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Zusammenfassung

Das Aufkommen hochpréaziser Spektroskopiemethoden, insbesondere im extremen Ul-
traviolett (XUV) und im mittleren Infrarot, hat eine Vielzahl von Moglichkeiten eroff-
net, unser Verstandnis physikalischer und biomedizinischer Zusammenhénge grundlegend
zu erweitern. Dabei deckt der XUV-Bereich eine grofe Anzahl elektronischer Ubergin-
ge in Atomen und Molekilen ab, wihrend das mittlere Infrarot zahlreiche fundamentale
Schwingungs- und Rotationsmoden verschiedenster biologisch relevanter Molekiile enthélt.

Unabhéngig vom Spektralbereich sind viele dieser neuartigen Spektroskopieverfahren
gleichermaflen auf die Verfiigbarkeit von breitbandiger Strahlung mit einem kontrollierten
Feldverlauf und einer hohen Brillanz angewiesen. Da es in den oben genannten Wellenlan-
genbereichen keine geeigneten Laserverstarkungsmedien gibt, wird derartige Strahlung tib-
licherweise durch die nichtlineare Frequenzkonversion von hochintensiven Femtosekunden-
Laserimpulsen im Spektralbereich des nahen Infrarot erzeugt, wie sie beispielsweise von
Diinnscheibenoszillatoren generiert werden. Diese Impulse haben jedoch im Allgemeinen
eine Dauer von Hunderten von Femtosekunden — zu lang, um die gewtinschte hohe Spitzen-
leistung und breite spektrale Abdeckung fiir eine effektive nichtlineare Frequenzumwand-
lung bereitstellen zu konnen. Auflerdem variiert ihre elektrische Wellenform von Impuls
zu Impuls nach dem Zufallsprinzip, was ihre Anwendung fiir beispielsweise die Frequenz-
kammspektroskopie behindert.

Diese Arbeit beschreibt experimentelle Entwicklungen von Methoden zur weiteren Kom-
primierung der Impulsdauer sowie zur aktiven Stabilisierung des elektrischen Feldverlaufs
von hochintensiven Diinnscheibenoszillatoren. Es wird gezeigt, dass dispersionskontrollier-
te Herriott-Multipasszellen ein effizientes Mittel zur Erweiterung der spektralen Bandbreite
von Laserpulsen darstellen, wobei im Gegensatz zu vielen anderen Techniken nahezu keine
Verschlechterung der rdumlichen Strahlqualitét auftritt.

Erstmalig wurde die durch einen Diinnscheibenlaser getriebene spektrale Verbreiterung
in einer Herriott-Zelle im negativen Dispersionsregime durchgefithrt. Die spektrale Ver-
breiterung erreichte dabei hohere Verbreiterungsfaktoren, als sie jemals zuvor mit einem
auf Multipass-Zellen basierenden Verbreiterungsschema mit einem einzigen nichtlinearen
Medium erzielt wurden. Dariiber hinaus wurde auch die spektrale Verbreiterung im po-
sitiven Dispersionsregime untersucht. Das Hintereinanderschalten zweier Herriott-Zellen
ermoglichte die Erzeugung von 15.6 fs kurzen Impulsen mit einer zuvor unerreichten Spit-
zenleistung von 463 MW — ein Rekord fiir ein System, das ohne weitere Verstarkerstufen
direkt von einem Laseroszillator getrieben wird.

Die weitere zeitliche Kompression am Ausgang dieses zweistufigen Systems wurde mit
dem Ansatz eines verteilten Quasi-Wellenleiters gelost. Diese Technik ermdglicht die unab-
hangige Anpassung von Nichtlinearitat und Dispersion, was fiir die Impulskompression in
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Richtung einer Dauer von wenigen optischen Zyklen unerlésslich ist. Mit einer Impulsdauer
von lediglich 10.8fs bei einer Spitzen- und Durchschnittsleistung von 0.64 GW und 101 W
markieren die erzeugten Laserimpulse den Beginn einer neuen Ara von verstirkerfreien
Diinnscheibenlasersystemen im Gigawattbereich.

