden
towards the end of the crystal. This leads to the homogenization effect in the case of
combining self-defocusing and beam convergence. The impression that the rays in the
beam center vanish is attributed to the fact that wy and I, are kept constant along the
beam path. Full 3D simulations that are presented later in this section will demonstrate
that no “donut-shape” beam is generated. Finally, the case of self-defocusing without
divergence is studied in Fig. 3.28(c). The peak irradiance is set to 200 GW/cm? and
ng = —8-107%cm? /W like before. Fewer rays cross within the crystal. Basically, only the
initially centered rays undergo SPM in the beginning of the nonlinear medium. The rays
from the wings diffract slower, but they do not propagate towards the beam center due
to the missing convergence. In conclusion, the simple ray model provides an illustrative
picture that combining beam convergence with self-defocusing nonlinearity leads to an
homogenization effect in bulk broadening. This idea will be supported by more rigid 3D
simulations. Beforehand, the question on how to achieve self-defocusing nonlinearities,
i.e. negative ny values, will be addressed.

Cascaded quadratic nonlinearities in BBO

From linear optics, it is known that negative susceptibilities occur on the high frequency
side of resonances. For a known absorption spectrum, these can be derived by virtue
of the KRAMERS-KRONIG relations. Similar behavior has, for instance, been observed
for the optical KERR effect in semiconductors??. Although KRAMERS-KRONIG relations
can only partially be applied in nonlinear optics'®%, a clear relation between n, dispersion
and the two-photon absorption spectrum was found?*°347. For high-power TD oscillators,
the involvement of real absorptions, often causing thermal instabilities (cf. the notes on
WLC generation in section 3.2.1), is preferably avoided. However, for achieving effective
nonlinear refractive indices, virtual absorptions can be exploited, too. “Virtual” means
that light is converted to another frequency but not to a real excitation, e.g. in second
harmonic generation (SHG). Supplement 3 will investigate the refractive index change
induced by phase-mismatched SHG by means of the KRAMERS-KRONIG relations. The
intuitive derivation results in the correct magnitude of ny but misses the m phase-shift
which occurs when light is converted from the fundamental to the SH (and back, resp.) %,
and hence predicts the wrong sign. The phase shift is inherently included in the derivations
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Fig. 3.29. (a) Type I phase-matching curve for BBO. The dashed line shows the phase-matching angle,
0 = 23.5°, for 1030 nm, the pump wavelength. It corresponds to the angle the utilized BBOs were cut at.
The grey-shaded area implies a negative ngcas). (b) The effective nonlinear refractive index of BBO for
1030 nm upon phase-mismatching. The red dashed line shows the angle at which the BBOs were operated.
It corresponds to ng = —8-1071%ecm? /W. For comparison, néKe”) of BBO and FS are indicated. (c) The
calculated dispersion of the effective nonlinear refractive index for the tuning angle 6 = 21.5°.

of the cascaded quadratic effect by means of the coupled nonlinear wave equations3#®.

They result in a cascaded y® nonlinear refractive index, given by:

(cas) 4 dgﬁ
= — 3.22
" €0CoAF NsgnEAk’ (3.22)

where the vacuum permittivity is denoted by €, ¢ is the speed of light in vacuum, Ap
the wavelength of the fundamental, deg the effective y®-nonlinearity, ngg and ny the
refractive indices of the second harmonic and the fundamental, resp. Finally, Ak de-
notes the angular wavenumber mismatch or, in other words, the phase-mismatch per unit
length. Fig. 3.29 displays magnitude and dispersion of the effective nonlinear refractive
index for phase-mismatched quadratic nonlinearities near the type I second harmonic
resonance of BBO. Fig. 3.29(a), which is calculated from the SELLMEIER equations in
ref. 349, shows where this resonance occurs, i.e. for which tuning angle 6 the SHG process
is phase-matched, and indicates the regions of positive and negative ngc“>. The curves in

Figs. 3.29(b) and (c) have been calculated from Eq. (3.22) and a constant KERR nonlinear-

ity which was assumed to be isotropic and was set to S~ = 4.10~16cm? /W if not explic-

itly stated differently. Literature values, however, vary between 4 and 7-10~1%cm? /W35,
Fig. 3.29(b) demonstrates that BBO crystals must be tuned near resonance to achieve a
defocusing nonlinearity at 1030 nm which implies dispersion of the ny as Fig. 3.29(c) il-
lustrates. The values A\p = 1030 nm, deg ~ —2pm/V3! ngy = 1.658 and np = 1.655 are
used to estimate the cascaded quadratic nonlinearity in the experiments and simulations
which will be presented afterwards. From these values follows:

2
15CIM

n{™ ~ —1.2.10" - (3.23)
4

Ak = )\—(nSH —np) ~ 11.77/mm. (3.24)
F

The magnitude of the cascaded nonlinear refractive index induced by cascaded x® pro-
cesses is about three times higher than the KERR nonlinearity of BBO at 1030 nm. Con-
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sequently, the effective nonlinear refractive index
na(0, \) = nS 1+ nl (0, )), (3.25)

is about two times larger in magnitude. Note that KERR and cascaded y?-effects are
fundamentally different. Only the latter one can be varied in magnitude and sign via
tuning of the crystal angle 6, i.e. the phase-matching of the incoming beam and its
second harmonic. Moreover, it exhibits a much stronger wavelength (\) dependence than
the KERR effect near the phase-matching angle for SHG.

Simulations investigating spatial properties

The initial motivation of negative nonlinear refractive indices, explained with the ray
optics model, shall be studied in a more quantitative fashion by means of the simulation
tool that has been used to investigate the coupling of spatial and temporal nonlinear effects
in the previous section on KERR effect-based bulk broadening. As an example, spectral
broadening of the KLM TD oscillator output is examined which is later also demonstrated
experimentally. The spatial grid of the simulations was set to 128 x 65 points with a size of
5pm x 5 pm. Half of the x-y plane was simulated. The temporal grid had 512 points with
5fs spacing and the center frequencies near the fundamental (300 THz) and the second
harmonic (600 THz) were factored out. The waves are propagated in frequency domain,
and hence the simulations implicitly include self-steepening effects that arise from y?
and y®) effects?2.

Fig. 3.30 compares the case of a self-defocusing nonliearity and beam convergence ((b) and
(c)) with self-focusing in combination with beam divergence ((d) and (e)). Convergence
and divergence refer to the front facet of the nonlinear crystal which is displaced from
the focal plane by zpni, (Fig. 3.30 (a)). Beam convergence, peak irradiance at the BBO
entrance facet and crystal length in the self-defocusing case are similar to the ray model
parameters and the experimental conditions which will be explained later in this section.
For an incident power of 90 W, a FTL of about 75fs is reached for both the simulation
of positive and negative effective n,. A first significant difference is the dependence
of the maximal peak irradiance inside the crystal on the incident power. In the self-
defocusing case, the peak irradiance rises sub-linearly (Fig. 3.30(b)). By contrast, the
irradiance increases first linearly in the positive ny case (Fig. 3.30(d)), but at about
100 W of average power rapidly rises, indicating beam collapse which would ultimately
lead to crystal damage. The soft optical-limiting behavior in the self-defocusing case is
favorable since it makes the broadening less susceptible to irradiance fluctuations and more
robust against damage. The most crucial difference becomes apparent in Figs. 3.30(c) and
(e). While in the self-focusing case only the central part is spectrally broadened and the
incident spectrum around 1030nm is spread out in space, in the self-defocusing case
such a wavelength dependent spatial distribution is not observed, but the whole beam
is spectrally broadened. In both cases, the influence of spatial walk-off becomes visible
which is a disadvantage of critically phase-matching the birefringent crystals. That is
also why half of the beam plane has been simulated, contrary to Fig. 3.26 where only a
quarter of the full plane was considered. Nevertheless, the simulation results clearly point
out the advantages of combining self-defocusing with beam convergence.
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Fig. 3.30. Simulations with an incoming 180fs sech?-pulse, focused to a beam diameter of 40 ym (in
absence of nonlinear refraction): (a) Sketch of the simulation parameters. The tuning angle 6 was
varied to achieve self-defocusing and -focusing, resp. The effective nonlinear refractive indices were
ny = F8-1071%cm?/W. They resulted from the sum of KERR and cascaded x@-effects in both cases.
A hypothetical ngKe”) = —4-1071%cm? /W was set in the self-focusing case to match the magnitudes of
the contributions to ns. The distance from the crystal front facet to the focal plane was znin = —72r
(-8.5mm, illustrated in the figure) in the defocusing and zpyin = 42r (4.9 mm) in the focusing case. This
has been chosen to match FTL and peak irradiance at 90 W incident power. The RAYLEIGH length zp
was about 1.22 mm, the crystal length 10 mm. The beam radius is denoted by r. The red arrows indicate
the propagation direction (z-axis). (b) Dependence of the maximal peak irradiance inside the crystal and
the FTL of the pulses on the incident power for negative effective ny and beam convergence. (c¢) Spectral
power distribution in dependence on the x-position with respect to the beam center for negative effective
ny and beam convergence. (d) Dependence of the maximal peak irradiance inside the crystal and the
FTL of the pulses on the incident power for positive effective ny and beam divergence. (e) Spectral
power distribution in dependence on the x-position with respect to the beam center for positive effective
ng and beam divergence. (c) and (e) show line-outs at y=0pum for 90 W incident power. The average
power values refer to the experimental repetition rate of 23.8 MHz.

In order to investigate the sensitivity of the pulse compression scheme on the alignment
of the BBO crystals, simulations with different phase-matching angles and varied crystal
positions were conducted. The simulations refer again to the KLM TD oscillator output
which was used for the experimental demonstration of spectral broadening by means of
cascaded quadratic nonlinearities. The results are shown in Fig. 3.31. In Fig. 3.31(a) the
tuning angle is fixed to § = 21.5°, i.e. the effective n, is approximately —8-1071¢ cm? /W.
The crystal length is 10 mm which corresponds to about 8 RAYLEIGH lengths. If the
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Fig. 3.31. (a) Dependence of the FTL and the maximal peak irradiance inside the 10 mm thick crystal
ON Zmin- The RAYLEIGH length zg is 1.22 mm for a beam waist of 20 ym. The tuning angle 6 is fixed to
21.5°. (b) Dependence of the FTL, the maximal peak irradiance inside the crystal and the SH losses on
the tuning angle 6 for a fixed 2z, = —7 2R-

ny was 0, the maximal peak irradiance inside the crystal would be about 3 TW/cm?
for zyi, between -8 and 0 zg. This would lead to crystal damage. It is to note that
the critical irradiance has not been measured for the oscillator parameters. For BBO,
it is specified to be 40 GW /cm? for tens of ps pulse duration3*? while tens of TW /cm?
did not damage the crystal when 4fs pulses were used®*. For the utilized high-power fs
system, a damage threshold of several hundreds of GW /cm? is estimated. Crystal damage
was observed upon detuning of the crystal angle by a few degrees. The self-defocusing
effect strongly reduces the maximal peak irradiance inside the crystal to only about 6 %
of the free-space value if z,;, = —7zr. This, however, depends on the tuning angle as
Fig. 3.31(b) shows. The slope of the maximal peak irradiance in dependence on the tuning
angle is about -75 GW/cm?/° in the vicinity of § = 21.5°, i.e. the angle has to be set
carefully before power is sent into the broadening crystal in order to avoid its damage.
The generated second harmonic provides a good measure for the tuning angle. In the
experiment, about 2% (1.8 W) of 90 W were converted to green light in a 10 mm thick
crystal. The FTL of the broadened pulses is also very sensitive to the tuning angle as
Fig. 3.31(b) indicates. In the vicinity of § = 21.5°, the slope is -30fs/°. It is remarkable
that the peak irradiance grows with the F'TL. This is due to the tuning angle dependence
of ns. An increase in 6 leads to a higher absolute value of the nonlinearity, subsequently
to a lower FTL as well as to stronger self-defocusing, and thus to a reduced maximal
peak irradiance inside the crystal. Peak irradiance and the broadening factor are also
strongly dependent on the crystal position with respect to the focal point. In the graph
shown in Fig. 3.31(a), crystal damage is expected if zy;, is in the interval between ~ +4
RAYLEIGH lengths. If the crystal is positioned behind the focus, the broadening factor is
relatively low. In the shown example, the best positions for operation are between -8 and
-4 zr where sub-100fs FTLs are predicted whereas the peak irradiances are kept below
the damage threshold. In the experiments described in the following, z,;, & —10mm was
chosen which enabled a relatively clean pulse compression by compensating for first order
chirp only. The presented simulations helped finding an appropriate setting for the initial
measurements. After having established the reported configuration, the setup has been
operated for several months on a day-to-day basis without the need of major changes.
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100 W, 190 fs
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Fig. 3.32. (a) Photo of oscillator and compression chamber. The larger housing contains the KLM
TD oscillator. The smaller housing contains the compression setup which is sketched in (b): The power
sent to the BBO crystals was controlled by the half-wave plate (A/2) and the thin-film polarizer (TFP).
The beam was steered by pairs of 45° HR mirrors. All lenses (L1-L6) were plano-convex, AR coated
fused-silica lenses. The chirped mirrors (CM) exhibited a GDD of +2000fs?. The two sapphire plates
were 5 mm thick and placed at BREWSTER’s angle. The BBO crystals were mounted on a translation
stage and could be rotated in the vertical direction for the purpose of angle-tuning. BBO 1 and BBO 2

were 10mm long and BBO 3 6 mm. The apertures were 7x 7 mm?.

Experiments

The compression experiments were performed with pulses emerging from a commercial-
grade KLM TD oscillator (UltraFast Innovations GmbH), not with the oscillator used in
all other presented experiments. The laser was mainly assembled by JONATHAN BRONS.
It was set-up in a monolithic aluminium housing which had a footprint of 145 cm x 70 cm.
The housing itself and all optics mounts inside were water-cooled. Moreover, the oscillator
could be aligned without opening the housing. This allowed stable operation (power
RMS ~ 0.5 %, calculated from 5000 samples, 1 sample/s). The oscillator delivered 190 fs
sech®-pulses (measured with an autocorrelator) with 4.2 uJ energy at a repetition rate
of 23.8 MHz. This corresponds to an average power of about 100 W. The oscillator was
set-up according to the principles described in ref. 59. A photograph of the laser is shown
in Fig. 3.32(a).

The compression chamber consisted also of a monolithic, water-cooled housing. It had a
footprint of 70 cm x 55 cm and contained three sequential pulse compression stages. The
setup is sketched in Fig. 3.32(b). The crystals were water-cooled. Their temperature
was between 25 and 30°C in thermal equilibrium at 90 W input power. The spectral
broadening was achieved in BBO crystals which were chosen because they have been
available at excellent commercial grade from multiple suppliers and they combine high
damage threshold with reasonable nonlinearity. The negative uniaxial crystals were cut at
the angles 6 = 23.5° and ¢ = 90°. This corresponds to the phase-matching angle for SHG
of 1030 nm with nearly maximized quadratic nonlinearity. By rotating the crystal, the
phase-matching angle 6 was tuned to about 21.5° which resulted in the cascaded nonlinear
refractive index calculated in Eq. (3.23).

About 90 W were focused with a 60 mm focal length lens into a 10 mm long BBO crystal
whose front facet was placed about 50 mm behind the lens. The broadened spectrum was
compressed by two bounces off chirped mirrors with 42000 fs> GDD. The semiconductors



Efficient Pulse Compression in Self-Defocusing Bulk Media 103

b c
(a) 100: T @ T T T I — ( ) 1 — T T () 500
] ‘ - - - 190 fs sech’
! 1% stage '
e —— 2" stage !
10) y I
= ——3" stage I
20 - ,
= 107 4 ! {5 )
= ] I 2 0.6+ !
® : & At=30fs
& i | B 1 ]
® N = 04+
N ' @ =
T 1074 1 { E
S :
1
= . 0.2
I
'
I
F[(5nS  S N EUN S - 0.0
950 1050 1150 -400

wavelength (nm) time (fs)

Fig. 3.33. (a) Broadened spectra measured with an OSA. (b) Retrieved FROG traces with 97 fs (black
line), 50fs (blue line), 30fs (red line) full widths at half maximum. The legend applies to (a) and (b).
As a reference a sech?-shape spectrum and pulse corresponding to the oscillator input is shown. (c) M?
measurement of the beam behind the third broadening stage. (d) Focused beam profile extracted from
the M? measurement shown in (c).

ZnSe, ZnS and TGG were also tested to compensate the down-chirp of the pulses but they
adversely affected the beam profile at high average power. The compression factor was
adjusted to about 2 which results in low power in the pulse pedestals if only first order
chirp is compensated (cf. Fig. 3.21(a)). In the following stage, the pulses were focused
with an f = 50mm lens into another 10 mm BBO crystal. Since the absolute value of
GDD required for pulse compression decreases with increasing bandwidth (cf. Suppl. 2),
utilizing the normal dispersion of two 5 mm thick sapphire plates was sufficient to reduce
the pulse duration to about 50fs. In this case, no beam distortions were observed. In
the final stage, an f = 100mm lens and a 6 mm BBO were utilized. No additional
dispersive optics for pulse compression were needed because the positive group velocity
dispersion (~ 48fs?/mm at 1030nm) in combination with the negative nonlinear phase
shift self-compressed the pulses to about 30fs. A 10mm long BBO was tested as well,
but self-compression already happened inside the crystal, resulting in a chirped output.
The collimated beam diameters were about 1.8 mm, 1.8 mm and 2.4mm in front of the
first, second and third broadening stages, resp. and zp;, =~ —10mm in all stages. Due
to the nonlinear defocusing, the waist sizes could not be measured directly. According
to the simulations presented in Fig. 3.30, it is expected that peak irradiances of about
180 GW /cm? were reached inside the first crystal at full power. Due to the higher peak
powers and similar focusing geometries in second and third stage, the peak irradiances
were increased correspondingly for the shorter pulses.

The spectra, measured with an OSA, and the pulses, retrieved by SH-FROG measure-
ments, are shown in Fig. 3.33. The compression results are also summarized in Table 3.2.
After the third broadening stage, the long wavelength edge of the spectrum was close to the
second harmonic resonance. This could be observed through the emergence of weak, visi-
ble red radiation. It is inferred that further spectral broadening would require a stronger
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Fig. 3.34. (a) measured and (b) retrieved FROG traces of the compressed pulse after the third broad-
ening stage. The scale is logarithmic. The retrieval grid was 512 x 512, the delay spacing 2fs and the
wavelength spacing 0.26 nm. The FROG error of the retrieval was 0.3%. (c¢) Spectrum measured with
an OSA compared to retrieved FROG spectrum of the trace from (b). The scale is also logarithmic.
The homogeneity of the beam is evidenced by the excellent agreement between the FROG and OSA
spectrum. Since the FROG contains an only 10 ym thick BBO crystal, it behaves like a spatial filter (cf.
Fig. 3.23(b)). (d) Instantaneous power of the 90 W average power oscillator output pulses (black line),
the 70 W average power compressed pulses after the third stage (red line) and the simulated pulses which
were compressed by two bounces off chirped mirrors with tailored GDD (blue line)

detuning from the second harmonic phase-matching angle, and thus a reduced magnitude
of the defocusing nonlinearity. Scanning the far-field beam profile with a multimode fiber
connected to an OSA revealed very good beam homogeneity. This was experimentally
also confirmed by the good agreement between the spectrum measured with the OSA and
the one retrieved from FROG which is shown in Fig. 3.34(a)-(c). About 70 W of average
power were emerging from the third BBO. The remaining 20 W were partly converted
into the second harmonic (about 2% per stage) which was mainly transmitted through
the 45° HR mirrors. The majority of the losses arose from the 30 interfaces the beam
had to pass. Each stage exhibited an efficiency between 90 and 93 %. This resulted in an
efficiency of more than 75 % and a compression factor of more than 6 which is akin to fiber
broadening results. The polarization extinction ratio was better than 1:30. A peak power
of 60 MW was reached. Fig. 3.21(d) shows that additional control of the phase of the
output pulses would lead to a further increase of peak power from 60 MW to 75 MW. The
simulation utilized the FROG retrieval shown in Fig. 3.34(b) and added the GDD of the

Table 3.2: Summary of the presented pulse compression experiments.

FTL added GDD* measured pulse duration peak power

15t stage” 82fs 4000 fs? 97 fs 27 MW
2nd stage 50 fs 360 fs? 50 fs 45 MW
3'd stage  25fs 0 fs? 30fs 60 MW

@ An additional GDD of ~ 80 fs? is added by the collimation lens after each stage.
b For comparison, the simulation of the 15¢ stage yielding the spectrally resolved profile shown in
Fig. 3.30(c) resulted in a 74 fs FOURIER transform-limit.
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tailored mirrors used in KERR effect-based bulk broadening experiments of section 2.2.2
(cf. Fig. 2.13(b)).

In addition to the characterization of the pulses, an M? measurement in accordance to
the ISO Standard 11146 was performed with a WinCamD M? stage. The M? factor
in horizontal direction was M7 = 1.2 and clearly better than that in vertical direction
M? = 1.6 (Fig. 3.33(c)). This is attributed to spatial walk-off in the birefringent crystals.
Nevertheless, the beam can be focused well as Fig. 3.33(d) shows. Most remarkable, no
self-diffraction rings like observed in positive no-based spectral broadening were detected
as predicted by the crude ray model and the simulation results presented in Fig. 3.30.

Discussion

The initial experiments on spectral broadening in BBO already pointed out in a brief state-
ment that nonlinear beam distortions became only visible in the self-focusing regime3.
However, these experiments were conducted with a Ti:sapph-based laser system, operat-
ing at much lower average power but about 4.7 GW peak power. Hence, the 17 mm long
BBO crystal could be placed in a collimated beam, and thus the RAYLEIGH range clearly
exceeded the crystal length. Beam distortions in the self-defocusing regime became appar-
ent and were explicitly stated in experiments with about 100 MW peak power3*. i.e. in a
peak power range where the latest generation of mode-locked TD oscillators operates. The
issue was addressed by utilizing flattop beams which do not exhibit a continuous spatial
gradient and therefore should be homogeneously spectrally broadened®”. Although the
beam homogeneity improved, adding a beam shaper also added complexity to the setup
and introduced losses of about 30 %. Moreover, beam shaping will be complicated owing
to the average powers on the order of 100 W. Therefore, the proposed method of combin-
ing beam convergence and nonlinear self-defocusing presents a novel, elegant alternative
to achieve efficient pulse compression in bulk material.