Des Weiteren wurden die beschriebenen Laserimpulse dafiir genutzt, um mittels Diffe-
renzfrequenzerzeugung breitbandige und phasenstarre Strahlung im mittleren Infrarot zu
erzeugen. Letztere zeichnet sich insbesondere durch ihre auflergewohnlich niedrige Grenz-
wellenlédnge aus. Die erreichte spektrale Ausdehnung auf 3.6 pm (auf —30 dB-Niveau) mit
einer mittleren Ausgangsleistung von 7.6 mW erdffnet neue Perspektiven fiir die feldaufge-
16ste Spektroskopie von biologisch relevanten funktionellen Amidgruppen.

Um die Wellenform des nahinfraroten Lasers aktiv zu stabilisieren — unabdingbar
fiir die Ableitung eines Frequenzkamms im XUV-Spektralbereich — wurde ein neuartiges
und leistungsskalierbares Konzept entwickelt. Dieses erlaubt, die Tréger-Einhillenden-
Frequenz von Kerr-Linsen-modengekoppelten Oszillatoren zu kontrollieren und zu stabi-
lisieren. Das dabei erreichte Phasenrauschen lasst sich auf weniger als 90 mrad bei einer
beispiellosen Durchschnittsleistung von 105 W beziffern. Die mogliche Kombination einer
Feldverlaufstabilisierung mit den zuvor vorgestellten nichtlinearen Pulskompressionstech-
niken ebnet den Weg fiir die Entwicklung einer neuen Generation kompakter oszillatorba-
sierter Frequenzkdmme mit hohem Photonenfluss im XUV-Spektralbereich.

Die zahlreichen in dieser Dissertation vorgestellten Entwicklungen beschranken sich
nicht nur auf einen Fortschritt der jeweiligen Techniken selbst, sondern liefern auch einen
wichtigen Beitrag fiir die zukiinftige Entwicklung hochpraziser laserbasierter Spektrometer
fiir wissenschaftliche und medizinische Anwendungen.



Abstract

The advent of precision spectroscopic techniques has brought about diverse opportu-
nities in extending our understanding of fundamental physics and bio-medical sciences.
This is especially true when harnessing radiation in the exotic extreme ultra-violet (XUV)
and mid-infared (IR) regions of the electromagnetic spectrum. While the former covers a
multitude of atomic and molecular electronic transitions, the latter contains fundamental
vibrational and rotational modes of numerous biologically-relevant molecules.

Regardless of spectral range, many of the novel spectroscopic methodologies rely on the
availability of broadband, waveform-controlled radiation with high brightness. The lack of
suitable laser gain media in the aforementioned wavelength ranges means such radiation is
conventionally generated by nonlinearly converting high-power, femtosecond laser pulses
in the near-IR spectral range, such as those generated by thin-disk oscillators. However,
those pulses generally have durations in the hundreds of femtoseconds — too long for
the desired high peak-power and broad spectral coverage for effective nonlinear frequency
conversion. Their electric waveform also varies randomly from pulse to pulse, hindering
their applications to, among others, frequency-comb spectroscopy.

This thesis describes the experimental development of various techniques to further
compress the pulse duration, and the active stabilization of the output waveform in high-
power thin-disk oscillators. It is shown that dispersion-controlled Herriott-type multipass-
cells constitute an efficient means to broaden the spectral bandwidth of laser pulses with, in
contrast to many other techniques, practically no degradation to the spatial beam quality.

It presents the first time Herriott-cells operating in the net-negative dispersion regime
have been used for spectral broadening with thin-disk oscillators. The demonstration
yielded the highest broadening factor obtained from any multipass-cell broadening scheme
using a single nonlinear bulk medium. Spectral broadening in the positive dispersion regime
is also described. Two Herriott-cells in tandem facilitated the generation of 15.6fs pulses
with an unprecedented peak power of 463 MW — a record for a system driven directly by
a laser oscillator with no amplification stages.