If the bulk broadening technique presented here is compared to KERR effect-based ap-
proaches, it shares the previously highlighted advantages over fiber-based methods. In
addition, the compression scheme presented here exhibits efficiencies comparable to fiber.
Furthermore, the scheme allows to use dielectric materials to compensate chirp or even
to achieve self-compression. This has been studied for cascaded quadratic nonlinearities
of BBO in more detail in refs. 356, 358. Utilizing the cascaded y?-effect exhibited also
a few drawbacks: Firstly, the M? factor in the direction of the extraordinary crystal axis
increased from 1.1 to more than 1.6. It is expected to improve if the crystals are cut for
normal incidence, i.e. at § = 21.5° instead of § = 23.5°. However, the spatial walk-off
is intrinsic due to the need for critical phase-matching for BBO. If periodically poled
nonlinear crystals like PPLN or KTP are used, the problem of walk-off could be avoided.
Pulse compression in PPLN was predicted for 100 fs, nJ-level pulses at 1550 nm?3%° (type
0 phase-matching) and experimentally demonstrated for 110fs, 30 uJ pulses at 1560 nm
(type I phase-matching)3®°. For more energetic pulses, LBO presents also an alternative
to BBO. The walk-off at room temperature is about a factor 7 smaller and non-critical
phase-(mis-)matching at 1030nm can be achieved by heating the crystal®*!. But the
quadratic nonlinearity is also reduced by 60 % in comparison to BBO and the dispersion
of negative effective ny is stronger at 1030 nm. Furthermore, tandem crystal geometries
like employed in optical parametric amplifiers or oscillators®%? could reduce the spatial
walk-off in the setup. A second drawback is the relatively complex initial alignment owing
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to the interplay of crystal angle, crystal length and crystal position with respect to the
focal point and spot size. Thirdly, the cascaded y?-nonlinearity is dispersive, and thus
the generation of few-cycle pulses may require to reduce the absolute value of the effective
n93%% or the combination with KERR effect-based bulk broadening in a multi-plate assem-
bly 62329363 or multi-pass cell336:337339  However, this also strongly depends on central
wavelength and pulse energy as few-cycle pulse generation has already been shown for
different laser parameters?3°6:364:365,

In summary, spectral broadening based on cascaded x®-nonlinearities was performed at
unprecedented high average power levels of 90 W. The previously reported experiments
were done at kHz repetition rates and high average power applications were only subject
to simulations®®®. An increase in peak power from 18 MW to 60 MW was demonstrated.
This shows that the limited efficiency of single-stage KERR effect-based bulk broadening
has been overcome by the cascaded x® approach.

Supplement 3: Derivation of the cascaded quadratic nonlinearity induced refractive

index by virtue of KRAMERS-KRONIG relations

The equation (3.22) was derived in ref. 348
by solving the coupled wave equations of fun-
damental (subindex F) and second harmonic
(subindex SH) propagating through a nonlin-
ear crystal. An alternative, mathematically
not as stringent, but physically perhaps more
meaningful derivation is shown in the follow-
ing.

The relation between fundamental and SH
power can be found in many textbooks.
The derivation is presented for instance in
ref. 183. (Note that the prefactors in the
wave equation vary from textbook to text-
book and dependent on the definition of the
complex electric field.) In the Handbook
of Nonlinear Optics®6”, the expression for a
weakly depleted (plane) fundamental wave is
given by:

8m2d2zL?

2 2
egnFnSHco/\F

x sinc?(AkL/2),

Pgy/Pr = Ir

(3.26)

where Pp /sy denotes the power of fundamen-
tal/SH, deg the effective quadratic nonlinear-
ity, €0 the vacuum permittivity, np sy the
linear refractive indices of fundamental/SH,
L the crystal length, Arp the fundamental

wavelength, ¢o the vacuum speed of light and
Ak = ksy — 2kp the wavevector mismatch.
In the case of phase-mismatched propaga-
tion in a crystal which clearly exceeds the
coherence length of the three-wave interac-
tion (like in the presented experiments), the
sinc?-function is close to 0, and can thus be
approximated by the DIRAC--distribution:

sinc?(AkL/2) = sinc?([ksu/2 — kr]L)

T

= Z(S(kp — ksu/2). (3.27)
By means of Egs. (3.26) and (3.27), the
power of the fundamental can be expressed
as:

8m3d?
Pe(L)~|1— ———<ff 7
F( ) eon%nSHC()/\% F
x 0(kp — ksu/2)L] Pr(0) (3.28)
=[1 — a(Ip, Ak)L] Pr(0). (3.29)

Eq. (3.29) exhibits the shape of BEER-
LAMBERT’s absorption law for small deple-
tion, i.e. where exp{—aL} ~ 1 — aL. Sub-
sequently, the SHG can be interpreted as an
irradiance dependent resonance which is tun-
able by means of phase-matching (cf. red
solid line of Fig. 3.29(a)).
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The relation between absorption and
refraction is usually described by the
KRAMERS-KRONIG relations which are
quite common in linear optics, but can,
to some degree, be extented to nonlinear
optics as well'®®. The nonlinear absorp-
tion is related to the nonlinear refractive
index change An by34":

Co
s

An(w) /0°° Aaw)

dw’
w/2 _ w2 2

(3.30)
where P is the CAUCHY principal value, w
as well as W’ are angular frequencies and
A the induced change in comparison to
the linear behavior, i.e. Ip — 0. With
the substitutions

W

Co

8m3d2g
—— = [ t2
" conZngucoAd (3:32)

relation (3.30) translates into
ng o0 H(S(k/ = kSH/Q)
Anks) = “£P /0 e

(3.33)
~ IF " (3.34)

7 (ksu/2)? — k2’

where the occurrence of the DIRAC-6-
distribution made the usual integration
over a closed loop in the complex plane
(cf. e.g. refs. 156, 347) unnecessary. The
denominator of the latter equation is fur-
ther simplified:

(ksu/2)* — k& = (ksu/2 — kr)(ksu/2 + kp)
(3.35)

Finally, Egs. (3.32) and (3.35) are inserted
into Eq. (3.34):

KA
An(Ak) = 5575
Am G
= € I .
€0CoAr nEnsgAk F, (3:36)
(cas)

which reproduces Eq. (3.22) for n,
to a minus sign.

up

If the cascaded x® process is consid-
ered in the simple picture presented in
ref. 169, the result nevertheless appears
correct: The SH is generated in a first
step, it travels faster (Ak < 0) or slower
(Ak > 0) than the fundamental in a sec-
ond step and is converted back again in
the final step. This would imply a fo-
cusing behavior for Ak > 0 and a defo-
cusing behavior for Ak < 0 as predicted
by Eq. (3.36). However, STEGEMAN ar-
gues that this simple picture ignores the
7w phase shift the back converted funda-
mental experiences. If Ak = 0, this en-
sures the depletion of the fundamental,
and hence energy conservation of the SHG
process. The minus sign of Eq. (3.22)
can be explained if this interference ef-
fect is included in the simple picture of
the process. In a similar way one may ar-
gue that the cascaded x® process cannot
be exactly treated like linear absorption,
where a single absorbing dipole emits the
fundamental light with a 7 phase shift to
cancel out the incoming wave. Instead,
the cascaded process involves two radiat-
ing dipoles: the first one emits the second
harmonic and cancels out the fundamen-
tal whereas the second cancels out the SH
again and re-emits the fundamental.
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3.3 Power-scaling Carrier-Envelope-Phase Stabilization

Parts of this section have been published in:

M. Seidel, J. Brons, F. Liicking, V. Pervak, A. Apolonski, T. Udem and O. Pronin, “Carrier-
envelope-phase stabilization via dual wavelength pumping,” Opt. Lett. 41, 1853 (2016).

In section 2.3.2 the first CEP stabilization of a high-power TD oscillator was presented.
Phase-locking was achieved by means of loss modulation via an AOM. In the experiments
presented in the following, the same oscillator was utilized but without any additional
intracavity element which may cause thermal effects or adverse self-focusing. Instead, the
gain of the active laser medium was modulated. This is conceptually close to the most
common CEP stabilization techniques of Ti:sapph (cf. e.g. refs. 216, 218, 221, 226, 368),
fiber (cf. e.g. refs. 229, 231, 369) and low-power Yb-ion based solid-state lasers (cf. e.g.
refs. 228, 235, 370). Mimicking the stabilization schemes of the low-power oscillators is
not straight forward since the higher power levels lead to an increasing trade-off between
stability and modulation bandwidth. This trade-off shall be analyzed in more detail in
the following.

The experimental setup is sketched in Fig. 3.35. The oscillator and the precompression
stage are as before (cf. sections 2.2.1 and 2.3.2). Contrary to the AOM stabilization
experiments, the out-of-loop interferometer was not set-up. The in-loop residual noise
shown in Fig. 2.21 served as reference instead. A few changes to the f-to-2f interferometer
have been made (cf. Fig. 2.19). While a fiber with anomalous dispersion was used
before, an ANDi was utilized in the presented experiments to generate the octave spanning
continuum. The capability of generating very broadband spectra with this fiber has
already been demonstrated in Fig. 3.2 where it was pumped with the KLM TD oscillator
output. Unfortunately, a beat note could not be detected when the 250 fs pulses were
directly launched into the ANDi fiber. Although full coherence of the octave spanning
continuum was computed even for 300fs input pulses?0?, polarization instabilities may
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Fig. 3.35. Setup of the CEP stabilization scheme. Solid lines are optical, dotted lines electronic signals;
A/2 — half-wave plate, TFP — thin film polarizer, Ag — silver mirror, DM — dichroic mirror, BP 650
— band pass centered at 650nm with bandwidth AX = 10nm, 7 — delay stage to temporally overlap
fundamental and second harmonic, APD — avalanche photo diode, DPD — digital phase detector, PI?D —
servo controller, PLF — phase lead filter, PREAMP — low noise preamplifier
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have led to the loss of temporal coherence3™. This manifested itself through a strongly
increased noise floor of the RF spectrum analyzer and a resulting SNR of the repetition
rate signal of only 40dB (at least 60dB before). Yet, the reasons for the decoherence
are not fully understood. For instance, the spectra shown in Fig. 3.2 and in ref. 263
do not exhibit the typical strong modulation feature of noisy continua. Nonetheless, the
ANDiI exhibited a better stability during the time in which the servo controller settings
were optimized, i.e. over about half an hour. It is also expected that the amplitude-to-
phase noise coupling is lower than for the anomalously dispersive fiber since the spectral
broadening can be saturated. This was, however, not investigated experimentally. Due
to the absence of the soliton self-frequency shift3™ in the normal dispersion regime, a
bandpass centered at 650 nm instead of 680 nm, as used before, was utilized. Subsequently,
the PPLN could not be used for SHG anymore owing to the limited availability of poling
periods. Instead, a 1 mm thick, BBO crystal was utilized which could readily be angle-
tuned to double 1300 nm. The crystal has already been used in f-to-2f interferometers %225,
Even without an additional polarizer which projects the fundamental and the SH on the
same polarization axis, beat note SNRs of 35 - 40 dB (within 10 kHz resolution bandwidth)
were measured. Finally, the prism sequence shown in Fig. 2.19 was replaced by a pair of
mirrors. The first one was a HR mirror originally designed for the spectrum of Ti:sapph
lasers. It reflected the short wavelengths but transmitted the long ones which were delayed
and reflected by a silver mirror. This made the f-to-2f interferometer much more compact
than it was before.

To determine the feed-back loop requirements, the free beat signal was sampled by a fast
oscilloscope. The real signal was HILBERT transformed to perform an analytic contin-
uation to the complex plane in order to access the phase. Complex and real signal are
related by ™!

a(t) = a(t) + iH{a(t)}, (3.37)

where H is the HILBERT transform operator, a(t) the real and a(t) the complex beat
signal. The carrier-envelope-offset frequency is then derived by

feeolt) = 5= S {Infa(t)]}, (3.38)

where & denotes the imaginary part of the expression in braces. More details on the
numerical beat note analysis are presented in Supplement 4. In the experiment, the
oscilloscope sampling rate was set to 25 x 10° samples per second. By virtue of the
NYQUIST-SHANNON sampling theorem, instantaneous carrier envelope offset frequencies
up to 12.5 MHz could hence be detected. By adjusting the pump current, the f.., was
set to about 11 MHz. The spectral resolution was given by the measurement time of an
oscilloscope trace. It was set to 0.5s resulting in a 2 Hz frequency spacing. The residual
noise of the locked CEP was determined with this numerical method and the previously
used DPD. The agreement was good, as the inset in Fig. 3.36 shows. This proves the
accuracy of the numerical method.

The IPN of the free-running beat note is shown in Fig. 3.36. A phase noise of 100 mrad
is accumulated after an observation time of 30 us. This noise value shall be taken as
reference because in many CEP sensitive time-domain applications a sub-radian residual
noise is desired. Consequently, the feedback loop requires a bandwidth of at least 30 kHz.
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Fig. 3.36. IPN of the free-running beat note. The blue lines display the characteristic frequency
where 100 mrad phase noise is accumulated. The red curve displays the characteristic frequency which
approximately corresponds to the upper state lifetime of the Yb3* ions. The inset shows two consecutive
measurements of the in-loop phase noise while feedback was applied to the pump diodes. The solid black
line presents an analysis with the numerical method, the dashed green line with the digital phase detector.

To implement this is challenging because: (i) the power supply of the pump diodes has
to provide more than 400 W of electrical power and should also exhibit a flat modulation
response. Furthermore, (ii) the low-pass filter function of the gain medium due to the
~1ms upper state lifetime of the Yb ions has to be overcome.

Challenge (i) was addressed by a dual-wavelength pumping scheme. In section 2.3.1,
strong efforts were taken to pump the KLM TD oscillator with a highly stable power
supply. The demand to modulate this supply over a bandwidth of at least 30 kHz is in
contradiction to this. However, the modulation depth that was needed to manipulate the
carrier-envelope-offset frequency is very low as discussed in section 2.3.2. A frequency shift
of 350 kHz, which is the standard deviation of the beat note shown in Fig. 2.19(b), was
accomplished by a pump power change of only 88 mW (assuming 40 % slope efficiency
at about 45 W output power), corresponding to only 0.04 % of the total pump power.
Subsequently, another supply with less power but with the capability of broadband mod-
ulation was added to accomplish CEP stabilization. The combination of both supplies
was realized by pumping the zero and the first phonon line of the *Fs /5 - >F7 /5 transition
of the Yb3* ions in parallel. Pump diodes operating at 940 nm were driven by the stable
high-power supply (ILX Lightwave LDX-36000) while a second diode unit, radiating at
969 nm, was driven by a low power supply. Two devices were tested: Thorlabs ITC4020
and ILX Lightwave LDX-32420. The former exhibited a broader modulation bandwidth
and was therefore preferred. The pump radiation was combined by an inhouse-coated
dichroic mirror before entering the TD head. The transfer function of the 969 nm pump
diodes is depicted by the red lines in Fig. 3.37. A 90° phase lag was reached at about
60 kHz modulation frequency. The amplitude response was nearly flat up to this point.
Therefore, the power supply proves to be suited for providing feedback over the targeted
bandwidth. The transfer function looked significantly different when the pump power
modulation response of the TD oscillator was monitored with a fast photodiode. It is
represented by the black lines in Fig. 3.37. In this case, a 90° phase lag is already present
at frequencies higher than 10 kHz. Also, the amplitude response has dropped by 8 dB at
that frequency. This intrinsic low-pass filtering, which presented challenge (ii), was coun-
teracted by an electronic phase lead filter (PLF)23%37 Its transfer function is visualized
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Fig. 3.37. Transfer functions of the 969 nm pump diodes power (red lines), the TD oscillator power
(black lines) and the utilized phase lead filter (blue lines). The solid lines display the amplitudes and the
dashed lines display the corresponding phases. The transfer functions of the phase lead filter have been
measured with a SRS SR780 network analyzer, the other transfer functions with an SRS SR830 lock-in
amplifier.

by blue lines in Fig. 3.37. Due to the positive phase of the first-order high pass, the 90°
phase lag is shifted to higher frequencies and the accessible bandwidth of the feedback
loop is extended. Moreover, the slope of the PLF amplitude response is opposite to that
of the oscillator. The total attenuation of the feedback signal is compensated by an addi-
tional low-noise preamplifier (SRS SR560) which amplifies the signal by a 23 dB voltage
gain over the whole bandwidth.

In order to minimize the residual CEP noise, the cut-off frequencies of the integral parts
as well as the cut-on frequency of the derivative part of the laser servo controller were
varied as described in section 2.3.2. Again, first experiments were performed with the
5.5 % OC where the in-loop phase noise could be reduced to 235 mrad (1 Hz - 500 kHz) as
shown in Fig. 3.38(a). For the 14 % OC a residual phase noise level of 390 mrad (1 Hz -
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Fig. 3.38. Residual in-loop phase noise for (a) the 5.5 % OC and (b) the 14 % OC in a bandwidth from
1Hz to 500kHz. In (b), the noise floor PSD is displayed in gray. Measurements were taken with a DPD.
For (a), the cut-off frequencies of the integral parts were 2 and 10kHz, and the cut-on of the differential
part was 50 kHz. For (b), the cut-off frequencies were 200 Hz and 5 kHz while the cut-on frequency was
set to 20kHz. The same PLF was used in both measurements.
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500kHz) was accomplished (Fig. 3.38(b)), exceeding the value of the lower transmission
OC like in the study with the AOM (cf. Fig. 2.21).

Discussion

The main difference in phase noise is accumulated between the two distinct spikes in
the power spectral density of Fig. 3.38(b). One is at 7kHz and accounts itself for about
50 mrad phase noise. It is also visible in the free-running beat note noise and originates
from the oscillator as already pointed out in section 2.3.1 (cf. Fig. 2.18). It is remarkable
that this spike has neither been observed in Fig. 3.38(a) nor in the phase noise measure-
ments presented in section 2.3.2. Consequently, it should be removable after an oscillator
realignment. It is to note that, although its exact origin is unknown, it can be excluded
that the signature stems from the additional pump light at 969 nm since the feature was
also observed in measurements without the use of the second power supply. Another
spike is at 44kHz and accounts for an accumulated phase noise of about 125 mrad in
both graphs of Fig. 3.38. This noise is inscribed by the phase locked loop which becomes
resonant at this frequency due to the increasing phase lag. These “feedback loop bumps”
occur at about half of the frequency of the ones measured in Fig. 2.21. Moreover, in the
intracavity loss modulation approach, they added maximal 50 mrad to the total residual
noise. Under the assumption that each loop resonance comes with the same frequency
noise, a bump at twice the frequency f would only lead to one forth of the phase noise
due to the 1/f? scaling?'?. Consequently, it would be favorable to push the servo band-
width even further although no significant noise was accumulated by the laser system
beyond 30kHz as Fig. 3.36 has demonstrated. One approach to accomplish this was to
improve the design of the PLF, for instance by measuring the transfer function of the
carrier-envelope-offset frequency and by tailoring the PLF to this function in order to get
a flat response over the whole bandwidth the power supply supports. The servo settings
for the 5.5% OC and the 14 % OC were different. It would be interesting if the cut-off
frequencies cut be increased if the 7kHz spike in the PSD of the high power oscillator
is removed. Probably, the excess noise in the range from 7 to 44kHz could be strongly
reduced as well. This was, however, not investigated experimentally.

It is to conclude that the intracavity loss modulation approach shows clearly lower CEP
noise levels due to the extended feedback bandwidth of the AOM. It intrinsically provides
a very flat response up to hundreds of kHz and avoids the stated challenges by modulating
the cavity losses and not the round trip gain. Nevertheless, the dual wavelength approach
should also be capable of reaching sub-200 mrad CEP noise levels if the phase response
is optimally shaped and the oscillator noise is as low as in Fig. 2.4. The utilized power
supply is specified with a 100 % modulation depth without the loss of bandwidth at
225 W maximal electrical power. It is inferred that diodes of up to 100 W optical power
can be driven with the supply. This is about three orders of magnitude more than the
modulation amplitude required in the presented experiments. Subsequently, the concept
is expected to be scalable to multiple kW of TD oscillator output power. At such high
average power levels, the oscillators will get extremely sensitive to sources of thermal
distortions. Subsequently, the benefit of avoiding any additional intracavity elements in
the dual wavelength pumping approach would become decisive.

The presented concept can be generalized to the combination of a high power, highly sta-
ble signal with a lower power signal that can be modulated over a wide bandwidth. This
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combination was realized by means of optically combining radiation of 940 nm and 969 nm
wavelength with a dichroic mirror. Both pump diodes and optical elements were read-
ily available, making the presented setup favorable to implement the concept. Another
approach was recently presented by KARLEN et al.?”3. The low power signal modulated
the stimulated emission rate of the Er:Yb:glass gain medium. This method could be
transferred to TD oscillators. Unfortunately, the pump optics would have to be coated
appropriately, i.e. not only for the pump but also for the oscillator wavelength. Due to
the very thin disk, single pass absorption with a continuous wave source would certainly
not be sufficient, especially since 1030 nm high power diode units are not readily avail-
able. Moreover, an electronic combination of two power supplies is a possible approach
if cross-talk between the supplies can be avoided. Furthermore, the high power pump
unit consists of multiple diode stacks which are driven by a common power supply. Un-
fortunately, changing this was not offered by the diode unit supplier. Another method
could make use of fiber combiners. A multimode fiber guides the pump light to the the
disk. Exchanging this fiber with one that combines the radiation of two sources could be
a successful way to implement the stabilization scheme. Finally, it should be noted that
the concept presented cannot only be used for CEP stabilization but also for intensity
stabilization, i.e. “noise eating”, of high-power oscillators.

In conclusion, a concept for CEP stabilizing high-power femtosecond oscillators has been
introduced. The power scalable approach has led to a residual in-loop phase noise of
390 mrad (1 Hz - 500kHz) in a proof-of-principle experiment with a 45 W average power
KLM TD oscillator. The dual wavelength concept allows both highly stable pumping
of the Yb:YAG gain medium and broadband modulation of the CEP. To reach a sub-
radian residual in-loop noise performance, the low pass filtering behavior of the active
laser medium was counteracted by a PLF. An optimized shaping of its transfer function
promises a further reduction of the CEP jitter.

Supplement 4: Numerical beat signal analysis

Let a(t) be the real beat signal taken with a fast oscilloscope. Its sampling rate is smaller
than the repetition rate of the oscillator but larger than twice the maximal fee(t) within
the sampling time. Then a(t) can be written as:

a(t) = A(t) - cos(p(t)) = A(t) - cos(weeot + Ap(t)), (3.39)

where A(t) and ¢(t) are the time-dependent amplitude and phase of the beat signal, wee, =
27 feeo, and Ap(t) is the time-dependent phase noise. The analytic continuation of the real
signal to the complex domain is performed via HILBERT transformation as expressed in Eq.
(3.37). The complex signal is

a(t) = A(t) - exp(iweeot + 1A¢(t)). (3.40)
Since an instantaneous frequency is defined by the change of phase in time, i.e.

£(2) = 5 (), (3.41)

eq. (3.38) follows.
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For the sake of numerical processing, the following identities were used. On the one hand:
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This equation has been implemented in the numerical beat note analysis. The time deriva-
tives were taken by means of fast FOURIER transformation and multiplying the factor iw in
the frequency domain (cf. Appendix A.2). Before transforming back into the time domain,
the frequencies were bandpassed to reduce differentiation noise (from 10.5 MHz to 12.5 MHz
in the example shown in Fig. 3.36).