Further compression of this dual-stage output was achieved by introducing the dis-
tributed quasi-waveguide approach. This technique enables the independent tailoring of
nonlinearity and dispersion, which is essential for pulse compression towards few-optical-
cycle durations. With a pulse duration of 10.8 fs and a peak and average power of 0.64 GW
and 101 W, respectively. This marks the dawn of a new class of gigawatt-scale amplifier-free
thin-disk laser system.

The few-cycle laser pulses are shown to drive, via intra-pulse difference-frequency gen-
eration, the formation of broadband, waveform-stable mid-IR radiation with an exception-
ally short cut-off wavelength. The achieved spectral extension down to 3.6 pm (at —30dB
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level), at an average output power of 7.6 mW, opens up new perspectives for extending
field-resolved spectroscopy to the biologically important amide functional groups.

To actively stabilize the near-IR driver laser waveform — crucial for deriving from it a
frequency comb in the XUV region — a novel, power-scalable concept for controlling the
carrier-envelope offset (CEO) frequency of Kerr-lens mode-locked oscillators was devel-
oped. It yielded CEO-frequency-stable pulses with sub-90 mrad in-loop phase noise at an
unprecedented average output power of 105 W. The envisioned combination of waveform
control with the presented nonlinear pulse compression techniques will pave the way for a
new generation of compact, low-noise frequency combs with high photon-flux in the XUV
spectral range.

The various advancements presented in this thesis not only mark a substantial develop-
ment of the respective techniques themselves, but also represent a significant contribution
to the coming-of-age of high-precision laser-based spectrometers for scientific and medical
applications.
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Introduction

Over the past two decades, remarkable progress has been made in the development of
laser-based, high-precision spectroscopic techniques in virtually all ranges of the electro-
magnetic spectrum [1-6]. One prominent example is direct frequency comb spectroscopy
in the extreme ultra-violet (XUV) range where many atoms and molecules exhibit charac-
teristic electronic transitions [7, 8]. The plethora of applications of XUV frequency comb
spectroscopy includes, for example, the development of novel nuclear clocks with unprece-
dented high accuracy [9, 10] or the long-awaited direct spectroscopy of the unique 1S-2S
transition in singly ionized Helium [11].

The XUV-based probing of electronic transitions in atoms and molecules is comple-
mented by spectroscopic applications towards the other end of the electromagnetic spec-
trum, namely in the mid-infared (IR) (2.5 to 20 pm), where many biologically relevant
molecules exhibit fundamental rotational and vibrational modes [12]. Among the many
fascinating possibilities created by vibrational spectroscopy is the direct analysis, in medi-
cal settings, of biological samples, such as human blood serum and plasma [13, 14]. Blood
serum is known to contain a variety of proteins, carbohydrates, lipids and amino acids as
well as a vast amount of metabolites [15]. Minor changes in the composition or concentra-
tion of the individual components can readily be used as early indicators in, for example,
early diagnostic of illnesses [14, 16].

Nevertheless, the detection of miniscule yet representative changes in the composition
of real-world biological samples via vibrational spectroscopy is technically challenging. As
a result of its numerous different constituents, human blood serum exhibits a highly com-
plex spectral response extending more or less across the entire mid-IR spectral range [17].
Furthermore, the various molecules which contribute to the spectroscopic signal are present
at vastly different concentrations — often multiple orders of magnitude apart [18]. Ob-
taining meaningful results from the vibrational spectroscopy of blood serum and plasma
thus requires utilizing state-of-the-art measurement methods such as field-resolved spec-
troscopy (FRS) which combines high sensitivity with high dynamic range over a broadband
spectral range [6].