The advantages of this method are that HILBERT and FOURIER transformation are relatively
fast numeric algorithms. Contrary to short time FOURIER transformation an instantaneous
frequency can be determined for every sampling point. Moreover, through the normalization
with |@(¢)|* in Eq. (3.44), the result is independent of amplitude fluctuations of the beat
note signal and, in contrast to a digital phase detector??4, the method does not only count
zero crossings of the signal but utilizes all sampling points to compute the instantaneous
carrier-envelope-offset frequency. The following graph will show another example of the
numerical analysis. It displays the instantaneous frequency of the beat note measured over
a time of about half a second. This graph illustrates well that the beat note is literally
locked to the reference frequency of 10.7 MHz by the servo loop.
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3.4 Chapter Summary

In this chapter, four different pulse compression techniques were studied. Two were based
on spectral broadening in fiber and two on spectral broadening in bulk material. A
summarizing overview of the techniques is provided in Table 3.3. Due to the long in-
teraction lengths of the pulses and the nonlinear material, fiber-based methods usually
come with relatively high compression factors, 15 for solid-core and 11 for hollow-core
in the reported experiments. In addition, compression efficiencies of more than 70 % can
be readily reached. This led to the largest peak power enhancement factor of 10 for the
LMA-35 experiment. Solid-core fiber exhibits another advantage which is the satura-
tion of the SPM-based broadening, yielding increased stability of the output spectrum.
The OWB contributions can be avoided by a proper fiber length selection. Such a be-
havior could not be demonstrated for Kagomé-type HC-PCF although it is theoretically
possible. The positive pressure gradient, however, leads to rising nonlinearity with propa-
gation length, and hence counteracts the saturation behavior. Furthermore, the very low
GVDs of the noble gases would require meters of propagation for saturating the spectral
broadening - at least for pulse durations of ~ 200fs that typically emerge from KLM
TD oscillators. For the generation of few-cycle pulses, the very low GVDs are actually
beneficial because relatively large dispersion lengths allow high broadening factors even
for sub-100 fs input pulses. This has been exploited in gas-filled capillaries for more than
two decades by now%2®3. Nevertheless, the reported experiments raise the question if
Kagomé-type HC-PCF's are well-suited for few-cycle pulse generation at high average
powers. Other groups®?23? have reported satisfying performance at tens of Watts, but
for longer pulses, lower repetition rates and lower broadening factors. Therefore, further
investigations are needed to conclusively demonstrate the average power scaling poten-
tial of Kagomé-type HC-PCF. Experiments with higher peak power would allow larger
core diameters, consequently the option to operate in the normal dispersion regime even
with broad bandwidths, and thus better output stability. While gas-based compression
schemes would hence benefit from higher peak powers, solid-core fiber is strongly limited
in peak power scalability, and hence does not present a viable platform for compression
experiments of pulses exceeding 10 MW of peak power (at about 1 um central wavelength).

The situation is different for bulk materials. Even if the peak power clearly exceeds the
critical power, the length of the nonlinear medium can be made shorter than the self-
focusing length. Alternatively, for many crystals without inversion symmetry, cascaded
quadratic nonlinearities can induce an effective negative nonlinear refractive index which
leads to self-defocusing, and hence prevents beam collapse. In comparison to fiber-based
schemes, the relatively short interaction lengths in bulk crystals result in low broadening
factors. However, resorting to multiple-plate setups can make up for this shortcoming. In
the cascaded scheme with intermediate compression of section 3.2.1, a broadening factor
of 17 was reached although no particular attention was paid to efficiency and clean pulse
compression. Best compression qualities were achieved with small broadening factors of
~ 2. The three stage setup utilizing the cascaded quadratic nonlinearities of BBO crystals
resulted in a compression factor of more than 6 while the peak power was enhanced from
18 to 60 MW which could be further increased by the use of tailored chirped mirrors. Bulk
broadening is particularly attractive because of its practical advantages over fiber-based
compression schemes. In the experiments with a 15 mm quartz crystal, no noise enhance-
ment was observed even for the highest broadening factors of 6 (cf. section 3.2.1) which
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Table 3.3: Comparison compression techniques
solid-core Kagomé-type KERR-effect cascaded-y (2
PCF HC-PCF bulk broaden- bulk broaden-
ing ing
peak power limited by criti- GW demon- requires multi- GW demon-
scalability cal power strated with pass arrange- strated?%®
Kagomé-type ment
HC-PCF  and
capillaries 54316
average power 250W demon- questionable 500W demon- 90W demon-
scalability strated 272 strated 336 strated
demonstrated 15 11 (1% stage), 6 (1% stage), 6 in 3 stages
compression 2.4 (27 stage) 1.7/2.2 (2nd
factors?® stage 10fs and
7.71s, resp.)
demonstrated 74 % 70% (1% stage), =~ 50% 75 %
compression 52% (2" stage, (1% stage),
efficiencies’ Fresnel — losses 60%/40% (2"¢
and mirror stage 10fs and
bandwidths 7.7fs, resp.)
improvable)
peak  power 10 5.3 (1% stage), 2.1 (15' stage), 3.3
enhancement 0.66 (2" stage)  0.76/0.64 (2"
factor stage 10fs and
7.71s, resp.)
phase shape at mainly GDD in mainly GDD  higher order higher order
output (at ~ all-normal dis- for all-normal terms present, terms present,
30 fs) persion regime dispersion, depending on depending on
higher-order broadening broadening fac-

few-cycle
pulse genera-
tion

robustness

demonstrated

for low peak
powers 18:374,375

fair

terms for pres-
sure gradient

presented in sec-
tion 3.1.2

fragile

factor per plate

presented in sec-
tion 2.2.2

high

tor per crystal
and phase-
mismatch

demonstrated
for longer
wavelengths,

higher peak
powers 336,364,365

high

@ note that shorter input pulses lead to lower compression factors,
b refers to ratio of average power at out- and input.
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is in strong contrast to the Kagomé-type HC-PCF experiments presented in section 3.1.2.
Large apertures, easy replacement and cost-efficiency present additional benefits of bulk
broadening. Those are especially important for “workhorse-type” laser systems. At the
central wavelength of 1030 nm, few-cycle pulse generation with cascaded quadratic non-
linerities is rather difficult due to the dispersion of ngcas). The multi-pass arrangement
simulated in section 3.2.1 appears to be the best solution to compress efficiently to the
sub-10fs regime. First experiments with KLM TD oscillators resulted in ~ 30fs pulses
with a peak power enhancement from 60 MW to 230 MW 62376 This presents a record-
high peak power for amplification free systems and is well suited for generating harmonics

with tens of uW average powers and sub-50 nm wavelengths323.

The chapter has also introduced an alternative approach to carrier-envelope-offset fre-
quency stabilization of high-power mode-locked (TD) oscillators. It takes advantage of
the high sensitivity of the CEP to intracavity and pump power modulations, resp. It
is based on a dual wavelength pumping scheme where the radiation of high-power laser
diodes driven by a very stable power supply is combined with the radiation of low-power
laser diodes driven by a power supply with large modulation bandwidth. A sub-400 mrad
in-loop residual phase noise was achieved for the full oscillator power. Especially for
frequency domain applications where the phase jitter can often be averaged out while
the single pulse carrier-envelope-offset frequency is not decisive, this noise value (if also
reached out-of-loop) is usable for applications. Nevertheless, the phase locking of the
AOM approach was tighter than that of the pump power modulation approach due to the
very high modulation bandwidth of the AOM (cf. Suppl. 1). It is, however, expected that
the residual phase noise can be further lowered by optimized PLF design or alternative
dual wavelength schemes, for instance the one demonstrated in ref. 373 for low-power
fiber oscillators. Pump power modulation, being more (average) power-scalable than in-
tracavity loss modulation, may play an important role in future locking experiments of
mode-locked oscillators with intracavity powers of several kW.

It is instructive to evaluate if the carrier-envelope-offset frequency stabilization schemes
can be transferred from KLM to SESAM mode-locked TD oscillators which have not
been stabilized at average power levels above 3 W so-far. In order to do so, the noise
accumulation of the free beat note in Fig. 3.36 is compared to the transfer functions
presented in ref. 236. The SESAM mode-locked Yb:YAG TD oscillator shows a strong
resonance around 7 kHz as well and an abrupt phase behavior at this frequency which was
attributed to the saturable absorber. The combination of high average and peak power
makes it difficult to operate the SESAM in the well saturated regime. In particular, multi-
photon absorption at the presence of several kW intracavity average power may lead
to strong thermal lensing and rapid degradation. Consequently, SESAM mode-locking
high-power TD oscillators generally appears to make CEP stabilization significantly more
difficult than KLM where the saturation behavior is determined through the interplay
of the KERR-lens with hard and soft apertures. Moreover, the highest power SESAM
mode-locked TD oscillator have been operated in a vacuum environment®®®! which was,
for instance, not necessary for a 270 W KLM TD oscillator®®. It can be inferred that
high-power SESAM mode-locked TD oscillators are more sensitive to the distortions an
intracavity AOM introduces, and thus should be preferentially stabilized by pump power
modulations.

In summary, peak and average power scalable concepts for ultrashort pulse compression
and CEP stabilization have been demonstrated. The presented schemes are important
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building blocks for upscaling the results of chapter 2 to the latest and the coming gener-
ation of mode-locked TD oscillators.



4 FROM THE NEAR- TO THE MID-INFRARED

The previous chapters of this dissertation have demonstrated the progress in the devel-
opment of KLM TD oscillators towards waveform control and few-cycle operation. So-far
all research was concentrated on the optical octave from about 700 to 1400 nm.

In general, ultrashort pulse sources are most sophisticated in the near-IR and visible
parts of the electromagnetic spectrum where active laser transitions of electronic nature
are located. As mentioned before, the most powerful fs sources emit around 1micron
wavelength. Oscillators directly deliver more than 250 W of average power®®®?, while
amplifiers even reach kW levels?®32. For comparison, the 2 micron technology has reached
20 W from mode-locked oscillators'®! and about 150 W from amplifiers37”. At 2.5 microns,
lasers stay already well below 10 W3, Finally, broadband gain that allows femtosecond
operation has only been demonstrated up to 2.9 um with approximately 300 mW average
power37.

Consequently, the availability of mid-IR light sources stands in strong contrast to their
tremendous multitude of applications, for example in fundamental physics, chemistry,
environmental and life sciences. The spectral region contains the fundamental vibrational
transitions of all infrared-active small molecules, the most common functional groups as
well as biomolecules like proteins, lipids, nucleic acids and carbohydrates. Importantly,
mid-IR absorption results from the specific molecular structure which is exploited in
various chemical analysis techniques®®°, to name only a few examples, in trace gas as well
as human breath analysis®®! and in early cancer detection?®2.

Particularly interesting techniques are frequency comb®, in the broadest sense frequency
up-conversion®33% and 2D infrared spectroscopy®®®. Frequency combs allow fast and
highly precise data acquisition. Up-conversion spectroscopy avoids the need of mid-IR
detectors and, in combination with coherent light sources and cross-correlation meth-
ods, enables to extract temporal and phase information of molecular processes®*®38%7. 2D
infrared spectroscopy additionally resolves structural information of the samples under
test. All these techniques need or at least strongly benefit from fs pulses. Compressing
these to few-cycle durations has revealed tremendous strong-field effects, like the gas high-
harmonic cut-off extension to the x-ray regime>®® or the occurrence of BLOCH oscillations
in semiconductors?463%9  In these examples, high peak power is required for accessing the
regime of extreme nonlinear optics. On the other hand, high average power and photon
flux, respectively, results in light source brightness surpassing those available from syn-
chrotron sources!®® and consequently facilitates the use of (rather noisy) uncooled MIR
detectors or detector arrays3®. Moreover, high average power is important for experi-
mental techniques with low yield such as stand-off gas detection®”! and may avoid the
need for multiple interactions with the sample in resonant cavities or multi-pass cells3!.

Here, the issue of the scarce availability of high-power fs sources in the mid-IR is addressed
by taking advantage of the powerful KLM TD oscillator output and by down-converting
it by means of three-wave mixing.
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4.1 Optical Parametric Amplifiers for Frequency Down-Conversion

In section 1.4.6 different types of frequency down-conversion schemes have been intro-
duced. The research presented here mainly focuses on the development of OPAs. Seed
and signal wavelength are identical (Ag). They are in the near-IR spectral region while
the idler wavelength (A7) is in the mid-IR. The mid-IR irradiance I; for an undepleted

pump irradiance Ip and under plane-wave assumption is given by !#4:
AsT?2
I;(L) = [S’O)TIE sinh”(gL), (4.1)
Ak’
g =T— () : (4.2)
2
2d2.1
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where the upper quantities denote the following: L - crystal length, Ak = 2x(1/Ap —
1/As — 1/\;) - phase-mismatch per unit length, A\p - pump wavelength, deg - effective
xP-nonlinearity, €y - vacuum permittivity, cy - speed of light in vacuum and npg; - lin-
ear refractive indices of pump, signal or idler waves. Two important characteristics of
these equations shall be pointed out. Firstly, parametric down-conversion via three-wave
mixing comes with a so-called quantum defect which becomes visible in the A\g/A-term in
Eq. (4.1). Every pump photon can only generate a single idler photon which carries Ap/A;
of the pump photon energy. The remainder Ap/Ag is converted into signal power. Con-
sequently, even with a 100 % quantum efficiency (every pump photon is down-converted),
the power efficiency of the process is limited to Ap/Ar = As/Ar/(14+As/Ar). Secondly, the
pump irradiance is found in the sinh-function while the mid-IR-power scales only linear
with the seed energy. In the high gain limit (gL >> 1, sinh®(gL) ~ exp{2¢L}), the idler
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Fig. 4.1. The KLM TD oscillator delivers 1.3 uJ pulses of 230 fs duration with a 37.5 MHz repetition
rate. A dielectric mirror (OC) splits either 3% or 15 % of the oscillator power. The reflected light can be
attenuated by a half-wave plate (A/2), thin-film polarizer (TFP) sequence and is directly used to pump
the nonlinear crystal (xtal). Either PPLN or lithium gallium sulfide, LiGaSy (LGS) was used. The seed
generation is accomplished in either a polarization maintaining ANDi or an LMA-12 fiber. To suppress
cross-phase modulation, the polarization is cleaned in front of the fiber with a polarizer (POL). Aspheric
lenses were used for coupling and collimation. The long wavelengths of the continuum and the pump are
overlapped in space with a dichroic mirror (DM) and in time with a translation stage in the pump arm
(7). The polarizations of seed and pump are optimized for maximal conversion to the mid-IR. After the
nonlinear crystal, the beams are collimated. The mid-IR is separated by means of a beam splitter (BS)
which was coated in-house. The mirrors in the pump arm and in front of the fiber were dielectric, the
others metallic.
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power may therefore grow with exp{ay/TpL} where « is a constant (assuming no pump
depletion and perfect phase-matching). This is explainable by the stimulated emission-like
behavior of the down-conversion process (cf. section 1.4.6). Every fundamental process
leads to the generation of an additional seed photon which may itself trigger another
three-wave mixing process. Subsequently, the seed undergoes a coherent build-up in the
nonlinear crystal, and therefore grows together with the mid-IR super-linearly if enough
pump photons are available. This is in contrast to the sum-frequency generation process
(in particular SHG, c.f. Eq. (3.26)) and the (typical) DFG process where gL is small (or
even imaginary) which leads to a linear growth of I; with Ip!%*. Consequently, OPAs
are usually clearly more efficient than DFG experiments, but slightly less efficient than
OPOs due to the weaker seed. Contrary to OPOs, OPAs neither need active cavity length
stabilization nor active carrier-envelope-offset frequency stabilization, and are thus much
simpler to realize.

Fig. 4.1 shows the generic setup which was used in the experiments presented here. The
50 W output of the KLM TD oscillator directly serves as the pump source for the down-
conversion process. The broadband seed is generated in one of the normal dispersion
fibers investigated in section 3.1.1. The long-wavelength parts of the fiber continua are
collinearly and temporally overlapped with the pump radiation by means of a dichroic
mirror and sent into a nonlinear crystal, generating the mid-IR. The setup allows avoiding
spatial chirp of the idler and passive stabilization of its CEP 39239 Splitting near-IR and
mid-IR radiation at high average powers is non-trivial. Commonly used absorbing materi-
als, in particular germanium, could not be utilized since beam distortions and saturation
effects at more than 10 W average power were observed. Moreover, to the best of the au-
thor’s knowledge, no standard optics based on non-absorbing materials are commercially
available. Therefore, the beam splitters were coated in-house. In general, it is easier to
produce an HR coating for the near-IR parts while the mid-IR is transmitted. This is
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Fig. 4.2. (a) near-IR transmission of the utilzed beam splitters. The solid lines show the beam splitter
where residual pump light is almost completely reflected and the signal is also strongly attenuated. The
dashed dark blue line shows the transmission of the HR mirror centered at 4.1 um. Most of the pump
light is transmitted. The signal is unfortunately also strongly reflected. (b) mid-IR, transmission of the
utilized beam splitters. The mid-IR transmission of the PPLN OPA output was between 83 and 95 %
(inset). The transmission of the LGS OPA was between 75% and 94 %. The HR1701 nearly perfectly
reflects around the central wavelength, causing hardly any losses of the mid-IR radiation. Absorption in
the F'S substrate is not considered in this theoretical curve. Actually, the mirror would be opaque beyond
4.5 ym. (Courtesy: Florian Habel, Vladimir Pervak) (c) Blue and orange solid lines: Transmission of the
commercial shortpass (SP) and longpass (LP) filters used for the power measurements that are shown in
Fig. 4.25. Green solid line: transmission of a 1 mm thin longpass filter used after HR1701 to separate the
mid-IR from the residual near-IR.
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because shorter wavelengths require thinner coating layers which promises higher robust-
ness. However, the materials should neither absorb the near-IR nor the mid-IR. This is in
particular challenging for idler wavelengths longer than 5 um where oxides exhibit strong
(multi-)phonon absorptions. Moreover, the GVD of the substrate may severely chirp the
short idler pulses. Table 4.1 lists a few examples for typical substrate materials and the
used nonlinear crystals. A dispersion controlled HR mirror for the mid-IR would avoid
this issue. One example, HR1701, is shown in Fig. 4.2. It is a simple quarter-wave stack
(often also called distributed BRAGG reflector) for high reflection of 4.1 um radiation.
Unfortunately, it was coated in-house just at the very end of the experimental campaign,
and thus beam splitters transmitting the idler were used in most of the experiments.
Their curves are also shown in Fig. 4.2. To minimize near-IR absorptions in the dielectric
layers, oxides (SiOs, NbyO5) were used for the PPLN OPA beam splitter while a combi-
nation of a sulfide (ZnS) and a fluoride (LaF3) was used for the LGS OPA beam splitter.
The substrates were chosen such that the mid-IR only underwent moderate group delay
dispersion. For the PPLN OPA CakF,, and for the LGS OPA ZnSe were used. Initial
experiments utilized different beam splitters with lower efficiency. They will be described
in the context of the respective experiments.

Owing to the very high average power levels, avoiding absorptions was also a major
criterion in the choice of the nonlinear crystals. The beams were focused tightly to
efficiently down-convert the pump radiation. Therefore, only linear, but also multi-photon
absorptions had to be largely suppressed. Consequently, PPLN and LGS with bandgaps
of about 4eV3% and 3.8eV'®® (values vary slightly in literature), resp. were selected. The
bandgaps are more than three times higher than the photon energy at 1030 nm vacuum
wavelength, and hence no sign of detrimental multi-photon absorption was apparent even
at maximal pump powers of 42 W and 30 W, resp. In addition, the nonlinear crystals were
fixed in a temperature controlled copper mount which was heated to about 60° C. This
was done to reduce thermal effects in the crystals but also to avoid photorefraction and
green induced infrared absorption in PPLN.

Table 4.1: Examples of GVDs at pump and idler wavelengths®.

material GVD at 1.03ym GVD at 4.1um GVD at 9um
FS 19 fs?/mm practically opaque opaque
sapphire® 32fs? /mm -1700 fs? /mm opaque
LiNbO3? 251 fs? /mm -1694 fs? /mm opaque
CaFy 18 s /mm -304 fs?/mm -5300 fs?/mm
LGSPe 300 fs?/mm -147 fs2 /mm -2405 fs? /mm
ZnSe 663 fs2/mm 67 fs? /mm -820 fs2/mm
GaAs 4553 fs? /mm 388 fs?/mm -612fs? /mm
ZGP® practically opaque 185 fs%/mm -1381fs? /mm
Si practically opaque 375 fs? /mm 168 fs2/mm
Ge opaque 1040 fs?/mm 425 fs? /mm

¢ Values taken from https://refractiveindex.info/ or SNLO software
(http://www.as-photonics.com/snlo). URLs accessed 04/2017.

b Refers to the value of the fast axis. ¢ Refers to the value at phase-matching angle.


https://refractiveindex.info/
http://www.as-photonics.com/snlo

Frequency Down-Conversion with Periodically Poled Lithium Niobate 123

4.1.1 Frequency Down-Conversion with Periodically Poled Lithium Niobate

Parts of this section have been published in:

M. Seidel, X. Xiao, S.A. Hussain, G. Arisholm, A. Hartung, K.T. Zawilski, P.G. Schune-
mann, F. Habel, M. Trubetskov, V. Pervak, O. Pronin, F. Krausz, “Multi-Watt, multi-
octave, mid-infrared femtosecond source,” Science Advances 4 eaaq1526 (2018).

Seed generation

For generating idler photons at A\; with an OPA, seed photons at Asg = (Ap' —A;')~! have
to be generated first. If A\p = 1030nm, A\; = 4 um requires a seed wavelength of 1.39 um,
i.e. very strong spectral broadening of the oscillator output towards longer wavelengths.
Alternatively, the pump could be frequency doubled (cf. e.g. ref. 47). However, it would
then carry 2f.., while the seed would carry only 1f..,, and hence the idler would not be
passively CEP stabilized. Moreover, using the SH would increase the GVD of the pump
and reduce the damage irradiance in the nonlinear crystal due to the lower ratio between
photon energy and bandgap of the nonlinear crystal. Therefore, continuum generation for
seeding the OPA was preferred. Elsewhere, this was realized by exploiting the RAMAN
soliton red-shift in anomalously dispersive fibers,3% supercontinuum generation (SCG) in
YAG3 or in waveguides®”. In sections 2.3.2 and 3.2.1, the noise issues with anoma-
lously dispersive fibers and with white-light continuum generation in bulk were described.
Therefore, these approaches were not favored. Likewise, the typically relatively high non-
linear refractive indices of waveguides in comparison to FS fibers appears also not ideal
for high-power pump sources. Consequently, the results of section 3.1.1 were exploited
and the continuum generated by an ANDI fiber was utilized.