While direct XUV frequency comb spectroscopy and field-resolved IR spectroscopy ap-
pear, at first sight, to have little in common, both techniques rely heavily on the availability
of broadband, waveform-controlled radiation of high brightness. The radiation should, fur-
thermore, be contained in short pulses with low amplitude- and phase noise, and delivered
at megahertz pulse repetition rates to boost the achievable signal-to-noise ratio (SNR)
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of the targeted spectroscopic applications. As the direct generation of such radiation in
the XUV and mid-IR is hindered by a lack of suitable gain media in the respective ranges,
they are conventionally obtained by converting near-IR light via such nonlinear processes as
intra-pulse difference-frequency generation (IPDFG) and high-harmonic generation (HHG).

A promising class of lasers for driving the required frequency conversion are high-power
mode-locked femtosecond oscillators, in which the Ytterbium (Yb)-doped gain material is
in a thin-disk geometry [19, 20]. With this relatively mature technology, microjoule, fem-
tosecond pulses have already been generated at megahertz repetition rates, which trans-
lates to hundreds of watts of average power — potentially further scalable into the kilowatt
range [21-23]. In particular, Kerr-lens mode-locked thin-disk oscillators based on Yb-doped
yttrium aluminium garnet (YAG) as gain medium exhibit excellent noise characteristics,
reaching shot-noise limited performance at a wide frequency range down to 100 kHz. Aug-
mented with active noise suppression in the acoustic frequency range, they are ideal for
applications demanding low-noise performance [24]. Unfortunately, the relatively narrow
gain-bandwidth of Yb:YAG typically limits the output pulse durations to multiple hundreds
of femtoseconds. As a result, extra-cavity spectral broadening and subsequent temporal
compression of the emitted pulses are required to enhance the peak power to a level that is
sufficient for effectively generating broadband radiation in the XUV and mid-IR spectral
ranges. Moreover, for applications based on frequency combs, the electric waveform under
the intensity envelope of the emitted pulse needs to be identical, or at least periodically
reproducible between pulses. This is equivalent to having, in the frequency domain, a con-
stant frequency offset for the so called CEO frequency. However, the waveform generated
from a laser oscillator generally fluctuates randomly from pulse to pulse. While the pro-
cess of IPDFG inherently stabilizes the CEO frequency in the nonlinear mixing process,
for near-infrared (NIR)-laser driven frequency-comb applications in the XUV range, there
is an indispensable need to actively stabilize the driver laser’s waveform.

The goal of this thesis is to devise methods and construct experimental demonstrations
for mitigating the above-mentioned shortcomings of Kerr-lens mode-locked thin-disk oscil-
lators. By extending the parameter ranges that nonlinear pulse compression and waveform
control can attain to unprecedented levels, this thesis contributes to the ongoing develop-
ment of high-precision spectrometers in the XUV and mid-IR spectral ranges.

This thesis is structured in the following way: In chapter 2, Herriott-type multipass-
cells — an efficient scheme for spectrally broadening the output of high-power thin-disk
oscillators — are introduced. After a brief review of the geometrical design consider-
ations and the fundamentals of nonlinearity and dispersion control of Herriott-cells, it
presents the first demonstration of spectral broadening in a Herriott-cell operating in the
net-negative dispersion regime and driven by an oscillator at around a wavelength of 1 pm.
The achieved spectral broadening factors are unprecedented for an all-bulk Herriott-cell
with a single nonlinear medium. However, the complicated soliton dynamics in the net-
negative dispersion regime limited the compression quality and hindered the gain in peak
power.

These limitations can be overcome by progressing to spectral broadening in Herriott-
cells operating in the net-positive dispersion regime, which are investigated in chapter 3.
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The cascading of two dispersion-optimized Herriott-cell stages with intermediate recom-
pression facilitated the generation of sub-20 fs pulses with close to diffraction-limited spatial
quality. Most importantly, the achievable peak power of more than 460 MW after temporal
recompression is one of the highest peak powers that is currently available from an ultra-
fast laser system without extra-cavity amplification. It already constitutes a significant
step in the development of low-noise driver lasers for the efficient frequency conversion into
different ranges of the electromagnetic spectrum.