Initially, a non-PM fiber was used. The output spectra after 10 cm and 20 cm of propa-
gation are shown in Fig. 4.3(a). Apparently, the spectrum of the 10cm long fiber only
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Fig. 4.3. (a) Spectra of non-polarization maintaining (PM) ANDi fibers. A 20cm long fiber with
collapsed end facets could be pumped with up to 1.5 W (blue line). For comparison, the broadening
result of Fig. 3.2 is shown. It emerged from a shorter (= 10 cm) non-PM fiber (black line). The shorter
fiber reveals the typical spectral features of SPM and OWB, while the longer fiber shows a broader,
but rather randomly modulated spectrum. The difference wavelength shown on the top horizontal axis
corresponds to the idler wavelength which was calculated by A; = |(1.03 yum)~! — Mgt ‘71. (b) Simulation
of the relative power in the range of the seed wavelengths between 1300 and 1400 nm. The numerical
model from ref. 262 was used. An incident average power of 750 mW was assumed which is in good
agreement with the coupled power in the experiments. (Courtesy: Alexander Hartung)
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Fig. 4.4. (a) Spectra of PM-ANDi fibres. The black line displays the full spectrum emerging from a
17 cm long fibre with collapsed end facets. The red line shows the spectrum after the dichroic mirror
which enters the nonlinear crystal. The blue spectrum shows a distinct spike between 1400 nm and
1450 nm which is not connected to the self-phase modulation broadened spectrum around the central
wavelength. It is not predicted in simulations. The red spectrum was used for seeding the OPA. The
spectrum is clearly less modulated than the spectrum of the non-PM fibre. (b) Top-view of collapsed
ANDi-PM fiber. The fiber diameter is 200 ym while the core diameter is only about 3 um. The stress
rods which lead to an intentionally high linear birefrigence (~ 4 x 107%)37! are clearly visible. (c) Side-
view of collapsed ANDi-PM fiber. The air holes are collapsed up to about 50 um distance to the surface.
(Courtesy: Alexander Hartung).

contains a small amount of power in the region between 1300 nm and 1400 nm which is
of interest for seeding. The simulations presented in Fig. 4.3(b) reveal that only after 15
- 20 cm propagation a maximal power transfer to the seed wavelength has taken place.
Longer fibers would introduce additional chirp and, for much longer fibers, also mutual
decoherence of the pulses®”®. Consequently, a fiber length of 20 cm was initially chosen for
the experiments. The blue curve in Fig. 4.3(a) displays the output spectrum. Contrary
to the shorter fiber, the features of SPM and OWB are not clearly recognizable anymore.
Instead, the spectrum is strongly modulated over the full range. LIU et al. explain this
observation through the slight birefrigence of the non-PM ANDi fiber which leads to an
incoherent supercontinuum for 230fs input pulses®”'. The polarization rotation effect
was not considered in earlier simulations which claimed that highly nonlinear, but also
all-normal dispersive fibers maintain full coherence even upon supercontinuum generation
with 300fs input pulses?®?. But the observation agrees well with the inability to detect
a beat note in the f-to-2f interferometer being directly pumped with KLM TD oscillator
output (cf. section 3.3). Following the studies of DOMINGUE et al., encountering a similar
issue with ultra-high numerical aperture fibres3, the authors of ref. 371 could show that
using the PM version of the ANDI fiber (NL-1050-Neg-PM, NKT Photonics), improves
the coherence of the output spectrum significantly - at least for a spectral extension up
to 1300 nm.

The output spectrum after a 17cm PM-fiber (shown in Fig. 4.4(a)) exhibited less mod-
ulations than that of the non-PM version and led to an about 25 % increase in maximal
mid-IR power output of the OPA. Its transverse profile is shown in Fig. 4.4(b). The
mode-field diameter was only 2.7 um at 1064nm. As pointed out in section 3.1.1, the
need for tight focusing yielded very high peak irradiances at the entrance surface exceed-
ing 2 TW /cm?. This resulted in degradation after a few weeks of operation. Collapsing
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Fig. 4.5. (a) Stability of the fiber continuum emerging from a 17cm long ANDi-PM fiber. It was
measured with a thermal detector taking one data point every two seconds. (b) - (d) Pulse-to-pulse
fluctuations of the fiber-continuum (b), the OPA signal above (c¢) and below (d) the spectral noise
threshold (both measured at full pump power). The traces span over a 10 us time window corresponding
to a train of 375 pulses. Data was taken with a GHz bandwidth InGaAs diode (responsive from 900 nm
to 1700nm) and sampled with a digital oscilloscope at a rate of 40 x 10%s~!. The RMS was calculated
from the peak voltages marked with a red cross akin to the characterization in ref. 395.

the air holes at the front facet eliminated this issue. The length of the collapse was about
50 pm (cf. Fig. 4.4(c)). While an f = 3mm focal length was used for uncollapsed fibers,
an f = 4.5mm focal length was used for the collapsed ones. The coupling efficiencies were
slightly lower after collapsing (usually between 40 and 50 % measured at 300 mW input
power), but at least 50 % more pump power could be sent onto the facet (up to 1.5 W
tested) resulting in comparable spectral widths. No collapsed fiber was damaged during
the course of the experiments.

The stability of the fiber output was characterized by three different measurements3%.
Firstly, slow fluctuations were measured over a time of about 30 minutes (Fig. 4.5(a)).
Every 2s a data point was taken. The fiber output seems to follow the long-term drifts of
the TD oscillator which are indicated in Fig. 4.8(a). Nonetheless, the relative power RMS
was only 0.3 %, indicating good long-term stability of the seed continuum. Secondly, the
pulse-to-pulse fluctuations of the seed was measured with a fast InGaAs diode. It was
below a 1% rms value as well (Fig. 4.5(b)). Thirdly, the pulse-to-pulse fluctuations of
the signal were measured which was done for two reasons: The intensity noise of the seed
is averaged over the full spectrum. However, typically the noise of the spectral wings is
higher than that of the center due to coupling of intensity noise to the spectral broadening
in the fiber. The signal after optical parametric amplification therefore provides a mea-
sure of the spectrally filtered seed noise under the assumption of a stable pump source.
Moreover, no fast photodiode at 4 um was available and hence the pulse-to-pulse fluctu-
ations of the idler could not be directly accessed. Nonetheless, due to the simultaneous
decay of the pump photons into idler and signal photons, the fluctuations of the mid-IR
can be derived from the signal as well.

In a first measurement of fast signal noise, a spontaneous inset of strong pulse-to-pulse
fluctuations was observed when the ANDi-PM fiber was pumped with 1.5 W of input
power (Fig. 4.5(c)). It is inferred, that despite the low relative intensity noise of the seed,
it is prone to exhibit strong spectral noise which is akin to the statements of refs. 371 and
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399. Crucially, the observed fluctuations did not continuously increase with input power
but exhibited a threshold. Consequently, the OPA was operated below this threshold
(Fig. 4.5(d)) where pulse-to-pulse fluctuations of 1% RMS were determined. Noise sup-
pression was realized by means of the half-wave plates (1) and (3) shown in Fig. 4.1. With
half-wave plate (1) the input power at the fiber facet was slightly attenuated. Half-wave
plate (3) was used for adjusting the light polarization with respect to the fiber’s slow axis.
A precise characterization of input polarization and power has not been performed. The
optimization was done by direct monitoring of the signal pulse train. The idler power
emerging from the OPA was not affected by this routine. The origin of the spontaneous
fluctuation onset is unknown. It has neither been reported in ref. 371, nor predicted by
very recent simulations3®®. These papers also did not present the pronounced spike in the
spectrum between 1400 nm and 1450 nm which is visible in blue spectrum of Fig. 4.4(a).
The origin of this spectral feature and a connection to the onset of strong fluctuations
could not yet be clarified and was not investigated further. The primary interest within
the scope of the presented experiments was the stability of the mid-IR which was good
after the described adjustments.

OPA simulations and experiments

The very strong dependence of the idler power on the pump irradiance was indicated
in Eq. (4.1). Therefore, it is instructive to investigate the irradiance dependent dam-
age threshold of the nonlinear crystal for optimized focusing in the OPA setup. For
MgO:LiNbO3, the threshold was determined by exposing a 0.5 mm thick crystal to the
pump radiation which was focused to a 100 ym spot diameter. Upon increasing the pump
power, the beam profile behind the crystal and the crystal temperature were monitored
by a CCD and a thermal camera, resp. Damage occurred at an incoming average power
of about 24 W which corresponds to a peak irradiance of about 56 GW /ecm?. The usage of
a thin crystal was intended to exclude propagation effects like self-focusing. Those were
included in simulations with the SISYFOS code?%%267, Tt has been already extensively
used in the spectral broadening experiments of chapter 3, but was originally designed
for frequency mixing experiments. The goal of the simulations was to determine optimal
focal sizes, maximal pump powers and best crystal lengths for achieving maximal mid-IR
power.

The pump was assumed to exhibit perfect 230fs width sech?-shape. The seed was ex-
tracted from a cross-correlation frequency resolved optical gating (X-FROG) measurement
where the fiber continuum was sampled by the oscillator output (cf. Appendix A.1). Both
beams were assumed to be of perfect Gaussian shape. Since pump, signal and idler are
polarized along the extraordinary axis of PPLN, a single large temporal grid was uti-
lized. It consisted of 2048 points with 1 PHz width and the central frequency of 500
THz. Due to the spherical symmetry of the propagation, only a quarter of beam was
simulated within a grid of 65 x 65 points and a spacing of about 24 ym in horizontal
and vertical direction. The simulations included dispersion at 50° C4%, transmission“’!,
the largest y®-tensor element (dss = 25pm/V)?? and a nonlinear refractive index of
ny = 16.5 x 1071 cm? /W1%. Every domain of the periodically poled crystal was com-
puted individually, i.e. the effective nonlinearity arose from the phase-mismatch of the
three waves and not from setting deg = 2ds3/.
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Fig. 4.6. (a) Simulated average powers and FTLs for different poling periods of the PPLN OPA. (b)
Evolution of the pump, signal and mid-IR power inside a PPLN crystal with 28 pm poling period. (c)
Evolution of the peak irradiance inside a PPLN crystal with 28 ym poling period for a seeded OPA (red
solid line) and solely the pump radiation (blue solid line). The results shown in (a)-(c) were obtained
with a 5mm thick PPLN crystal and 45 W of pump power focused to a diameter of 300 um. (d) Pump
beam profile measured with a CCD camera behind the seeded OPA. (e) Pump beam profile if seed was
blocked. The profiles shown in (d)-(e) were obtained with a 5mm thick PPLN crystal and 5 W of pump
power focused to a diameter of 120 pm.

Fig. 4.6(a) shows power and bandwidth dependence of the mid-IR radiation on the poling
period of a 5mm thick PPLN. The highest average power was reached for a tuning period
of 28 yum. The bandwidth of the mid-IR pulses could be even increased by utilizing
longer poling periods. However, this would come at the expense of mid-IR output power.
Consequently, the SCG experiments presented in section 4.2 were performed with the
poling period set to 28 um. Fig. 4.6(b) displays how the power levels of the pump,
signal and idler evolve inside the crystal. The conversion process gets saturated after a
propagation length of about 3mm. At this point, the signal power is about one third
of the pump power. The simulation predicts a further pump depletion to about 36 % of
the initial 45 W. It is remarkable that no sign of back-conversion or temporal walk-off
are apparent. LUTHER-DAVIES and YU explain this by the effect of parametric gain
guiding®®.  Simulations with thicker crystals did not yield significantly more mid-IR
power and hence, a 5mm thick crystal was chosen for the experiments.

Recent studies on PPLN OPAs with pump pulses of hundreds of uJ energies with sub-MHz
repetition rate (40 - 80 W average power) have revealed strong pump beam distortions
which were attributed to high average power and photorefraction in ref. 405 and pre-
dominantly to high peak power in ref. 406. The latter distortions were qualitatively also
apparent in the presented experiment, but were taken into account when choosing an
appropriate spot size for efficient pumping. The simulation results shown in Fig. 4.6(c)
demonstrate in accordance with the observations in ref. 406 a strong peak irradiance en-
hancement in the presence of the weak seed (carries about 1% of the input power). A
typical self-focusing induced beam pattern (like in the studies of section 3.2.1) of the pump
radiation was observed when the OPA was seeded at high pump powers (Fig. 4.6(d)). If
the temporal overlap of pump and seed was removed, the ring pattern almost completely
vanished (Fig. 4.6(e)). This is in contrast to the observations of ref. 405 where the beam
distortions were also visible when the seed was blocked. This manifests the instantaneous
nature of the distortions in the performed experiments. Since the conducted simula-
tion did neither include thermal lensing, nor photorefraction, nor green induced infrared
absorption, it is inferred that the parasitic effect originates from cascaded quadratic non-
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Fig. 4.7. (a) Idler power measurements for different pump spot diameters denoted by d. The x-axis
scales with the square root of the pump power while the y-axis is logarithmic. According to Eq. (4.1),
this plot would result in straight lines for an undepleted pump. Consequently, the plot reveals saturation
of the OPAs. This results in linear growth of the idler power with the pump power. The lines present
the best linear fits of the simulation (dashed lines) and measurement (solid lines) points. Maximum
idler power values and efficiencies are listed in Table 4.2. All power values have been corrected for
reflection losses. For instance, the losses [r for the idler symbolized by the red dots were calculated by
Ig =1—0.85-0.8544 - 0.46 - 0.98% = 69 % where 0.85 results from the beam splitter transmission, 0.8544
from the PPLN back reflection, 0.98 from the silver mirror reflectivity and 0.46 from the transmission
of an uncoated 5 mm thick germanium plate which was inserted in front of the power meter to exclude
residual transmission of signal or pump. For the two smaller spot sizes (orange and blue dots) near-IR
and mid-IR separation was accomplished only by the germanium plate. These measurements were also
done with a non-PM ANDi fiber. (b) Generated mid-IR power for about 42 W pump power and tuning
periods from 28 to 25.5 um (from left to right in -0.5 um steps) of the PPLN. The total generated idler
power is stated in the legend above the curves. The spectrum centered at 4.2 um is shaped through CO,
absorptions. The power was measured 25 cm behind the nonlinear crystal. For accurate loss corrections,
spectra and the transmission of the beam splitter shown in Fig. 4.2(b) were multiplied. The spectra were
measured with a Bristol 721 spectrum analyzer which did not allow to measure beyond 5 pm.

linearities which are accounted for in the propagation code. To stay below the initially
determined damage threshold, the peak irradiance at the front facet of the PPLN was
always set below 15GW/cm?, i.e. clearly below the 50 GW/cm? sent into the 0.5mm
crystal.

Experiments were performed with three different pump and seed spot sizes to check if
thermal nonlinearities adversely affect the OPA performance. An f = 150 mm lens was
chosen first, yielding a 120 ym pump spot size. Pump powers up to 5 W were sent. The
orange dots in Fig. 4.7(a) show the experimentally achieved idler powers which were in
excellent agreement with simulated powers that are shown in dark orange. Secondly, an
f = 300mm lens was chosen, resulting in a 200 um pump spot size. Pump powers up to
17.5W were tested, yielding the mid-IR powers depicted by the blue dots of Fig. 4.7(a).
They are in reasonable accordance with the simulation results (dark blue dots). A good
agreement, in particular for higher pump powers, was also achieved for the measurements
with an f = 400 mm lens (red dots Fig. 4.7(a)), yielding a 300 um spot size. In this case
the full KLM TD oscillator power could be utilized, resulting in more than 5 W of average
power at around 4 um central wavelength, i.e. about 10% of the initial near-IR power
could be converted to the mid-IR.
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Table 4.2: Generated mid-IR powers and efficiencies for different pump spot sizes.

pump diameter max. mid-IR power quantum efficiency® slope efficiency (simulated)

120 um 0.9W 76 % 23.6 % (23.0%)
200 ym 2.4W 55% 16.3% (20.3 %)
300 pim 51W 48% 14.9% (17.5%)

@ The power efficiency is 25 % of the quantum efficiency. The values were calculated from the ratios of
generated idler and reflection loss corrected pump power.

The quantum efficiency of the OPA is generally very high. Up to about 75 % of the pump
photons could be down-converted for the tightest focusing configuration. Due to the
reduced seed irradiance for the other configurations (seed power is constant while spot size
changes), the efficiencies are lower but even for the setup with largest spot sizes quantum
efficiencies of nearly 50 % were maintained. This implies, of course, that Eqgs. (4.1) - (4.3)
are not applicable anymore as Fig. 4.7(a) demonstrates. The idler power rises linear with
the pump power as the linearly fitted curves in the plot show. Table 4.2 summarizes the
fit results in terms of power slope efficiencies and also provides an overview about achieved
power levels and quantum efficiencies. The highest possible slope efficiency is 25 % due
to the quantum defect in the down-conversion process. This value is nearly reached for
the tight focusing configuration. For loose focusing, the quantum slope efficiency is still
about 60 %.

The presented power measurements were conducted with a 28 ym poling period of the
PPLN, resulting in mid-IR radiation at about 4.1 um. The utilized PPLN (HC Photon-
ics) was manufactured with a multiple grating structure, containing the poling periods
25.5 um, 26 pm, 26.5 pm, 27 pum, 27.5 um and 28 ym . Each grating had a 1 x 1 mm? aper-
ture. The shorter the poling period, the longer the idler wavelength. Fig. 4.7(b) shows
a tuning curve and the corresponding generated mid-IR power values which were deter-
mined at full pump power and a 300 um spot size. More than 2 W of average power could
be reached for all available poling periods. The spectral coverage ranges from 3.8 um to
5pm. It could be slightly extended if more poling periods would have been available. It
is, however, fundamentally limited by the seed bandwidth on the short wavelength side
(cf. Fig. 4.4(a)) and by the crystal transparency on the long wavelength side (cf. ref. 401).

Characterization of the OPA output

In addition to power and spectrum measurements, stability, pulse and beam of the mid-IR
were characterized. The f = 400 mm lens and the 28 um poling period were utilized to get
the most powerful idler output. The stability was measured over approximately 15 min-
utes with a thermal power meter (Coherent PS19). The result is shown in Fig. 4.8(a).
For comparison, the leakage of the oscillator power, which could not be sent into the OPA
due to imperfect polarization optics (about 230 mW), was monitored with another ther-
mal power meter (Coherent LM-200 XL, designed for up to 200 W, 10 mW resolution).
Obviously, the mid-IR fluctuations follow the long-term drifts of the oscillator output.
It is not clear where these slow fluctuations come from as they were not observed in
Fig. 2.4(b), for instance. A similar behavior was, however, apparent in Fig. 4.3(c). It
is to note that the utilized oscillator was not set up on a breadboard which makes it
susceptible to external perturbations. The latest generation of KLM TD oscillator (cf.
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Fig. 4.8. (a) Stability of the mid-IR radiation measured at full pump power, i.e. the OPA generated
more than 5 W of mid-IR power. The RMS was calculated from 946 shots measured at a sampling rate
of 1Hz. The pump leakage (grey solid line) was monitored in parallel with the power meter that usually
monitored the full oscillator output. It is clearly visible that the mid-IR fluctuations follow the oscillator
fluctuations. (b) Beam profile of the mid-IR measured with about 20 W pump power. (c) Beam profile
of the mid-IR measured at full pump power. An additional neutral density filter was used to not saturate
the pyroelectric detector.

e.g. section 3.2.2) is better isolated from its environment and may strongly reduce these
long term drifts. Nonetheless, the power stability (0.8 % RMS) of the mid-IR is good. It
is, for instance comparable to the measurement of the soliton seeded double-stage OPA
presented in ref. 395 which generated almost an order of magnitude less mid-IR power.

The idler beam profiles, shown in Figs. 4.8(b) and (c), were measured at 20 W pump
power and at full pump power (42 W) with a pyroelectric detector array. At 20 W pump
power the mid-IR is nearly perfectly bell-shaped which is a consequence of the collinear
OPA geometry and the absence of spatial walk-off in the type 0 phase-matching geometry.
If pumped with full power, the irradiance enhancement effect, shown in Fig. 4.6, sets in.
The impact on the mid-IR profile is, however, clearly weaker than the impact on the
pump profile. Although a slight ring formation becomes visible in Fig. 4.8(c), the beam
profile is still good and definitely useable for nonlinear experiments as the SCG results
presented in section 4.2 demonstrate.

: e A0 R SO W, 375 M o
\””KLM’TEBS&“EEEF 77733, 230 fs5, 50 W, 375 N
M2 AN ! !
* . ' 5 !
\GFP | reference | —4 5 :
NE N2 | i
2 o | /I T, oMAA W i i
i Poc [__: 7 N o Si I | |
| = : ﬂi | U | i
— ] ’ 7y
T[ @—?]70 fibre I o /BS ! : L6 | FCs

Fig. 4.9. (a) OPA setup with FROG. The power of the reference beam is adjusted between 0.3 to 1 W
to take advantage of the full dynamic range of the grating spectrometer. The abbreviations in the OPA
setup are like in Fig. 4.1. (b) Detailed FROG setup. The D-shape mirror is moveable. It may split the
wavefront of the reference beam which allows to measure SH-FROG of the reference before conducting
X-FROG measurements. In its shown position, it reflects the full reference beam while the mid-IR is
transmitted to a piezo-based translation stage. Both beams are noncollinearly overlapped in a 110 um
thin LGS crystal. The resulting sum-frequency is focused with a spherical silver mirror into a multimode
fiber which is coupled to a grating spectrometer (FCS) with a silicon detector array. All reflective optics,
including the parabolic (Par) mirror, are silver coated.
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Fig. 4.10. (a) Measured (left) and retrieved (right) X-FROG traces of the idler pulse after beam splitting
and chirp compensation. The color scale is in units of dB with respect to the maximum of the trace. The
RMS FROG error was 0.50 % for a 5122 grid size. (b) Comparison of the spectrum measured with the
Bristol 721 spectrum analyzer (black solid line) and the one retrieved from X-FROG (red solid line). (c)
Retrieved mid-IR pulse and calculated pulse from the FOURIER transformation of the FTIR spectrum.
The FWHM practically corresponds to the transform-limit but the pedestal carries about 10 % of the
energy.

To measure the idler pulses, X-FROG measurements were performed. Contrary to self-
referencing techniques, X-FROG, as an up-conversion method, has the advantage that
the radiation at 4 yum can be characterized with sensitive and cost-efficient silicon detec-
tors which only measure photons energies up to the bandgap of silicon of about 1.1eV
(corresponds to &~ 1.1 um)3*¢. The setup is sketched in Fig. 4.9. Essentially a small part
of the oscillator output (only ~ 1%) was split in front of the OPA and temporally as
well as spatially overlapped in the FROG which was used in the previous chapters in SH
configuration and is described in more detail in appendix A.1. The mid-IR radiation was
up-converted in a 110 ym thick LGS crystal.

The optical layers of the dielectric beam splitter designed for separating near-IR and
mid-IR (cf. blue solid line Fig. 4.2(a) and (b)) were coated on YAG, sapphire and CaFy
substrates. To keep the GDD as low as possible the CaFy substrate was utilized (cf.
Table 4.1). Nevertheless, about -1500fs> GDD had to be compensated as well as the
residual chirp of the OPA. This was accomplished by inserting a 5mm thick AR coated
Si window (GDD = 1900fs?). The pulses were compressed to about 140 fs which is close
to the FTL of the spectrum measured with an FOURIER transform infrared spectrometer
(FTIR) (cf. Fig. 4.10(c)). The X-FROG RMS error was 0.5%. After the dielectric
HR mirrors for 4 um central wavelength (dark blue dashed lines Fig. 4.2(a) and (b))
became available, the 1 mm thin 2.4 pm longpass filter (Si substrate, dark green solid line
Fig. 4.2(c)) was utilized for separating the mid-IR and the residual near-IR.

Discussion

The most powerful MHz fs sources for wavelengths longer than 3 pm were based on OPOs.
About 8.9W were generated at 3.6 um with longer pulse durations (840 fs measured at
1.45 ym) and without CEP stabilization®’”. Actively CEP stabilized OPOs reached 1.5 W
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at 3um and about 1W at 4 um4%. Hybrid fs OPO-OPA systems reached about 1.1 W
between 3.5 and 4.1 um*% with excellent power stability while for fiber-seeded fs OPAs
about 650 mW were measured at 3 um3%. Eventually, a few sub-MHz rate amplifier
systems with several tens of Watts output power at about 1 pm also reached several Watts
of average power at about 3 um wavelength3%3405410  The presented PPLN OPA unifies
different advantages of the cited examples. It emits multiple Watts of average power
with only 140fs duration, avoids the need for active CEP stabilization, exhibits good
power stability and consists of a simple setup. Moreover, the amplified seed, although not
explicitly discussed here, presents also an attractive source for two-photon microscopy in
biomedical deep tissue imaging?3.

Spectral powers of several tens of mW/cm™ are more than sufficient for spectroscopy

applications. Given the repetition rate of frp, = 37.5 MHz, 1cm™ corresponds to about
800 X frep, i.e. powers per comb line on the order of 0.1 mW were reached which would
belong to the most powerful mid-IR combs (after referencing fep) that have been realized
so-far®. The brightness B, i.e. the photon flux per unit area and per unit solid angle, of
the source can be evaluated by:

T .
B = Theonens 51 PSP 5 (44)
where [y 1o pw PSD(7) di represents the average power in 0.1 % of the (FWHM) bandwidth
of the spectra shown in Fig. 4.7(b). It ranges from about 2 to 4 mW. Moreover, h is the
PLANCK constant, ¢y the speed of light in vacuum, A the vacuum wavelength and Miy
the Gaussian beam factor. Eq. (4.4) was derived from the formula given in ref. 198
in the following way: The solid angle €2, being usually small for nearly Gaussian laser
beams, was approximated by four times the product of the beam divergence in x and
y direction, i.e. Q = 4XN*MZM;/(m*wozwo,y), where wog, is the waist. The beam area
was calculated by A = mwy,wo,. Eq. (4.4) resulted in brightnesses on the order of
10*! photons st mm2sr! (0.1 % BW)!, exceeding synchrotron mid-IR sources by about
four orders of magnitude*!!.

The wide transparency range (0.32um - 5.5pum) and the high figure of merit (FOM)
of 184,185

dgﬂ‘ -~ 2527T2/4
nmsnp 2.3

FOM =

pm?/V? ~ 24 pm?/V?, (4.5)

enabled efficient parametric amplification and made PPLN an ideal choice for the down-
conversion process. The FOM factors out the crystal-dependent parameters of Eq. (4.3).
PPLNs are available in very good quality from multiple suppliers. The utilized crystal
has not been damaged a single time during the experimental campaign. Furthermore,
no signs of degradation became visible. The peak power scalability of the experiment is,
however, limited by the commercially available apertures of typically 1 x 1mm?. This
enables to send about 5 times more pulse energy. Crystals with apertures of 5 x 5 mm?
were realized*? (but not commercialized). These would allow to utilize several hundreds
of MWs for pumping the OPA. The (kHz repetition rate) mid-IR sources with GW peak
power levels typically use multiple amplification stages to generate energetic pulses3%3:4%.
Consequently, there is no fundamental power scaling limit if the down-conversion scheme
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is transferred to higher power oscillators. Multiple amplification stages could also further
reduce idler noise,3%33% but would complicate the setup.

4.1.2 Frequency Down-Conversion with LGS

Parts of this section have been published in:

M. Seidel, X. Xiao, S.A. Hussain, G. Arisholm, A. Hartung, K.T. Zawilski, P.G. Schune-
mann, F. Habel, M. Trubetskov, V. Pervak, O. Pronin, F. Krausz, “Multi-Watt, multi-
octave, mid-infrared femtosecond source,” Science Advances 4 eaaql1526 (2018).

Frequency down-conversion beyond the oxygen absorption edge

While PPLN or periodically poled LiTaOg3 are well established crystals and were utilized in
all of the mentioned MHz OPAs and OPOs of the previous discussion, there are basically
no commonly used non-oxide crystals which are pumped with fs sources emitting around
1 ym wavelength. VALENTIN PETROV explains in one of his reviews!®® why this is the
case:

“Optical parametric generators, OPAs and synchronously pumped OPOs based
on non-oxide nonlinear crystals are difficult to realize in the picosecond regime
and even more difficult with femtosecond pulses. The major restriction comes
not only from the two-photon absorption. [...] For pumping near 1pm or
down to 800 nm, even being below half of the bandgap, the pump wavelength
will not be far enough from the bandgap of the nonlinear crystal and con-
sequently strong dispersion will lead to temporal walk-off of the interacting
pulses and low parametric gain. Obviously, only thin nonlinear crystals can
be used with ultrashort pulse lasers and since the gain will not be sufficient,
this is mostly DFG. As an alternative, cascaded schemes could be applied to
transform the pump wavelength to spectral ranges of lower dispersion.”

In-fact, the first down-conversion experiments performed in our group with a KLM TD
oscillator '8 relied on DFG as it was suggested in the quotation above. The results will be
briefly reviewed in the next section and compared to the OPA results which are presented
here. The investigations generally confirmed what has been stated by V. PETROV when
testing a variety of non-oxide crystals. Most of them suffered strongly from multi-photon
absorption, in particular AGS which has perhaps been the most commonly used non-oxide
crystal. The limited transparency in the UV or visible has been pointed out as the first
drawback, which is highlighted, in the quotation above. The experiments with LGS in
ref. 198 did not reveal issues with multi-photon absorptions. The bandgap of the crystal,
3.8eV1¥ s actually very similar to the one of MgO:LiNbOj3 (& 4eV3¥). No detrimental

Remark: Ambiguity of the name “LGS”

An online search for “LGS crystal” gives two different results. One is an oxide crystal,
called langasite or lanthanum gallium silicate (LazGasSiO14). It is piezoelectric but not
useable for frequency down-conversion. The LGS which was utilized here is the non-oxide
crystal lithium gallium sulfide (LiGaSs).
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higher order absorption was encountered in the experiments presented in the previous
section. Contrary to PPLN, multi-phonon absorptions of LGS start only at about 8 ym
and become more prominent at around 11 gm which makes the crystal suitable for mid-
IR beyond the phonon absorption edge of oxides at wavelengths shorter than 5 um. The
transmission of LGS in the mid-IR was determined by FTIR measurements of two crystals
(Figs. 4.11(a)-(c)). The absorption coefficients agree well with those presented in ref. 413.

LGS is biaxial, i.e. for given wavelengths of the three-wave mixing process, there are
multiple pairs of phase-matching angles (0, ¢) and not only a single angle like for uniaxial
crystals such as BBO. The phase-matching curves for two main planes are shown in
Fig. 4.11(d). The plots reveal turning points of the respective tuning angles, enabling very
broad phase-matching bandwidths even for thick crystals. This is a very unique feature
of LGS, making it ideal for being pumped with sources around 1 ym central wavelength.
PPLN, for example, exhibits a similar behavior when an idler at 3.5 ym is generated with
a pump at 800 nm. But for PPLN, the phase-matching bandwidth for mid-IR is relatively
narrow upon pumping with 1 gm sources. While only type I phase-matching was used in
ref. 198, yielding deg ~ —4.6pm/V (FOM ~ 2.3 pm?/V?) for the crystal angles § = 48.3°,
¢ = 0°, also type II phase-matched crystals were used in the presented experiments owing
to their higher FOM (dog ~ —6.0pm/V, FOM~ 3.9pm?/V? for § = 90°, ¢ = 38.6°).
To calculate phase-matching angles and FOMs, the SELLMEIER equations and the y(?
tensor from ref. 415 were used.

Seed generation

Even for type Il phase-matching the FOM is a factor of four lower than for PPLN.
Moreover, the A;Ag factor in the denominator of Eq. (4.3) is about two times larger for
the long-wavelength OPA. This results in about a factor 3 less amplifier small signal
gain for LGS. Therefore, the three-wave mixing process was not seeded with the ANDi
continuum but with the spectrum generated in an LMA-12 fiber. In section 3.1.1, the
trade-off between maximal pulse energy and achievable spectral bandwidth for different
normally dispersive PCFs has been discussed. Due to the large quantum defect of the
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Fig. 4.11. (a) Transmission measurements of a 1mm (red solid line) and a 150 um (blue solid line)
thick LGS crystal. The thinner crystal exhibits fringes due to the etalon effect. These were used to
determine the crystal thickness precisely. The black line shows the computed FRESNEL losses for the slow
axis at the crystal cut angles § = 48.3° and ¢ = 0°. They were derived from the SELLMEIER equations
of the crystal*!* which were, however, only measured for wavelengths up to 12 um. (b) Extracted linear
absorption coefficient () of the 1 mm thick LGS. (c) Extracted linear absorption coefficient («) of the
150 ym thick LGS. (d) Phase-matching curves based on the SELLMEIER equations?'* for frequency down-
conversion of 1030 nm pump light. For type I phase-matching (idler and seed polarization on the slow
axis) @ is varied while for type II phase-matching (idler and pump polarization on the slow axis) ¢ is
varied.
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Fig. 4.12. (a) LGS OPA seed spectrum emerging from an 8cm long LMA-12 fiber. The black solid
line displays the full spectrum, the red solid line shows the spectrum after the dichroic mirror. The
ANDi-PM fiber seed (Fig. 4.4) is shown for comparison (blue dashed line). Up to 1250 nm the spectral
power density of the LMA-12 spectrum exceeds that of the ANDi fiber. This reduces the OPA threshold
for idler generation at wavelengths of 6 um or longer. (b) Simulation of the output spectrum of a 15cm
long fiber. The power at 1200 nm gets reduced in comparison to (a). OWB into the spectral region of
anomalous dispersion has set in. The spectral spike at 1560 nm is not well suited for seeding an OPA

due to its strongly enhanced RIN in comparison to wavelengths of normal dispersion*!®. (simulated with
fiberdesk V.2.0)

long-wavelength infrared OPA, the seed continuum only has to reach wavelength about
1.2 um. Consequently, utilizing LMA-12 instead of an ANDI fiber has proven to be better
suited for the down-conversion with the LGS crystal. Fig. 4.12(a) shows that about
an order of magnitude higher power spectral density at the relevant seed wavelengths
could be achieved with the LMA fiber. An 8cm long fiber was chosen. Similar to the
situation described in section 2.2.1, OWB was avoided. Fig. 4.12(b) shows that, due
to the proximity of the zero-dispersion wavelength (cf. Fig. 3.1(b)), the wave-breaking
on the long wavelength side extends into the anomalous dispersion regime and is not as
smooth as for the ANDi fiber. Moreover, it introduces significant IN enhancement of the
seed spectrum*®. Consequently, utilizing LMA seed fibers longer than 8 cm was rather
disadvantageous for the OPA operation.

OPA simulations and experiments

In ref. 198, the LGS damage threshold for ~ 20fs laser pulses with 50 W of average
power was determined to be about 1 TW /cm?. Due to the longer pulse durations utilized
here and the UV absorption edge comparable to MgO:LiNbO3, a damage threshold of
50 GW/cm? was estimated for the 230fs pump pulses. It was noticed, however, that
damage occurred at lower pump powers for 8 mm thick crystals than for 1 or 2mm thick
crystals. Moreover, it was observed that the 8 mm crystal was damaged at its end facet
first. This was interpreted as a consequence of critical self-focusing. Since no literature
value of the KERR nonlinearity is known by the author, the beam collapse was simulated
under varying nsy values of the crystal for a spot size of 110 um and a peak irradiance of
12GW /cm?, the experimental values that caused damage. An ny of 35 x 1071% cm? /W
was determined which is twice as large as the ny of LiNbO3 and 50 % higher than the
expected value from ref. 290. A direct measurement may determine it more precisely.
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Fig. 4.13. (a) Evolution of idler power and FTL with respect to propagation length. It is demonstrated
that, while the idler power strongly rises after 2 mm of propagation, the slope of the FTL decreases. The
central idler wavelength is 9.2 um. The evolution of a type I phase-matched OPA yields qualitatively
to the same result results. The pump power was 28.8 W, the beam waist in the crystal 115 um and
the tuning angle ¢ = 38.6°. (b) Angle tuning of a 7mm long LGS crystal for type II phase-matching.
The simulation parameters are like in (a). (c) Angle tuning of an 8 mm long LGS crystal for type I
phase-matching. The simulation parameters are like in (a). More efficient down-conversion is expected
from type II phase-matching due to the higher FOM. Type I phase-matching predicts, however, a slightly
lower FTL near the tuning angle for maximal idler power and nearly single-cycle pulse bandwidth upon
strong detuning, even for an 8 mm long crystal (at only about 5% of maximum conversion).

Under consideration of the damage threshold and the determined ny, simulations were
conducted to determine optimal focus size and crystal length in a procedure similar to
the PPLN OPA. The seed, used in the simulations, was extracted from a SH-FROG
measurement. The refractive indices and effective quadratic nonlinearities were extracted
from ref. 415. Three frequency grids, each of 512 points and 200 THz width, were factored
out. The seed and pump grids were centered at 291 THz, while the grid of the idler was
centered at 100 THz. Due to mirror symmetry, only half of the beam profile was simulated
for type I phase-matching. The spatial grid had the size of 128 x 65 points with a spacing
of 1/7 of the (free beam) pump beam waist in horizontal and vertical direction. Since
the spatial grid in the simulation package could not simply be rotated by 90°, the full
plane with 128 x 128 points was simulated for type Il phase-matching. It is to note
that the published refractive index data refers to room temperature measurements while
the crystals were heated to about 60°C in the experiments. This was considered as the
reason for the blue-shift of the experimental spectra with respect to the simulated ones.
A very recent publication has shown, however, that inaccuracies in the initially reported
SELLMEIER equation have also contributed to the discrepancy*!”.

Fig. 4.13 shows that Watt-level mid-IR powers are predicted with bandwidths of less than
three optical cycles. This demonstrates that LGS constitutes an important exception from
the above cited, general statement about near-IR fs pumped non-oxide nonlinear crystals.
Fig. 4.13(a) shows the quasi-exponential increase of idler power with propagation up to
4 mm where saturation effects become apparent. By contrast, the FTL rises clearly sub-
linearly after the first mm of propagation. At the end facet of the crystal, i.e. after 7mm
(longer crystals were not available for type II phase-matching), the FTL is only about
85 fs while a cycle duration at 9.2 um is about 30fs. Power levels of up to 1.4 W at 9 um
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Fig. 4.14. (a) Simulated tuning curve for type I phase-matching and 28.8 W of pump power. Due to the
phase-matching of two idler wavelengths at the same tuning angle (cf. Fig. 4.11(d)), the idler spectrum
exhibits two peaks if the tuning angle is # = 48.2° or lower and may become nearly octave-spanning.
The spectra of the two perfectly phase-matched wavelengths overlap in the center at around 8.6 um. A
similar behavior is predicted for type II phase-matching. Due to the idler red-shift in this case, the longer
wavelengths are absorbed more strongly, and hence the FTLs are not as low as for type I phase-matching.
(b) Experimental tuning curve. It is in good agreement with the simulated one. The FTL of the wine
red curve is only about two optical cycles. The black and the light blue curve were measured at the same
tuning angle but at different delays. The spectra were measured with an FTIR (Lasnix L-FTS).

are expected (cf. Fig. 4.13(b)) which would correspond to down-conversion efficiencies of
about 40 %.

Fig. 4.13(b) and (c) compares different phase-matching geometries and crystal cuts, re-
spectively. As expected, type I phase-matching leads to higher mid-IR power (about 40 %
more). On the other hand, with type I phase-matching, broader spectra can be generated.
The difference is small for maximum power output, but upon detuning even sub-40 fs F'TLs
are predicted. Unfortunately, the mid-IR converison drops to the sub-100 mW level, and
hence it is probably more efficient to maximize the OPA output for power and spectrally
broaden it by a factor of two. Fig. 4.14 shows simulated (a) and experimental (b) tuning
curves which are significantly different from what has been presented in Fig. 4.7(b), the
PPLN OPA tuning curve. While there a more typical monotonous relation between poling
period and idler wavelength is observed, the LGS idler wavelengths approach upon angle
tuning from the long and the short wavelength side a singularity near 8.6 um (for type I)
and 9.2 ym (for type II), respectively. This is well explainable by the turning points in
the phase-matching curves displayed in Fig. 4.11(d).

For the amplification experiments, the dichroic beam splitter characterized in Fig. 4.2
was not available, and hence different means for beam splitting were employed in order
to quantify the generated idler power. The simplest approach is to use a germanium
plate which transmits only the mid-IR but absorbs the pump and signal. This method
only worked poorly since the absorption led to free carrier generation which implied also
mid-IR absorption (orange dots Fig. 4.15(a)). This effect was, for instance, controlled
to achieve ultrashort THz pulses from kHz systems*®. Here, it was just detrimental.
In a type I phase-matching geometry, pump and idler polarization are orthogonal, and
thus fairly efficient splitting was achieved by utilizing a ZnSe plate at BREWSTER’s angle
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Fig. 4.15. (a) mid-IR generation with type I phase-matched 8 mm thick LGS crystals. The orange dots
show a measurement were pump, seed and idler were sent onto a germanium plate to split the near-IR
from the mid-IR. At pump powers above 10 W, the germanium plate becomes increasingly opaque for
the mid-IR, most probably due to free carriers in the semiconductor. The blue dots were measured
with ZnSe plate at BREWSTER’s angle which transmitted the pump and reflected about 60 % of signal
and idler. These two beams were split with a germanium plate. At low powers, the agreement with the
simulation results is good while the experimental values remain behind their expectations at higher pump
powers. For the measurement symbolized by the red dots, an AR coated crystal was used, allowing to
pump with up to 33 W. In this case, beam splitting was accomplished by a ZnSe wedge with near-0 AOI
(vielding about 17 % reflectivity), an AR-coated ZnSe plate for further attenuation of the near-IR and
a Ge plate. The idler powers are partly above the expectations of the simulation which might originate
from additional seed power due to excellent coupling into the LMA-12. At full pump power, 1 W of
mid-IR was generated. The graph corrects for the FRESNEL reflection. An mid-IR transmission of 47 %
(infinite number of reflections) was assumed for the Ge plate. (b) mid-IR generation with a type II
phase-matched 7mm thick AR-coated LGS crystal. The red dots have been measured with the same
method that yielded 1W for the type I crystal. In this case, up to 1.3 W could be generated at full
pump power. The orange dots were derived from measuring first the total transmitted power and then
the transmitted near-IR power while the mid-IR was blocked by a 5mm thick FS plate. Its power was
derived from the difference of both measurements. A maximal pump power of 24 W could be used due
to the detection limit of the thermal power meter. The blue dots were derived from spatially splitting
near-IR and mid-IR beams with a D-shape mirror. Due to the at least seven times larger diffraction of the
mid-IR, parts of it passed the D-shape mirror which completely reflected the near-IR. The measurement
was calibrated at low pump powers by inserting an additional Ge plate and comparing the measured
idler power with and without the D-shape mirror. All solid dots symbolize the derived generated idler
power. The blue hollow dots show actual power measurements, yielding 450 mW. The error bars refer to
the uncertainties of the measurement method, not to a statistical analysis of a measurement set. The
dark power (arising e.g. from heating the Ge plate) was subtracted from the shown idler powers. It was
measured when pump and seed were delayed such that they were not mixed anymore. Phase-matching
was adjusted for maximal output power.

such that the pump is practically fully transmitted while the about 50 % of the idler are
reflected at a single surface. The blue dots in Fig. 4.15(a) shows the results achieve by
this approach. Signal and idler were still split by a germanium plate. This could have
possibly led to the discrepancy of simulation and experiment at higher pump powers. The
signal carriers about seven times more power than the idler. In a third technique (red
dots Fig. 4.15(a)), the ZnSe wedge was placed in nearly normal angle of incidence such
that it reflected only about 17 % per surface of the incoming power. A second, coated
ZmSe plate was used to reflect, and hence attenuate the near-IR further while the coating
nearly perfectly transmitted the mid-IR. Finally, a germanium plate was set in front
of the power meter that measured the remaining idler power which went up to 76 mW.
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Fig. 4.16. Occurrence of LGS crystal damage at various input powers. The simulated curve that relates
the pump power to the peak irradiance inside the crystal is shown as a black line with dots at the
simulated points. The blue (red) stars show the pump powers at which the 7mm to 8 mm long uncoated
(coated) crystals were damaged. The pump power where damage occurred varies by a factor of two while
the simulation predict that the peak irradiance where damage occurs varies even by a factor of six.

However, since the reflection/transmission losses could be precisely determined, it was
inferred that a mid-IR power of about 1 W was generated. In the same way an OPA
with type II phase-matched crystal was studied. The red dots in Fig. 4.15(b) show that a
mid-IR power of up to 1.3 W could be generated in this case. To manifest this result and
exclude systematic errors, the power measurement was repeated with two other methods.
Firstly, only the mid-IR was blocked and the difference to the full output power was
determined. Secondly, the near-IR with clearly smaller beam width was reflected from a
D-shape mirror while parts of the mid-IR passed the mirror and were measured with a
power meter. All approaches led to well comparable results which are also in excellent
agreement with simulations as Fig. 4.15(b) demonstrates. The power variations mainly
arose from different seed powers, which depended on the coupling into the LMA fiber and
the oscillator pulse duration. Also slight variations in the spatial overlap could have led
to the differences in the measurement series.

Reliability of the LGS crystal

The optical properties of LGS were presented for the first time in 2003,%!3 although the
crystal was reported for the first time in 194745, Consequently, LGS is not nearly as
established as LiNbO3. To the best of the author’s knowledge, the first fs LGS OPA
pumped with a 1micron source has been presented here. The young history of LGS
as a nonlinear crystal may explain why the available quality is not comparable to that
of PPLN. Whereas the latter was not damaged a single time during the course of the
experiments (i.e. for more than two years), multiple LGS crystals were destroyed at a
huge range of peak irradiances as Fig. 4.16 illustrates. The lowest encountered damage
was only at 1% of the specified irradiance threshold of ref. 198.