A concept for compressing the obtained pulses towards even shorter durations is in-
troduced in chapter 4. The DQWG approach, where the spectral broadening occurs in
multiple individual plates, enables the fine control of the nonlinearity and dispersion in
each propagation segment — crucial for reaching few-cycle pulse durations. In a proof-of-
concept experiment, the DQWG setup is shown to generate pulses with durations as short
as 10.8fs, corresponding to a peak power of 0.64 GW. This demonstration of gigawatt-
scale peak powers from an amplifier-free system at megahertz repetition rates represent a
milestone in the coming-of-age of modern thin-disk laser technology.

The few-cycle pulses are subsequently put to test in the generation of short-wavelength
mid-IR radiation via IPDFG in a nonlinear crystal (chapter 5). The resulting mid-IR
radiation features an exceptionally low cut-off wavelength of 3.6 pm (at —30dB level) at
an average output power of 7.6 mW. This extends the range of chemicals detectable by the
envisioned application of FRS on human blood sera to include important compounds such
as those containing amide functional groups.

Lastly, a novel, power-scalable method for stabilizing the CEO frequency of high-power
Kerr-lens mode-locked thin-disk oscillators is described in chapter 6. The method is based
on intra-cavity loss-modulation using an acousto-optic modulator (AOM), which at the
same time serves as the nonlinear Kerr-medium inside the laser resonator. The CEO
frequency is stabilized with a low residual in-loop phase noise < 90mrad at a record
average output power of 105 W. This paves the way for the generation of highly stable,
high-photon-flux XUV frequency combs for high-precision spectroscopic applications.

These chapters are accompanied by chapter 1, which provides a brief introduction to
the mathematical description of the underlying theory and a concluding chapter, which
summarizes the main results and provides an outlook on the further optimization of the
presented methods.






Fundamentals of ultrafast optics

This chapter gives a short introduction into the basic concepts of laser beam propagation
and selected linear and nonlinear light-matter interactions utilized in this thesis. In the
following sections, laser radiation is treated as an electro-magnetic field in a source-free
dielectric medium which can, in general, be described by Maxwell’s equations [25, p. 164]

oD
V X 7‘[ = E (1'1)
0B
VxE=—"" (1.2)
V- D=0 (1.3)
V-B=0 (1.4)

where £(r,t) and H(r,t) are vector fields representing the electric- and magnetic field
and D(r,t) and B(r,t) are vector fields corresponding to the electric- and magnetic flux
density as functions of the position r and time ¢. The contribution of the electric and
magnetic properties of the medium are contained in the polarization density P(E,r,t)
and the magnetization density M(#, r,t) which themselves can depend on the respective
fields. These polarization- and magnetization densities link the flux densities and fields
via [25, p. 164]

D =¢E+P (1.5)
B:,U()%—F,qu, (16)
where ¢, is the free space electric permittivity and p is the free space magnetic perme-

ability, both of which are electromagnetic constants which are related to the speed of light

in vacuum c¢q by [25, p. 163]
1

\/ €ofo '

Co =

(1.7)
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Applying the curl operator to equation 1.2 yields
0]
Vx(VxS):—a(VxB). (1.8)
For nonmagnetic, homogeneous and isotropic media, using equations 1.1 and 1.5 as well
as the vector identity V x (V x V) = V(V - V) — V2V, this equation can be transformed
into the wave-equation [25, p. 1019]

(1.9)

which can be used to efficiently describe the spatial and temporal evolution of laser radia-
tion in the respective optical medium.