Damage threshold measurements for LGS were conducted elsewhere with ns pulses at
kHz repetition rates*'?. In this case the three tested crystals exhibited a very similar
damage fluence (< 15% deviation). AR coatings rather slightly increased the fluence
where surface damage set in. An OPO containing an 8 mm thick crystal was pumped six
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times below the damage threshold at a peak irradiance of about 550 MW /cm?. Scaling this
value with the square root of pulse duration law, yields 36 GW /cm? for 230 fs pulses and
is in good agreement with the maximal peak irradiance of the experiments presented here.
Therefore, the described issue with the strongly varying damage threshold does apparently
not stem from fundamental limitations of the crystal itself, but from its scarce availability
at constantly high quality. While PPLN can be obtained from multiple suppliers and
the most common poling periods can be delivered within a few weeks, the author is only
aware of one LGS supplier worldwide at present (ASCUT Ltd & Co KG) and delivery
usually takes several months.

Discussion

The LGS crystal revealed outstanding properties for direct frequency down-conversion of
1 pm radiation to the mid-IR, resulting in the by-far highest power femtosecond source
which has been presented for wavelengths longer than 5 um. For comparison, 110 mW of
average power were demonstrated around 7 pm with the nonlinear crystal cadmium silicon
phosphide, CdSiP, (CSP)12042! where the extraordinary high FOM allowed to keep two-
photon absorption losses low. Similar power levels were achieved with more complex
cascaded schemes, i.e. a sequence of at least two down-conversion devices*". Eventually,
with intrapulse DFG about 100 mW of average power were generated at 10 um central
wavelength. The experiment will be briefly presented in the next section. The brightness
level of the mid-IR output of the LGS OPA is comparable to that of the PPLN OPA (cf.
Eq. (4.4)) and also clearly exceeds those of synchrotron sources®!!.

The presented approach is not only interesting for high average power systems but is also
highly attractive for time-domain applications requiring at least hundreds of MW peak,
such as high-harmonic generation in gases®*®. To the author’s knowledge, LGS crystals
are available with about 7 x 7mm? apertures. Picosecond amplifiers at 1 micron deliver
up to hundreds of mJ3*. They could be utilized for amplifying the mid-IR radiation to
mJ levels.

Yet, before LGS can be become a well established nonlinear crystal like BBO or LiNbOs,
a further evolution towards higher reliability and better availability seems imperative. In
particular, the 7mm to 8 mm thick crystals seem hard to manufacture in flawless quality.
Although the generation of broad spectra was an excellent demonstration of the favorable
phase-matching properties of LGS, performance and reliability of the OPA might further
improve by using two shorter crystals. These would firstly reduce the crystal volume,
facilitating the extraction of high quality pieces from the boule. Secondly, the shorter
propagation length would allow higher pump irradiances due to the decreased detrimental
impact of self-focusing. Two stage down-converters would unfortunately increase the
complexity of the setup, but may lead to very stable infrared output if the down-conversion
process is saturated in the individual stages3934%9.
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4.1.3 Comparison to Down-Conversion via Difference Frequency Generation

Parts of this section have been published in:

I. Pupeza, D. Sanchez, J. Zhang, N. Lilienfein, M. Seidel, N. Karpowicz, T. Paasch-Colberg,
I. Znakovskaya, M. Pescher, W. Schweinberger, V. Pervak, E. Fill, O. Pronin, Z. Wei, F.
Krausz, A. Apolonski, and J. Biegert, “High-power sub-two-cycle mid-infrared pulses at
100 MHz repetition rate.” Nat. Photon. 9, 721 (2015).

The first down-conversion experiments with a KLM TD oscillator were based on DFG
with thin non-oxide crystals. The setup presented in section 2.2.1 was utilized. The blue
and the red wing of the spectrum emerging from the fiber compression stage were mixed in
a so-called intra-pulse DFG experiment. The principle is explained by means of Fig. 4.17.
Contrary to the sketches of Fig. 1.11, seed and pump cannot be clearly distinguished, but
they are convoluted within a single pulse. Due to the ultrahort durations, very high peak
irradiances can be employed to drive the three-wave mixing process. For instance, up to
40 TW /cm? were utilized to generate broadband radiation around 2 pym in an intra-pulse
DFG experiment with BBO?®%*. On the other hand, the GVD of the nonlinear crystal leads
to rapid pulse stretching, and consequently a fast decrease of the peak irradiance driving
the three-wave mixing process. Moreover, the spectral wings get delayed with respect to
each other during propagation, and hence temporal walk-off limits the interaction lengths.
Therefore, the nonlinear crystals must be much shorter than in OPA setups. Typically,
intra-pulse DFG comes also with drawback that a single pulse has a single polarization.
Subsequently, pump and seed cannot be polarized for proper birefringent phase-matching.
Hence, the electric field polarization vector of the incoming beam is projected on both the
slow and the fast crystal axis, yielding effectively to the exclusion of half of the photons
from the three-wave mixing process. On the other hand, temporal and spatial overlap is
always ensured if a homogeneous beam with proper compression is utilized. Furthermore,
pump and seed, since originating from a single pulse, typically exhibit common noise
which is at least partly canceled by the DFG process (e.g. timing jitter, intensity noise
adds up).
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Fig. 4.17. Principle of the intra-pulse DFG setup. The compressed spectrum extracted from the
LMA compression stage presented in section 2.2.1 is sent into an LGS crystal. The field polarization
vector is rotated by 45° with respect to fast and slow axis of the crystal for phase-matching. The
shorter wavelengths (bluish) serve as pump of the three-wave mixing process while the longer wavelengths
(greenish) serve as seed (cf. Fig. 1.11(a)). The top axis shows the idler wavelengths that would be
generated from a 970 nm pump (seed) if the three-wave mixing process was perfectly phase-matched and
the nonlinear crystal would not absorb.
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Fig. 4.18. (a) Simulated pulse energies for intra-pulse DFG experiments with the short pulses char-
acterized in Fig. 2.9 and a 1mm thick LGS crystal. Peak irradiances of 50 GW /cm? (blue dots) and
300 GW /cm? were set, half of the energy was projected on the slow axis (seed) and half on the fast axis
(pump). While 50 GW /cm? was the estimated damage threshold for the OPA, about 300 GW /cm? were
stated to be utilized in the DFG experiments!?®4?2, The generated idler power in mW is calculated
from the shown pulse energy in nJ by multiplying with the repetition rate in MHz. The right axis shows
the average powers for the 100 MHz oscillator used in the experiments. To compare with the LGS OPA
(37.5 MHz repetition rate oscillator), the power has to be devided by 2.67. The predicted FTLs depend
on peak irradiance and tuning angle. For 300 GW/cm?, the FTL in the region of highest conversion
efficiency is on the order of a single optical cycle (30 — 40fs). (b) Normalized tuning curves for the
50 GW /cm? simulation results (300 GW /cm? similar). The splitting of the spectrum upon detuning is
visible like in the OPA predictions (cf. Fig. 4.13(d)). The bold red line and the bold blue line are in good
agreement with the experimentally reported spectra (cf. Fig. 4.19).

For comparing DFG and OPA based on LGS quantitatively, the simulations which have
been presented in Fig. 4.13 where also performed for a 1 mm thick crystal and the pulses
characterized in Fig. 2.9. Half of the energy was assigned to the fast axis (pump) and
half to the slow axis (seed). Only type I phase-matching was investigated in accordance
with the experiments. The simulation results qualitatively agree with the introductory
consideration of this chapter where it was pointed out that the DFG process usually
does not allow a coherent build-up process of the signal like in OPA or OPO experiments,
making it clearly less efficient. For type I phase-matching and 50 GW /cm? peak irradiance,
only 2.4% of the maximal idler energy achieved in OPA experiments (also type I) is
expected. For 300 GW/cm?, which was approximately the peak irradiance in refs. 198
and 422, 22 % of the OPA energy are predicted. On the other hand, the FTLs of the DFG
simulations are about a factor two lower than the OPA predictions. Therefore, the OPA
is capable of generating mid-IR pulses with energies and peak powers that clearly exceed
those attainable by intra-pulse DFG.

The DFG experiments were mainly performed by IoAcHIM PUPEzZA from MPQ and
DANIEL SANCHEZ from the group of JENS BIEGERT at ICFO in Barcelona. Initially,
the compression setup presented in this thesis was used. But later a 100 MHz repetition
rate oscillator, otherwise resembling the KLM TD oscillator presented in section 2.1,
was built by JINWET ZHANG. Moreover, the compression scheme of section 2.2.1 was
mimicked in a compact manner by NIKOLATI LILIENFEIN. The higher repetition rate led
to a higher oscillator average power (90 W) and a larger spacing of the frequency comb
yielding additional power per comb line. Fig. 4.19 shows the generated spectra which have
been published in refs. 422 and 198. A generated idler power of 103 mW was attributed
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Fig. 4.19. (a) Spectrum published in ref. 422. It was measured with an FTIR (Lasnix) with SNR
typically not better than 20 dB. The measured spectrum (blue line) agrees well with the simulation (red
line, done by D. SANCHEZ) and is in accordance with the red spectrum of Fig. 4.18(b). The flat spectral
phase was predicted by the simulation. (b) Spectrum published in ref. 198 (blue line). It is compared to
the simulation result for 300 GW /cm? and the tuning angle § = 47.2° (cf. blue spectrum of Fig. 4.18(b)).
The long-wavelength part agrees well while the short wavelengths were likely suppressed by the electro-
optic sampling (EOS) measurements. Strong absorptions beyond 10 um (cf. Fig. 4.11) are included in
the simulation.

to both spectra. For the spectrum of Fig. 4.19 (a), this is clearly below the simulation
prediction of Fig. 4.18(a) (6 = 48.2°), given the peak irradiance of about 280 GW /cm?.
Possibly, the utilized uncoated germanium beam splitter blocked parts of the generated
mid-IR like it was observed in the OPA experiments (cf. Fig. 4.15(a)). The situation
is different for the spectrum shown in Fig. 4.19(b). Here, the simulations would predict
a bit lower output power (85 mW) than what was actually measured although the same
Ge beam splitter was used. The agreement between simulated and measured spectrum is
very good for wavelengths longer than 8 ym. However, the short wavelength peak which
is expected from the simulation is not present. This may have multiple reasons, such as:
(i) Water absorptions that reduce the spectral power between 5 and 7 pm, (ii) the finite
phase-matching bandwidth of the 30 ym thin GaSe crystal used for EOS and (iii) the 22 fs
reference pulses used for EOS which do not support the full bandwidth of the mid-IR or,
in other words, do not exhibit the bandwidth of the 17 fs pulses which were utilized for
the simulation.

While a detailed comparison of the experimental output parameters will be given in the
summary section of this chapter in Table 4.3, a few general aspects of the comparison
between the OPA and intra-pulse DFG approach shall be summarized at the end of this
section: While the OPA approach clearly leads to higher mid-IR pulse energies than
the DFG approach, the advantage of DFG to generate broadband radiation is apparent,
but not very significant due to the large phase-matching bandwidth of LGS. Intra-pulse
DFG requires pulse compression in the near-IR which, for instance, allows to apply the
advanced chirped mirror technology as done in the fiber compression setup presented
in section 2.2.1. By contrast, the OPA approach does not require pulse compression in
the near-IR. Instead, the task is shifted to the mid-IR. For the PPLN OPA, this was
readily attainable by exploiting material dispersion. Unfortunately, there was no time for
compressing the LGS OPA output. In terms of intensity noise, the OPA is advantageous
because the pump is typically very stable and by saturation the conversion process, the
impact of seed fluctuations decreases. The DFG approach mixes the frequencies of the
spectral wings which are typically more noisy the central parts of the spectrum*%. On
the other hand, the intra-pulse DFG approach consists of a common path setup while
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the OPA approach separates the paths of seed and pump. Therefore, the timing jitter
of the idler in the DFG setup is better than in the OPA setup. These noise properties
have been quantitatively confirmed by a study of SYED ALl HUSSAIN and WOLFGANG
SCHWEINBERGER. Power-scaling the OPA approach seems relatively straight forward as
discussed in the previous sections. The seed can be kept as it is while only the pump spot
size for higher pulse energies must be adapted. To further scale the DFG approach, the
compression scheme in the near-IR must be changed. The investigations in chapter 3 and
recent bulk broadening results®?33Y show that this is possible although some development
would be required. Finally, from a pratical point of view, the DFG approach may have
the advantage that the thinner LGS crystals seem to be available in better quality at the
moment which hopefully changes over the next years.
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4.2 Supercontinuum Generation in the Mid-Infrared

Parts of this section have been published in:

M. Seidel, X. Xiao, S.A. Hussain, G. Arisholm, A. Hartung, K.T. Zawilski, P.G. Schune-
mann, F. Habel, M. Trubetskov, V. Pervak, O. Pronin, F. Krausz, “Multi-Watt, multi-
octave, mid-infrared femtosecond source,” Science Advances 4 eaaql526 (2018).

Tunability is an important feature of OPAs and OPOs since it allows to investigate spe-
cific (vibrational) transitions at a given frequency. In section 1.1, tunability has thus
been claimed to be indispensable for a new generation of ultrafast lasers. However, if
a multitude of (unknown) molecular species must be studied, for instance in molecu-
lar fingerprinting,%%3%! broad continua are advantageous. All characteristic spectroscopic
signatures may be recorded with a single pulse and no time consuming scans across the
mid-IR wavelength range are necessary. Furthermore, large spectral bandwidths are also
imperative in time domain applications requiring few-cylce pulses.

For this purpose, cascaded quadratic nonlinearities were exploited. In the context of mid-
IR spectral broadening beyond the oxygen multi-phonon absorption edge, this approach
has mainly been discussed for strongly phase-mismatched (non-resonant) crystal orienta-
tions which require energetic pulses or waveguides*?>424. The publications have demon-
strated, however, that utilizing self-defocusing nonlinearities resulted in broad, coherent
continua with significant spectral extension towards longer wavelengths. The studies pre-
sented in section 3.2.2 with near-resonant configurations have indicated that the approach
is capable of handling high average powers. Moreover, it has early been recognized, that
near-resonant quadratic nonlinearities can give rise to effective ny values which are orders
of magnitude larger than pure KERR nonlinearities*?®. This is due to the d%;/Ak scaling
of the effective nonlinear refractive index (cf. Eq. (3.22)). For the chalcopyrite zinc ger-
manium phosphide, ZnGePy (ZGP)*%, d.g = 71 pm/V for type I SHG of 4.1 ym results in
an effective ny of about —1 x 10712 cm? /W at the tuning angle § = 55° (Fig. 4.20(b)). For
comparison, the KERR effect of ZGP is estimated by n{<™™ = 1.3 x 10~ cm? JW20 the
KERR effect of FS at 1micron is about n$*™ = 3 x 10716 cm?/W 24 i.e. more than three
orders of magnitude lower than the near-phase-matched cascaded quadratic nonlinearity
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Fig. 4.20. (a) Type I phase-matching curve for ZGP. The dashed line shows the crystal-cut angle,
0 = 55°. The gray-shaded area implies a negative nécas). (b) The effective nonlinear refractive index of
ZGP for 4.1 um upon phase-mismatching. Note that the scale is 10712 cm? /W, contrary to Fig. 3.29(b)
where it was 10715 cm?/W. At § = 55° (dashed red line), the effective nonlinear refractive index is
ny = —1.2-107*2cm? /W, i.e. more than three orders of magnitudes higher than what was utilized for
BBO compression in section 3.2.2. (c¢) The calculated dispersion of the effective nonlinear refractive

index for the tuning angle § = 55°.


http://dx.doi.org/10.1126/sciadv.aaq1526
http://dx.doi.org/10.1126/sciadv.aaq1526

146 Supercontinuum Generation in the Mid-Infrared

—
Q
g
—
O
~

wavenumber (1000 cm ™) wavenumber 1000 cm™

654 3 2 1 654 3

100 4T L T T E 14
[ 2mm ZGP
(Lasnix FTIR)
—— 1 m atmospheric
01 transmussnon 3

ZGP (55.1°):
water water

CSP (45.1°):

ﬁ 3 fundamental —— SH (49%)
[\ beee fundamental ----- SH (43%) |3

0.01 5

1E-3 4 A

power spectral density (arb. units)
power spectral density (arb. units)

1074 T II T T T T l‘ T T T T 1E-4 T T T T T T T T T T
2 3 4 5 6 7 8 9 10 11 12 13 2 3 4 5 6 7 8 9 10 11 12

wavelength (um) wavelength (pm)

Fig. 4.21. (a) Simulations of continuum generation in ZGP and CSP which motivated the experimental
investigation of the approach. The simulations assumed a sech?-shaped 100nJ, 100fs pulse centered at
4.1 pm and focused to a peak irradiance of 50 GW /cm?. The crystal thickness was chosen to be 3 mm.
SHG in ZGP (deg =~ 76.2pm/V) is phase-matched at about § = 56° (cf. Fig. 4.20(b)) while SHG in
CSP is phase-matched at about § = 46° (d.g ~ 38.8pm/V)42%. Consequently, the shown spectra were
predicted for negative effective ny at the central wavelength. The simulation results for both crystals
exhibit significant spectral broadening, but the ZGP spectrum extends much further into the long-wave
infrared. The conversion to the SH is in both cases more than 40 % which is a consequence of the need to
tune the crystal close to the resonance in order to achieve large effective ny values. (b) Experimentally
obtained spectra from SCG with the compressed idler output of the OPA and a 2mm ZGP crystal cut
at @ = 55°. The peak irradiance of the pulse is about 75 GW/cm?. A weak supercontinuum can be
inferred from the measured spectrum. It is, however, mostly at about -30dB of the peak power spectral
density. Some expected prominent absorption features, which are indicated by the black arrows, can
be qualitatively deduced from the spectrum (Ag - reduced reflection of protected silver mirrors, SH -
phase-matched SHG in the ZGP crystal at § = 55°, cf. Fig. 4.20(a)). In particular, the feature at about
10 pm is, however, unexpected and may result from some measurement error of the FTIR. Generally, the
direct SCG with the OPA output was difficult to detect.

of ZGP. The huge nonlinearity has been very recently identified as the cause for broad-
band idler generation in a ZGP OPA pumped with mJ pulses at 2.1 um wavelength 2"
Despite its dispersion (Fig. 4.20(c)), simulations predict ultrabroadband continua covering
the spectral range from 1.7 to 12 um as the following paragraph will describe.

Direct continuum generation with the compressed OPA output

The emergence of a supercontinuum from the highly nonlinear ZGP crystal was initially
predicted by simulations whose results are shown in Fig. 4.21(a). The simulations were
also performed with the SISYFOS package in a very similar manner like those described
in section 3.2.2. They included quadratic and cubic nonlinearities, but no plasma term
which significantly contributes to SCG based on filamentation®. Two nonlinear crystals
with nominally ultrahigh quadratic nonlinearities'®*'*° were investigated, namely ZGP
and CSP*%. The study was not comprehensive and could have included other crystals
like gallium selenide, but the predictions for a 3mm short ZGP were already highly
promising as Fig. 4.21(a) demonstrates. For phase-matching the SHG at 4.1 um, ZGP
exhibits clearly higher dog than CSP or gallium selenide??®, the transparency range of
ZGP extends further into the mid-IR than that of CSP. ZGP can be cut at a desired
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angle and is not a soft material with a layer structure like gallium selenide. Eventually,
ZGP has been available from multiple commercial suppliers.

Unfortunately, it has turned out, that the crystal was not necessarily available in good
quality. Initially, three 3 mm thick ZGP crystals were purchased from ASCUT Ltd & Co
KG. (In the meantime, the company does not sell ZGP anymore.) None of them, how-
ever, generated any measurable SH. Using the X-FROG (Fig. 4.9) as an interferometer to
estimate the crystal axis dependent refractive indices, showed that the three purchased
crystals, which were supposed to be identical, exhibited completely different delays. Con-
sequently, their cutting angle seemed random, explaining the absence of SHG. Due to the
long delivery times of several months, it should take about a year between the initial sim-
ulations shown in Fig. 4.21(a) and starting experiments with a ZGP crystal that worked
as predicted. We received two 2mm crystals grown by PETER SCHUNEMANN’s team at
BAE systems in New Hampshire, USA. They were AR coated from 2.04 ym to 2.2 ym
and from 2.8 ym to 6.0 um (R < 1.5% per side, coated by Twinstar Optics). SHG of the
PPLN OPA idler was also successfully tested with some Eksma ZGP crystals, but those
had to be returned after testing and could not be used for the SCG experiments.

Fig. 4.21(b) shows the continuum generation results obtained with the compressed PPLN
OPA idler focused to about 50 um spot diameter. The spectrum was measured with an
FTIR by taking 50 interferograms, correcting their timing jitter and averaging over them
before FOURIER transformation to the frequency domain. This postprocessing improved
the SNR of the spectrum by about one order of magnitude. The displayed spectrum ex-
tends to about 11 ym which is comparable to the initial simulations shown in Fig. 4.21(a).
However, most of the spectral power is concentrated around the central wavelength of
4.1 pm and the spectral wing from 5 ym to 11 pum is only at a relative power level of -30 dB.
Although some expected absorption features stemming from the propagation through the
laboratory, from the used silver mirrors or the nonlinear crystal itself can be recognized,
the weaker spectral parts are very close to the noise level and may be distorted from arti-
facts of the spectrometer. Apart from the low power spectral densities, the spectrum was
also hard to reproduce on a daily basis. Therefore, an additional pulse compression stage
was introduced. Employing pulses with a steeper temporal gradient accelerates spectral
broadening and facilitates SCG.

Precompression of the mid-infrared pulses

SCG was clearly simplified by employing sub-100fs pulses. In order to generate them,
bulk spectral broadening was utilized to reduce the pulse duration by a factor of two.
Despite the moderate peak power of about 750 kW, highly nonlinear materials clearly
increased the spectral bandwidth of the mid-IR radiation. Fig. 4.22 shows the measured
spectra for several materials. In the experiments, the focal spot diameter was varied
between 30 pm and 80 pm. The best results could be achieved with the largest spot size
due to the weaker beam diffraction. Nevertheless, the crystals had to be placed into the
focus because of the short RAYLEIGH length of only about 1 mm. Fig. 4.22 exhibits similar
FTLs for 5mm thick Si and GaAs plates as well as for one of the 3 mm thick ZGP crystals
initially purchased from ASCUT Ltd & Co KG. Among them, the ZGP crystal was the
least dispersive (cf. table 4.1), and thus was used for pulse compression. By investigating
the spectral broadening of the 2mm ZGP crystal, which was cut properly, it turned out
that fast axis (ordinary) polarization of the mid-IR led to the strongest broadening at
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Fig. 4.22. Bulk spectral broadening with the compressed PPLN OPA idler. Several nonlinear materials
were tested. Their names, the crystal lengths and the achieved FTLs are given in the figure legend. The
asterisk indicates that the material was uncoated. The ZGP crystals were tuned off-resonance and did
not produce any measurable SH. Among the tested crystals, the 5 mm silicon, the 5 mm gallium arsenide
and the 3mm ZGP crystal showed the best broadening results. The spectrum of the 3mm thick ZGP
crystal (red solid line) was utilized for pulse compression. The black solid line shows the input spectrum.
All spectra were measured with an FTIR (Lasnix or Bristol).

the > -10dB level. Since ZGP is an uniaxial crystal, it can be inferred that the idler
polarization for best spectral broadening in the 3 mm crystal was also ordinary.

The phase of the uncompressed pulses was measured by X-FROG and afterwards com-
pressed by means of material dispersion. A 2mm thick sapphire and a 5mm thick CakF,
plate were used for this purpose. The setup was nearly identical to the one which is shown
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Fig. 4.23. (a) Measured and retrieved FROG traces of the spectrally broadened mid-IR pulses after
dispersion compensation. The grid size was 5122, the residual FROG error 0.5%. No marginal was
enforced for the FROG retrieval. The traces show that the central part of the mid-IR spectrum is not
ideally in phase with respect to the broadened parts. That is a typical phenomenon of single-stage bulk
compression (cf. section 3.2.1) (b) Comparison between the retrieved FROG spectrum and the spectrum
measured with an FTIR (Lasnix L-FTS). The peak of the X-FROG spectrum is red-shifted and the CO4
absorptions are more pronounced (due to the longer propagation length to the nonlinear crystal than
to the FTIR detector). Otherwise, the agreement is also good and FTLs are nearly identical. (c) Pure
material dispersion also led to a good compression of the spectrally broadened pulses which are nearly
Fourier limited as the comparison of the red and the black curve shows.
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Fig. 4.24. SCG setup. The input beam came from the PPLN OPA (cf. Fig. 4.1). A 5mm thick,
AR-coated silicon plate compressed the OPA idler after a dielectric beam splitter. In an alternative
configuration with dielectric mirrors collimating the OPA output and no additional beam splitter, a
1 mm thin silicon plate with a 2.4 um longpass coating (cf. Fig. 4.2(c)) was utilized. HR mirrors for the
4.1 um were only available at the very end of the experimental campaign. The 3 mm thick ZGP did not
generate SH. Its KERR nonlinearity was utilized to reduce the FTL of the mid-IR pulses by about a factor
of two. After collimation with a silicon lens, pulse compression (sapphire and CaF5 plates) and refocusing
with another plano-convex Si lens, a supercontinuum was generated in a 2 mm thick ZGP crystal which
was nearly phase-matched for SHG. The emerging beam was coarsely collimated by a parabolic gold
mirror and sent to either the FTIR or the monochromator. All focal lengths f are in mm.

in Fig. 4.9. Only the reference beam path had to be adapted to the additional optical
length caused by the high refractive indices of the compression stage optics. The FROG
traces are shown in Fig. 4.23(a) and the retrieved, nearly FOURIER transform-limited
pulse in Fig. 4.23(c). No particular attention was paid to the beam profile emerging from
the broadening stage like in section 3.2. However, owing to the small broadening factor,
the beam could be still focused well by a plano-convex silicon lens to a diameter of about
80 pm in order to trigger SCG.

Two octave spanning mid-infrared continuum

For SCG, the compressed pulses were focused into a 2mm thick ZGP crystal cut at
6 = 55° (Fig. 4.24). The nonlinear crystal was mounted such that it could be rotated
around the propagation direction axis, tilted in the horizontal direction and translated
along the propagation direction. All free parameters were successively optimized under
observation of the mid-IR spectrum. Best results were obtained with the nonlinear crystal
at near normal incidence and in the focus. The supercontinuum is shown in Fig. 4.25.
Including the generated second harmonic, it spans from 1.6 ym to 7.1 um (at -30dB)
which corresponds to more than two octaves. If combined with the broadband mid-IR
radiation of the LGS OPA, about 2.7 octaves are covered with a power spectral density
clearly exceeding yW/cm™ over the whole range. When utilizing the 67 fs input pulses,
SCG was much easier to obtain than without the intermediate pulse compression stage.

The SCG simulations presented in Fig. 4.21(a) were repeated with the retrieved pulses
shown in Fig. 4.23. The simulated output spectrum (Fig. 4.26(b)) agrees qualitatively
well with the measured one presented in Fig. 4.25. There are two main peaks. One at the
central frequency at 4.1 ym and the other at its second harmonic. Moreover, the power
spectral density exhibits a minimum between 2.5 um and 2.75 yum. Most importantly, the
spectrum broadens also significantly towards longer wavelengths which allows to close the
spectral gap to the output of the LGS OPA. The simulations predict an even stronger
extension into the long wavelength infrared: at the -30dB level to 8.8 um and at the
-50dB level (shown in Fig. 4.26(a)) even over whole transparency range of ZGP*26. A
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Fig. 4.25. Coverage of the mid-IR spectral region from 1.6 um - 10.2 um. Blue, green and orange
areas represent a spectrum measurement after SCG in ZGP with a measured total power of 1.8 W. The
spectrum was measured about 1.5 m away from the ZGP crystals and partly shows strong attenuation due
to atmospheric absorptions. The average powers were measured behind the collimation parabolic mirror.
A short pass (blue area) and a long pass (orange area) were used to measure the power of the individual
components. The -30 dB width, corresponding to a power spectral density of about 10 uW/cm ™!, ranges
from 1.6 pm - 7.1 pm. The red area shows the spectrum generated from an LGS OPA with a measured
output power of 300 mW, extending the spectral coverage to 10.2 um, i.e. over 2.7 octaves in total.

reason for this discrepancy could be the unexpected nonlinear absorption of the crystal
which amounted in about 20 % transmission loss when ZGP was moved into the focus.
There are several reasons for this reduced transmission: Firstly, linear absorption sets in
at wavelengths below 2 um, overlapping with the spectral range of the broadband SH.
Secondly, the crystal was AR coated in the range from 2.04 ym - 2.2 ym and from 2.8 ym
- 6 um. The continuum, however, exceeded this range which caused additional reflection
losses. Thirdly, SCG extended the spectrum to regions of strong water vapor absorp-
tions (cf. Fig. 4.21(b)). Nevertheless, since most of the spectral power is concentrated
around 4 ym, another mechanism must be present resulting in the high transmission
losses. GaAs was tested as an alternative material for supercontinuum generation. In
this case, a prominent blue shoulder was observed, indicating free carrier generation and
consequent self-steepening. A nonlinear transmission loss of about 30 % was determined
in this case. Since the laser peak power was on the order of the critical power of GaAs
and the photon energy was only about 20 % of the semiconductor bandgap, neither beam
collapse nor significant multi-photon absorptions were expected. However, it is known
that the carrier lifetime of GaAs is on the ns order which corresponds to the oscillator
repetition rate and causes cumulative effects resulting in enhanced sample conductivity
and hence absorption?®. The issue was solved by modifying the GaAs growth process
and introducing additional material defects which led to carrier recombination times on
the ps order?®. Similar cumulative effects are suspected to be present in ZGP. Removing
those, for instance by also introducing a fast trap mechanism, would be beneficial for MHz
rate SCG generation with respect to a presumably extended spectral coverage of the long
wavelength infrared and higher spectral stability of the continuum.
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Fig. 4.26. Simulation of continuum generation in ZGP with 67 fs input pulses. (a) Spectral evolution of
the continuum (left: SH, right: fundamental). Most of the spectral width is acquired within the first mm
of propagation length. The spectrum covers the full transparency range of ZGP. (b) Simulated output
spectrum with a width from 1.8 ym to 8.8 um at -30dB of the maximum. It is qualitatively comparable
to the experimental spectrum shown in Fig. 4.25. The simulation included x(?)- (deg = 70.8 pm/V 42%)
and x®)-nonlinearity (no = 1.3 x 10~ cm?/W?2%), linear absorption and dispersion according to the
crystal’s SELLMEIER equation*?. The tuning angle § = 55° in the simulation corresponded to the cut
angle of the birefrigent crystal that was used in the experiment. As input, the retrieved pulse after the
first compression stage was used, carrying an energy of 53nJ. A Gaussian beam was launched on a spatial
grid of 128 x 65 points, each 7.5 yumx 7.5 um in size. Two frequency grids from 0 to 200 THz as well as
from 100 THz to 300 THz were factored out. Each contained 512 points. Propagation to the detector was
not included in the simulation.

Discussion

The energy of the pulses with 4.1 um central wavelength, after separating them from am-
plified seed and pump of the OPA, is about 90nJ, yielding a combination of peak and
average power which was difficult to employ in established SCG schemes that extend
to wavelengths beyond 5 um. For instance, SCG in chalcogenide fiber yielded spectral
coverage from about 1.5 - 14 ym*3%43! The fibers, however, performed clearly worse
when pumped with MHz sources since small core diameters led to a low power damage
threshold?*! and larger diameters only to moderate spectral broadening #2433, Similarly,
chalcogenide waveguides*** will not be ideal for high average power handling. By con-
trast, both the ZGP crystal?® and spectral broadening based on quadratic nonlinearities
(cf. section 3.2.2) are capable of high average power handling. Another common ap-
proach to generate mid-IR supercontinua, namely filamentation3**%3% requires free car-
riers, i.e. absorption and subsequently heat dissipation. Moreover, the method has only
been demonstrated with at least MW peak powers. In addition, filamentation leads, due
to self-steeping, to a strong spectral blue shift. This self-steepening effect is controllable
by cascaded quadratic nonlinearities®>? which enabled more pronounced broadening to-
wards longer wavelengths, and subsequently to the overlap of the supercontinuum with
the spectrum generated from the LGS OPA. Despite reaching the spectral coverage from
1.6 um to 10.2 um only at -30dB, the (combined) continuum still presents a significant
advance in power spectral density. For instance, the continuum of comparable extend in
ref. 430 was obtained at an average power of less than 1 mW and measured at -20dB.
Consequently, the spectrum displayed in Fig. 4.25 presents more than two orders of mag-
nitude increase in power spectral density. SCG in bulk materials also does not require
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any sensitive coupling of the free beam transversal mode to a waveguide mode, and is
thus straight forward to employ. On the other hand, the presented continuum exhibits
also a few drawbacks. Firstly, the full 2.7 octaves were generated in two OPA channels.
State-of-the-art mode-locked thin-disk oscillators 5961139436 yeadily allow combining the
output of LGS and PPLN OPA, and hence to get access to the whole mid-IR range in
a single setup. A quasi-third channel results from SHG in the ZGP crystal. The spec-
trum covers the range from 1.6 ym to 2.5 um. It is orthogonally polarized with respect to
the fundamental. For many spectroscopic applications, polarization is not of particular
importance. For nonlinear methods, however, this has to be taken into account. Eventu-
ally, the spectral homogeneity of the beam shows the typical features of bulk broadening
which are explicitly described in section 3.2.1. Cascaded quadratic nonlinearities allow
suppressing these inhomogeneities as shown in section 3.2.2. But this was not explicitly
investigated in the experiments presented here.

The multiple channels of the supercontinuum suggest waveform synthesis which has been
recently demonstrated in the mid-IR with a kHz source*3”. Studies on PHz electron-
ics 247438439 could be significantly extended by compressed pulses. Firstly, because of the
long driving wavelength and the associated impact on the electron trajectories in the elec-
tronic devices3®3%  Secondly, the MHz repetition rate of the presented system would
give insights into the reversibility of the current switching effects. Upon attenuating the
most powerful parts of the spectrum shown in Fig. 4.25, the source would also become
highly interesting for spectroscopy applications in biological matter where Watt average
power levels would unnecessarily heat the samples. However, the demonstrated power
spectral densities on the yW /cm™ order are typical for synchrotron radiation®!’. Hence,
the demonstrated laser based source presents a compact alternative to the large scale
facilities that have found numerous applications in life sciences*4°.
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4.3 Chapter Summary

This chapter presented three frequency down-conversion setups: two based on optical
parametric amplification and one based on intra-pulse DFG. The OPAs generated Watt-
class fs radiation in the range from 4 to 5 um and around 8.5 yum. The DFG experiment
realized a broadband mW-level source in the wavelength region from 6.8 to 16.4 um (at
-30dB level). In the meantime, this approach has been further developed towards ap-
plications in infrared spectroscopy®#*!. An overview of the mid-IR sources is given in
table 4.3. The most powerful radiation stems from the PPLN OPA owing to the lower
quantum defect in comparison to the LGS based schemes and the high FOM of the PPLN
crystal. On the other hand, this OPA exhibits the smallest idler bandwidth. Spectral
broadening, pulse compression and SCG enabled, however, to extend the initial idler spec-
trum to two optical octaves (at the -30dB level). It is remarkable that the LGS OPA
led to more than an order of magnitude more average power, 25 times higher conversion
efficiency and 35 times higher pulse energy than the intra-pulse DFG experiment, but
increased the F'TL of the mid-IR only by a factor of less than two.

The tuning curves shown in Figs. 4.7(b) and 4.14(b) cover a wide range of the mid-IR
spectrum. The highest spectral power densities are achieved in the atmospheric trans-
mission windows from 3 - 5um and 8 - 13 um which is particularly important for trace
gas analysis®. The high average powers are especially useful for stand-off detection3"!.
Utilizing frequency comb spectroscopy for this purpose would require to lock a multiple
of the laser repetition rate to a precise frequency reference or to use a second fs laser for
dual-comb spectroscopy 38!, The passive carrier-envelope-offset frequency stabilization
of the idler makes the OPAs attractive for applications in high dynamic range measure-
ments by virtue of electric-field-resolved spectroscopy®. This will be briefly discussed in
the following outlook chapter of this dissertation.

The tunability of the OPAs could be also extended. The ANDiI fiber seed would support
radiation down to about 3.3 um (cf. Fig. 4.4(a)). However, the available poling periods
only allowed to generate wavelengths longer than 3.8 um. ZGP does not just enable SCG
but could be also used for efficient frequency doubling. This may give access to the
wavelength range from 2 to 2.5 micron while Watt average power levels are maintained.
In the range from 5 - 7 um, the LMA-12 seed power is relatively weak. To reach Watt
levels in this spectral region a double stage OPA would become necessary since the FOM
of LGS is not high enough for amplifying the ANDi seed to multiple Watts in a single
crystal. The presented OPA concept is not suited to reach Watt levels beyond 11 gm. This
is due to the transparency range of LGS (cf. Fig. 4.11). For this purpose, cascaded down-

Table 4.3: mid-IR source comparison
PPLN OPA LGS OPA LGS DFG

output power 51W 1.3W 0.1W
idler energy 135nJ 34nJ 1nJ
total quantum efficiency® 39% 21 % 1.3%
FOURIER transform limit 1401fs 85 fs 55 fs
pulse duration 140 1fs to be compressed 66 fs

@ Refers to the ratio between mid-IR photons and all photons emitted from the KLM TD oscillator.
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conversion schemes or longer wavelength pump sources become necessary. One could, for
instance, recycle the PPLN OPA signal for frequency down conversion in gallium selenide.
For the nonlinear crystal with a 2.1 eV bandgap**?, the two-photon absorption coefficient
at 1.4 ym is much lower than at 1 um wavelength. Alternatively, the idler beams of the
OPAs could be used for further down-conversion.

For the first time, Watt-level supercontinuum generation in the long-wavelength mid-IR
was demonstrated with a table-top fs light source. Other coherent high-power mid-IR
continua were limited to wavelengths below 5um?®2. The power spectral densities re-
ported here are at least as high as those of large scale synchrotron sources*’. Although
synchrotron spectra cover both the mid-IR and the THz region, the presented table-top
laser-based source, which also covers more than two optical octaves, presents a highly
attractive alternative. Needless to say, that laser systems are clearly superior to syn-
chrotrons in terms of costs and availability. Furthermore, the presented broadband fs
mid-IR source may be also employed in experimental techniques where synchrotron radi-
ation or incoherent light exhibit severe limitations or are not applicable at all. Examples
are frequency comb® or field-resolved spectroscopy®. It is to note, however, that the
first demonstration of near phase-matched SCG in ZGP will also have to undergo some
technical development like the DFG source introduced in section 4.1.344!.

In conclusion, a highly powerful tool for advancing fs mid-IR spectroscopy has been pre-
sented. Multiple Watts of average power were generated between 4 and 5 um, and, for
the first time, a Watt-class fs source operating beyond the multi-phonon absorption edge
of oxide crystals was demonstrated. Likewise, the ultrashort pulses may give access to
extreme nonlinear optical effects in solids and allow to study ultrafast molecular dynam-
ics. Furthermore, SCG based on near phase-matched cascaded quadratic nonlinearities
resulted in significant spectral broadening towards longer wavelengths. With all the pre-
sented down-conversion schemes a coverage of the wavelength range from 1.6 ym - 10.2 ym
(at -30 dB) with more than 2 W total average power as well as from 6.8 um to 16.4 um (at
-30dB) at mW level was achieved. These results push the frontiers of fs mid-IR sources
and with that demonstrate how mode-locked TD oscillators may become essential working
horses for research activities in multiple scientific disciplines.



5 OUTLOOK AND CONCLUSIONS

5.1 Near-Future Applications

Three application ideas are derived from the knowledge and the achievements which have
been accomplished through the experiments and simulations presented in the chapters 2
to 4 of this thesis. The author expects that each of them could be realized on the time
scale of about one year.

5.1.1 The attosecond oscillator

Of course, an attosecond oscillator cannot be accomplished in the sense that it is based
on an even broader gain medium than a femtosecond oscillator. But a laser system which
emits attosecond pulses at multiple MHz repetition rates and does not involve any active
or passive amplifiers is in very close reach. Likewise, the applications of such a source
stated in the introduction section 1.2 and the outlook of ref. 13 may be finally targeted.

In the introduction section 1.2, the three prerequisites for attosecond pulse generation
were stated. Among them, few-cycle pulse generation and waveform control has been
demonstrated for the first time with mode-locked TD oscillators as reported in chapter 2.
The few-cycle pulses were obtained at a pulse energy of “only” 150 nJ, and thus it was con-
cluded that further power scaling of pulse compression and CEP stabilization techniques
were required. These have been demonstrated in chapter 3. A peak power enhance-
ment of more than a factor of three to 60 MW could be achieved with a bulk broadening
technique taking advantage of cascaded y®-nonlinearities. Moreover, a power-scalable
KERR-effect based multi-plate approach was simulated which would also allow few-cycle
pulse generation. The simulations have been qualitatively confirmed very recently with
a 20 W average power light source delivering more than 300 times higher peak powers
than the KLM TD oscillator utilized here**3. In addition, in a multi-pass and a HER-
RIOT-cell*** type configuration, the multi-plate broadening has been also demonstrated
for KLM TD oscillators®2:33% (certainly also motivated by the work of refs. 32, 336). In
the multi-pass geometry®?, peak powers of 230 MW and pulse durations of 30 fs have been
reported, exceeding even the peak powers reached in ref. 323 where a fiber amplifier sys-
tem which was utilized for generating an unprecedented high XUV photon flux via HHG.
Therefore, the KLM TD oscillator based source must be also able to generate high power
XUV radiation. Furthermore, the HERRIOT-cell multi-pass spectral broadening approach
could reduce the FTL of the KLM TD oscillator by a factor 22 to 10£fs®3*°. Consequently,
entering the few-cycle regime with the 230 MW source will be also possible. Last but
not least, one of the CEP stabilization schemes presented in sections 2.3.2 and 3.3 must
be applied to the KLM TD oscillator presented in refs. 139 and 62. In supplement 1
of section 2.3, the AOM approach was expected to be transferable to such an oscillator
with 400 MW intracavity peak power. Very recent (so-far unpublished) studies indicate
that CEP stabilization of the latest generation TD oscillator is in-fact possible. Therefore,



156 High-speed, high-rate optical switching

what needs to be done, is firstly combining spectral broadening and CEP stabilization and
secondly, generating high-harmonics and measuring their spectrum and temporal shape
for instance by attosecond streaking*2.

5.1.2 High-speed, high-rate optical switching

During the past five years few-cycle pulses have opened the perspective to speed up elec-
tronic switching to PHz frequencies?47438445  The reported experiments were performed
at kHz repetition rates and with near-IR laser pulses, and have thus not been able to
answer the following questions:

1. How does optical current switching scale with the wavelength of the (driving) laser?

2. What are the electronic switching rates that can be achieved by the optical current
injection technique and how reversible is the switching?

Question 1 should not be reduced to the choice of photon energy to bandgap ratio. Tuning
the central wavelength is, in-fact, very different from changing the insulator bandgap.
This becomes clear by interpreting the ultrafast current switching phenomenon as a two-
step process: The first step is to inject electrons into the conduction band (and holes
in the valence band). The second steps is to drive the quasi-free carriers within their
bands?4"4°  In-fact, pumping semiconductors with ultrashort mid-IR pulses revealed
physically fundamentally different effects than observed with few-cycle near-IR pulses,
namely the occurrence of HHG and dynamical BLOCH oscillations?#3%°,  Essentially,
the impact of the laser frequency driving the electron in the conduction band can be
inferred from the corresponding cycle period that determines the strength of the light
driven excursion of the quasi-free electrons. It is therefore expected that longer driving
wavelengths lead to larger charge separation, a stronger material polarization, and thus to
higher net currents. For real-world applications, a high photon flux to electronic current
conversion would be extremely important to keep the power consumption and the heat
generation as low as possible. To the best of the author’s knowledge, there has not
been any experimental study so-far that has examined ultrafast current switching with
a tunable laser, and hence a quantitative scaling relation between laser wavelength and
optically induced charge has still to be investigated.

The waveform-stabilized few-cycle pulse sources described in the chapters 2 and 4 present
an attractive tool for conducting such a study. About two cycle pulses were reached at
about 1 um , five cycle pulses at 4 um - that could be compressed by another factor of
two - 2 cycle pulses at about 10 um at mW average power as well as a F'TL of three cycles
at about 8.5 um and Watt average power level. Pulse compression, possibly by inserting
dispersive materials, would be still needed for this source. Efficiently frequency-doubling
the 4 ym radiation would also give access ultrashort pulses at 2 um. Consequently, field-
induced current injection could be studied with driving lasers that span more than three
optical octaves. Due to maximal tens of nJ pulse energies in the long-wavelength infrared,
one could also combine strong near-IR pulses for current injection with the weaker mid-IR
pulses that drive the electrons.

Question 2 has been partially addressed in current injection studies in GaAg?254:255,446,448,449

At the beginning of chapter 3, the experiments of HACHE et al. have already been briefly
described as an example where repetition rate dramatically influenced the experimental
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Fig. 5.1. Multi-photon absorption energies of the few-cycle pulse spectrum retrieved in Fig. 2.13(c)
and bandgaps of selected materials that have been used in other current control experiments?47-446:447
or seem suited for the available source. The N-photon absorption energies (N hr) have been calculated
through convolving the fundamental spectrum N times with itself. The bandgaps are marked through the
vertical solid lines. In GaAs for instance, an interference between the one- and two photon absorption
channels would be expected %446, There is, however, only a tiny photon energy overlap. Therefore,
further spectral broadening is required for utilizing the material. The situation is different for higher
order absorption channels. For example, the diamond bandgap is exactly in the overlap region of the 4
and the 5 photon channel.

observations. Growing GaAs at low temperatures was needed to induce trap states which
led to ps scale recombination of the excited electron-hole pairs. Only after the introduction
of this fast relaxation mechanism, the current control experiments could be transferred
from kHz to MHz rate sources. The quest for suited materials that allow ultrahigh current
switch rates will therefore be an important research area for speeding up electronics by
utilizing few-cycle pulses. Low temperature grown GaAs will certainly be a great ma-
terial to start with. It is known that current control can be achieved with MHz pulses
and by the interference of one and two photon absorption channels?4¢4?  Consequently,
the few-cycle source described in chapter 2 could be used to establish the experimental
setup while the mid-IR sources presented in chapter 4 could significantly extend the stud-
ies that have been performed with Ti:sapph oscillators. In-fact such experiments have
been prepared already in collaboration with the research group of M.-C. AMANN from
the WALTHER SCHOTTKY Institute in Garching. A low temperature grown GaAs wafer
with sputtered electrodes on the top surface was prepared by H. SCHMEIDUCH and G.
BoeuM. Unfortunately, there has been no time for conducting the experiments so-far.

The search for suited materials is not only a concern of carrier lifetime. Also band
structure and -gap play a decisive role as, for instance, demonstrated in refs. 247, 447.
Decreasing the bandgap to photon energy ratios from at least 2.9 for FS to at least 1.2
for GaN yielded a two order of magnitude peak irradiance reduction for achieving the
same amount of optically induced charge?!”. For the source presented in chapter 2, GaAs
appears to be a good material to start with, although it may not be ideal for realizing
ultrafast switches. A significant part of the input spectrum could be linearly absorbed.
Subsequently, the single-photon would dominate the two-photon channel, resulting in
a moderate interference contrast*464° In addition, further broadening to a full octave
would be necessary to obtain an overlap between single photon and two photon absorption
energies. Fig. 5.1 illustrates this. It shows the photon energies of several absorption
channels and the bandgap of several selected materials. For large bandgaps or longer
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wavelength sources, using the electron tunneling picture may be more adequate than the
illustrative multi-photon picture, albeit both models worked well for the current injection
experiments in FS#4%40  Fig. 5.1 shows that the 2 and 3 photon channels overlap such
that, for instance the wide bandgap semiconductor ZnSe or TiOy (rutile) could be used
in combination with the 7.7 fs pulses demonstrated in section 2.2.2. For ZnSe, the two-
photon channel would dominate the absorption, and hence TiO seems to be the better
choice. Also the carrier lifetime of rutile seem appropriate for experiments with MHz rate
source?™. A larger spectral overlap is present for the 4 and 5 photon channels, making
diamond an attractive material to investigate. It is a very robust material with unique
thermal properties. On the other hand, high irradiances would be required to trigger
absorption which would probably lead to an unfavorable electronic current to photon flux
ratio.

The discussion above demonstrates that ultrafast current switching with few-cycle pulses
is a research topic with still many things to explore. The widely tunable, high repetition
rate sources described in the chapters 2 and 4 of this dissertation, represent an excellent
tool to advance the field towards the applications envisioned in ref. 438.

5.1.3 Field-resolved optical spectroscopy in the mid-infrared

The most common linear mid-IR spectroscopy techniques rely purely on measuring either
transmitted power or spectrum of the utilized light source. This only provides information
about the imaginary part of the complex refractive index of the material under test, in
other words on (frequency dependent) absorption3$%38! A coherent light field, however,
imprints a complex polarization on the ensemble of quantum mechanical oscillators which
results in a characteristic temporal response of the sample. Field-resolved spectroscopy
exploits this additional temporal information to exceed the measurement sensitivity of
conventional spectroscopy methods®. The generic setup of the technique is sketched in
Fig. 5.2. The electric field of the free-induction decay of the sample is measured by EOS.
More details on the experimental technique and details of the setup can be found for
instance in refs. 64, 198, 452. Field resolution may be also extracted from other pulse
characterization methods, like FROG?3" but EOS does not require a time-consuming

nean/R Pulse transmitted mid-IR pulse

mid-IR pulse

free-induction

decay EOS crystal

IR active sample EOS signal

Fig. 5.2. Generic setup of field-resolved spectroscopy. A short mid-IR pulse passes the sample under test
and is reshaped through dispersion and absorption. The free-induction decay of the vibrationally excited
sample follows. It is up-converted via sum-frequency generation with an ultrashort (known) near-IR
pulse. The up-converted signal generates together with the (filtered) near-IR pulse the EOS signal. By
varying the delay between mid-IR and near-IR pulses, the full electric field of the free-induction decay is
recovered.
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Fig. 5.3. Multi-channel OPA setup for field resolved infrared spectroscopy. Oscillator, near-IR compres-
sion stage, sample chamber and EOS setup are not shown. The LGS spectral broadening stage in the
box with the blue dashed lines is optional and depends on the targeted extension into the mid-IR. Addi-
tional feedback loops for timing control and noise reduction are not shown. They may become necessary,
however. #1 (\/2: half-wave plate)
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(especially for high resolution) retrieval algorithm and lock-in amplification as well as
balanced detection can be readily implemented.

EOS is conventionally understood as a time domain technique*>® where an ultrashort
pulse with a duration of less than half an optical cycle of the measured pulse directly sam-
ples field oscillations**2. Interpreting the method, however, in frequency-domain allowed
measuring much higher frequencies, and using clearly longer sampling pulse durations, re-
spectively*2. In this picture, EOS can be described as a broadband 0-to-f-interferometer
with a variable delay. The sum-frequency of the CEP-stabilized probe pulse and the
long-wave spectral components of the sampling pulse is generated and interferes after
proper polarization adjustment with the short-wave spectral components of the sampling
pulse. In this way, the phase of the probe field can be directly accessed which makes the
measurement technique fast, but presumably also more vulnerable to fluctuations than
characterization methods that rely on measuring up-converted delay-dependent spectra
(X-FROG).

In any case, the up-conversion techniques avoid the use expensive mid-IR detectors that
have either to be cooled to liquid nitrogen temperatures or suffer from thermal radiation
noise®*%3%  The upper frequency-domain description makes EOS intuitively well suited
for mid-IR sources which have been presented in section 4.1. In-fact, the down-conversion
process of the OPAs and the DFG setup is reversed. Thus, two conditions for EOS are
automatically fulfilled, namely the use of a waveform-stabilized probe pulse and the avail-
ability of a near-IR bandwidth which is at least as high as the lowest probe frequency (to
get interference). The second condition is not fulfilled anymore after spectral broaden-
ing of the mid-IR. For instance, the supercontinuum shown in Fig. 4.25 would require a
bandwidth of about 190 THz (corresponding to a wavelength of 1.6 um). For comparison,
the 7.7 fs pulse spectrum spanning from about 750 nm to 1300 nm (Fig. 2.13(c)) exhibits a
bandwidth of about 170 THz. This would be enough for sampling all wavelengths longer
than 1.75 ym, i.e. sufficient for tracing the signatures of vibrational transitions. Whereas
EOS was implemented early for the DFG source presented in section 4.1.3, an imple-
mentation of a field-resolved spectroscopy setup for the OPA source and in particular the
mid-IR continuum, which is most attractive for molecular fingerprinting, has not yet been
realized.

Fig. 5.3 presents a possible scheme for a field-resolved spectrometer. It is based on the
results presented in this dissertation. The input, not shown in the figure, would be the
commercial-grade KLM TD oscillator briefly introduced in section 3.2.2. The compres-
sion of the full power to 30fs would not be necessary. But using the first cascaded
stage for reducing the pulse duration to about 100 fs would facilitate the seed generation
in the normal dispersive fibers. Possibly, a larger core fiber could be used for generating
the LGS OPA seed. Consequently, more seed energy would be available for parametric
amplification (cf. section 3.1.1). Moreover, the continuum generation in the highly non-
linear AND1i would not need a careful consideration of the pulse-to-pulse noise. An LMA
fiber for seeding the PPLN OPA can, however, not be utilized due to the tailored disper-
sion of the ANDi fiber (cf. Fig. 4.12(b)). Using shorter pump pulses would also increase
the idler bandwidth of the PPLN OPA, possibly making the mid-IR compression stage
before SCG unnecessary. The LGS OPA idler could also be broadened further to enter
the wavelength range from 10 ym to 20 um. Such a stage is indicated in the box with
the blue dashed frames in Fig. 5.3. Whereas in the reported experiments, mid-IR pulse
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compression was achieved only by exploiting material dispersion, chirped mirrors** are

utilized in the scheme of Fig. 5.3 to obtain precise phase control and better compression
quality.

The near-IR pulse compression stage for obtaining sampling pulses is not included in the
setup of Fig. 5.3. An option was to compress the LMA-25 fiber output that is also used for
seeding the LGS OPA. Pumping the fiber with 100 fs pulses would lead to a FTL of 10 fs or
less (cf. Fig. 3.3). After another bulk broadening stage (cf. section 2.2.2), the bandwidth
could be further extended by a factor of two which would be sufficient for EOS of the
three mid-IR channels. The setup of Fig. 5.3 recycles the pump pulses after the LGS OPA
to use the pump power more efficiently. By doing so, special care should be taken of the
beam reshaping resulting from the high nonlinear refractive index of LGS. Pumping the
PPLN OPA first would not work due to the strong pump beam distortions (cf. Fig. 4.6).
The probably most critical point of the setup is to run the individual channels at the
highest possible stability in order to enable ultrasensitive mid-IR detection. An active
stabilization of the fiber stage was included in Fig. 5.3. It is commercially available. The
timing jitter between the channels might, however, be even more decisive. Active timing
synchronization is an issue which has been addressed in OPCPA development*>®, optical
waveform synthesis??®, laser-microwave?” and laser-electron synchronization®®®, leading
to jitter clearly lower than half of the mid-IR wave cycle period. In particular, the all-
optical synchronization techniques may be transferred to the presented setup. A further
simplification in this regard could be the usage of only a single seed source, the ANDi
fiber output. This would require multiple stage amplification of the LGS OPA which
might also reduce the idler power fluctuations if the OPAs are well saturated. The signal
derived from the sequential OPA stages might further serve as the basis for ultrashort
near-IR pulses that analyze the free induction decay in the EOS setup.

In conclusion, the essential building blocks to realize a broadband field-resolved mid-IR
spectrometer for vibrational spectroscopy have been demonstrated in this dissertation,
namely the generation of few-cycle pulses in the near-IR and CEP-stable continua in the
mid-IR. Nevertheless, there are many technical details which still have to be clarified until
such an outstanding tool becomes a working horse which is as reliable as an FTIR.
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5.2 Have ultrafast thin-disk oscillators matured?

Yet, mode-locked thin-disk oscillators are still mainly of interest of a few research groups.
Nevertheless, during the five years of PhD work, the technology has been developed with
a remarkable pace: In 2012, TRUMPF-laser GmbH presented a 145 W mode-locked TD
oscillator with 41 ;J pulse energy, beating the previous record by more than 10 J%. A
few months later, the average power record was nearly doubled by reaching 275 W58, The
record with a SESAM mode-locker was practically equalized by a KLM TD oscillator with
270 W output power in 2014°%. In the same year, a pulse energy of 80 uJ was reached
with a SESAM mode-locked oscillator®. The much shorter pulse duration of KLM TD
oscillators enabled to achieve nearly the same peak power level of more than 60 MW in
20163, In the same year, a first prototype of a commercial KLM TD oscillator was sold
in combination with a pulse compression stage*3%. The delivered 60 MW peak power, 30 fs
pulse duration is already clearly beyond the parameters that the most powerful Ti:sapph
oscillator can provide?¥®. Eventually, a first powerful TD oscillator emitting in the mid-
IR has just been presented this year!®'. Beyond the advances in pure laser development,
ultrafast thin-disk oscillators have also found an increasing number of applications during
the past five years. They became the front-end of energetic regenerative amplifiers344%9
and served as sources in preliminary dual-comb®? and field-resolved spectroscopy®* setup.

Several milestones in the development of the ultrafast laser technology have also been
presented in this dissertation:

(i) A first TD oscillator was CEP stabilized. This was also the first CEP stabi-
lized laser oscillator with more than 10 W of average power.

(ii) For the first time, pulses emitted from a TD laser were compressed to few-
cycle durations.

(iii) A first femtosecond Watt-class compact light source operating at a central
wavelength longer than 5 ym was realized.

(iv) For the first time, a laser-based Watt-level multi-octave spanning femtosecond
mid-IR supercontinuum was demonstrated.

Beyond those achievements, power scalable methods have been developed such that pulse
compression, CEP stabilization and mid-IR generation schemes truly comply with the
demands of a new generation of ultrafast femtosecond oscillators. Therefore, the reported
work is expected to serve as a basis for the continuing dynamic development of the laser
technology.

From stating the latest advances of mode-locked TD oscillators, it becomes clear that
they are progressing towards maturity, i.e. that they become ready for a wide range
of applications as well as for the laser market. If applications in fundamental science,
photonics and life sciences, like those sketched in section 5.1, are realized within the
following years, the interest in the technology will proliferate. Consequently, upcoming
breakthroughs may not be restricted to scientific results anymore, but may expand towards
commercial success and a (partial) replacement of the Ti:sapph technology.
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A.1 FROG measurements

Pulse characterziation was almost exclusively accomplished via frequency-resolved optical gat-
ing (FROG)%%Y. While autocorrelators cannot retrieve both amplitude and phase informa-
tion, 80461462 o tested commercial spectral phase interferometer for direct electric field recon-
struction (SPIDER)8463:464 yas not flexible enough for measuring very large bandwidths and
could not easily be adjusted to measure pulses at central wavelengths other than 1030 nm. More-
over, the FROG setup was clearly more compact and was also sensitive to spatial inhomogeneities
that were investigated in section 3.2.

The FROG setup, which was developed during the course of the PhD studies, is shown in
Fig. A.1. It had a small footprint of about 25cm x 25cm and was adapted from the design
of Baltuska and coworkers6466 to enable few-cycle pulse measurements. In particular, no
dispersive optics other than the nonlinear crystal itself were utilized and, for ultrashort pulse
measurements, the generated FROG signal was focused into a fiber coupled spectrometer. The
thinnest available nonlinear crystals were utilized, namely 5 - 10 gm thin BBO and 110 gm thin
LGS crystals. Due to the high repetition rates, pulse energies of less than 25nJ were typically
sufficient to saturate the grating spectrometer at its lowest integration time of about 4 ms.

A special feature of the FROG setup was the moveable D-shape mirror. It could either be
used to split a single incident beam in order to realize a wavefront dividing interferometer for
SH-FROG measurements, or it reflected one beam completely while it allowed another beam to
fully pass. In this configuration, X-FROG traces were measured. In particular, this was utilized
for mid-IR pulse characterization (c.f. section 4.1.1) where SH-FROG was rather difficult to
apply since it would have required a (slow) mid-IR spectrometer. Fig. A.2 shows an example of
a broadband X-FROG measurement. The PPLN OPA radiation, which has passed through the
dichroic beam splitter, is up-converted to the spectral range between 550 nm and 850 nm. Seed,

Fig. A.1. FROG setup. The device can be used in auto- or cross-correlation mode. The autocorrelation
mode (SH-FROG) divides the waveform of a single incoming beam into two equal parts. This is adjusted
by moving the D-shape mirror with a small translation stage x;. With another translation stage xo the
zero delay between the two interferometer arms is adjusted. A piezo stage with 400 ym travel range (about
2.2 ps) sweeps the delay (7) between both interferometer arms during the measurement. The separated
beams are overlapped again in the nonlinear crystal. BBO was used for measurements in the near-IR
while LGS was used for measurements in the mid-IR. The sum-frequency of both beams is separated
from the its fundamentals by an aperture and focused into a single- or multimode fiber which is coupled
to a grating spectrometer (FCS). In the cross-correlation mode (X-FROG), the D-shape mirror reflects
one beam fully and lets the the other beam fully pass. By means of the mirror M, the spatial overlap
of the beams has to be readjusted when switching from one to the other mode. If the vertical axes of
both beams are properly aligned, this does not require to remove the nonlinear crystal because only a
horizontal shift is necessary. All mirrors are coated with silver and a thin protection layer.
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Fig. A.2. Example of an ultrabroaband X-FROG measurement. The trace shows the PPLN OPA output
at full pump power after the dichroic beam splitter. The graph clearly shows the seed radiation (around
560 nm), the OPA signal (around 590 nm), a residual second harmonic of the idler (around 680 nm) and the
idler radiation (around 820 nm). Therefore, a spectral range from 1.15 um to about 4.5 pm is captured and
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time-resolved. The right axis estimates the up-converted wavelengths by A = (/\EELOG —(1.03 ,um)_l)il
where Aprog is the measured wavelength on the left axis. The scale is in dB relative to the maximum.
A 110 pm thin LGS crystal was utilized for sum-frequency generation.

signal, idler and its second harmonic are clearly visible, showing that the X-FROG is sensitive
to radiation with wavelengths distributed over about two optical octaves.

An analog controller of the piezo stage (piezosystem jena GmbH) and a fast AD/DA converter
(up to 250 kHz sampling rate, BMC Messysteme GmbH) enabled quick scanning of the FROG
traces. Typically a few traces per minute could be taken. After every scan, the software automat-
ically calculated the intensity autocorrelation. This was used for optimizing pulse compression,
for instance by gently moving the position of the spectral broadening crystal in the few-cycle
pulse generation experiment of section 2.2.2. Adding a flip mirror to the setup and detecting
the autocorrelation with an avalanche diode or a photo-multiplier could have even sped up the
optimization procedure. This has, however, not been implemented. The technique of fine ad-
justing an essentially known pulse by minimizing its autocorrelation width compensated for the
disadvantage of FROG, the time-consuming retrieval algorithm.
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A.2 RMS spectral width of a prechirped Gaussian pulse

For clarity the FOURIER transform operators are defined first:

~ +oo .
)= FT{0 @) = [ 10 at, (A1)
f)=FT {f@} 0= 5= [ Fe)eta, (A2

where f(t), f(w) are time and frequency domain functions, resp. The integration boundaries
+oo will be mostly omitted in the following. The FOURIER transform of a time derivative f’(t)
can be expressed by Eq. (A.2) as follows:

£() = %% / Flw)etduw = % / wf(w)e™ dus. (A.3)
= f/(O) = ;ﬂ_/wf(w)dw. (A.4)

Moreover, the FOURIER transform of a complex conjugated function can be expressed by Eq. (A.1)
as follows:

P = [ rwda="- [ “rene i —rTireot e 4
Next, the convolution theorem is recalled:
filw) - falw) = FT (10 o0} @) = [are™ [arfimipe-n).  (46)
With these equations, relation (3.13) from page 71 can be proven:
/ Qe (@)an = T 02e@)en (@)} (0) PN o / (=i B (7)) GE™ (1 — 0))dr
—on / \dE(t)/dt|2dt. (A7)

/ E(Q)EX(Q)AQ = 2rFT L {E(QE(Q)} (0) = 21 / E(r)E*( — 0)dr
—on / \E(t)2dt. (A.8)

Eq. (A.8) is PARSEVAL’s theorem.

To derive Eq. (3.14), the field of Eq. (3.9) can be reduced to its relevant components which are
normalized, even and time dependent functions. All other terms do not contribute to Eq. (3.13).
The reduced field reads:

_ kot N S ¢ l
e(t) =exp [—2M+2<2W—6Xp{—mw}[/nﬂ . (A.9)

After introducing u = ﬂ, its time derivative reads:
& tpy/ 142

e (u) :tp\/\l/%e(u) {—u +1 (fu +2u exp{—uQ}Llnﬂ , (A.10)
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and its absolute value squared:

’ 2 K 2 2 9 2 | 2 —2u? l)2
0 = gy el [+ €+t ok aue (Ln
_ K 2(1 2\ —u? Aéu2 _oy2 | A2 a2 [ 1 2 Al
_7152(14—52) u(1+&%)e ™ +4éu’e - + 4u”e I , (A.11)
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where |e(u)]? = exp{—u?} was used. The remaining task is to solve Gaussian integrals:

/exp{—u2}du = \// exp{—u? —v?}dudv = \//27T do /OO rexp{—r?}dr

\/ / exp{— r2}2rdr—\/ / exp{—z}dx = /T, (A.12)

d
/u exp{ —au®}du = ~Za exp{—au®}du = _da\/z

1 /x

Now, Eq. (3.13) can be evaluated for the field from Eq. (3.9):
° N 4
/ye du = (1+£2) [(1+€)+\f§ T (L )] (A.14)

/|e |du//| i = 5 V2

l
1+ + () A.15
1+€L, 33 1+§2 L ] ( )
Eq. (3.14) directly follows.




168 Appendix

A.3 Transforming the differential equation (3.21) to an integral.

The differential equation (3.21) shall be solved up to an integral which in general cannot be
evaluated analytically, but can be solved numerically. The equation is of type:

r(z) = f(r[2)), (A.16)

where 7”(z) denotes the second derivative of r with respect to z and f(r) is some function of .
The solution of such a differential equation can be found in math books on differential equations.
It will be sketched in the following. Multiplying Eq. (A.16) by 2r' gives:

2r'r"(2) = 2r' f(r[2]),

d ., .d

£(7“ )? = 2£F(T[Z]),

& (7"')2 = 2F(r[z]), (A.17)

=

where F'(r[z]) denotes an antiderivative of f(r), i.e.

r 4?12[])

F(ri) = - [ e {~2/u’fde,

= nsz {exp {—2r2/w2} — exp {—27“3/102}} ) (A.18)

for the particular case of Eq. (3.21). Eq. (A.17) is only of first order, and hence it can be solved
by separation of the variables:

/m m_/zodg_m. (A.19)

If exp {—2r2 /w?} is approximated by 1—2r? /w?, Eq. (A.19) can be solved analytically by means
of the integral identity*57:

dx 1 . 2ax

/ N = Ry arcsin (\/M) : (A.20)
This will result in the solution of ray propagation in a graded index fiber with parabolic profile346.
For the particular problem of self-(de)focusing, Eq. (A.19) can be solved stepwise and F'(r) can
be reevaluated after each propagation step by means of summing over the ray packet equivalent
of the laser beam. This was not done in this work since the simulation package SISYFOS was
used to precisely analyze temporal and spatial reshaping of the laser pulse in the nonlinear
medium.
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A.5 Data archiving

The experimental data, evaluation-files and figures can be found on the data archive
server of the Laboratory for Attosecond Physics at the Max Planck Institute of Quantum
Optics. The root directory contains folders named after each chapter in the thesis. Each
folder contains OriginLab (V. 2015) projects named after the chapter (sub-)sections. The
original and the processed data is saved in work books. The figures as included in the
thesis are saved as graphs. The nomenclature in the OriginLab projects corresponds to
that of the thesis, e.g. Fig32 for Fig. 3.2. Source code for simulations is named after a
corresponding figure and is saved in the chapter folders. Source code where only the input
parameters were varied (e.g. the same routine was run with different pulse energies) is
only saved once.
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