1.1 Linear pulse propagation

1.1.1 Gaussian beams

In the absence of higher order field contributions and dispersion, the polarization density of
a nonmagnetic, homogeneous and isotropic medium can be expressed as a linear function
of the electric field [25, p. 166]

P = cox€ (1.10)
where y = n? — 1 is the electric susceptibility which is defined via the refractive index n.
The refractive index can be understood as a material property which relates the speed of
light ¢ within the medium to the speed of light in vacuum via

n=2= K (1.11)
c €0 Mo

where € and p are electric permittivity and the magnetic permeability of the medium, re-
spectively. Substituting the linear, non-dispersive polarization density from equation 1.10,
the wave equation 1.9 can be simplified to

1 926

VZE————=0. 1.12
c? Ot? (1.12)
For the simplest case of a monochromatic wave

E(r,t) = Re{E(r) - e“'}, (1.13)

where E(r) denotes the complex-valued electric field amplitude vector and w is the angular
frequency with corresponding wavenumber k = w/¢, equation 1.12 can be transformed into
the Helmholtz-equation

V2E(r) + K*E(r) =0. (1.14)
It should be noted that while the preceding transformation is generally not restricted to
monochromatic waves, a similar equation can only be found for electric fields in which
the spatial- and temporal dependence is separable. A more detailed analytical approach
including first-order space-time couplings can for example be found in reference [26].
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Laguerre-Gaussian modes

For a monochromatic wave propagating along the z direction, the position dependant
electric field amplitude E(r) can be further decomposed into

E(r)=A(r)-e* (1.15)

where A(r) describes the amplitude envelope of an oscillation along the z-axis with carrier
frequency k. Substituting the field amplitude E(r) in equation 1.14 then results in

32A(T) + 82A(T) + 82A<T) _ Qik% =0. (1.16)

0x? oy? 072 0z

By assuming that the amplitude envelope varies slowly along the propagation direction,
i.e. [25, p. bl]

D*A(r) 0A(r)
02?2 0z
the third term in equation 1.16 can be dropped yielding the so-called paraxial approxima-

tion of the Helmholtz equation [25, p. 51]

(1.17)

<<k"

PA(r)  PA(r) 2“{;8A(7°)

T o 5 =0. (1.18)

The solution space to equation 1.18 is spanned by a set of orthogonal modes A;, where
the exact subset depends on the boundary conditions of the eigenvalue problem which
best match the experimental geometry. It should be noted that for a set of orthogonal
modes, every linear combination of A; ,(7) is also a valid solution to the paraxial Helmholtz
equation. Since the laser radiation described in this thesis features a cylindrical symmetry
it is usually best described by the subset of Laguerre-Gaussian modes [25, p. 102]

Wo r : 1 2T2 ex i
App(r = (r,0,2)) = Alumm <w(z)> b <w2(2)> " <w2(2)> ) (1.19)
exp l—ik Filg + zv,b(z)]

2R(2)

with the peak amplitude A;,,, the radial index p € Ny and azimuthal index [ € Ny and
the generalized Laguerre polynomials Lé. The sign of the ambiguous phase term in the
second line in equation 1.19 describes the handedness of the waveform rotation and is
described in further detail in reference [25, p. 103]. Furthermore, equation 1.19 introduces
the parameters which are conventionally used to describe the linear propagation of a laser
beam, namely the beam width [25, p. 82]

w(z) = woy/1+ (;)2 : (1.20a)
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the radius of the wavefront curvature

R(z) = = <1 + (Z>2> , (1.20D)

and the Gouy phase

Y(z) = (|| +2p+ 1) - arctan (j) : (1.20c)
as well as the beam waist
A
wo = - (1.20d)
™

which serves as a measure for the beam size in a focal plane (i.e. a plane where R(z) = 0).
From equations 1.20 it is obvious that the shape of the two dimensional beam profile for a
monochromatic wave solely depends on the Rayleigh length

Twin
=

and the distance z to the focus as well as the order of the mode.

(1.21)

Ideal Gaussian beams

In this thesis, a special emphasis is placed on the zero-order Laguerre-Gaussian mode
(I =0,p = 0) with the electric field amplitude

1w —r? , r?
Eoo(r,z) = Aoﬁw(z)e}{p <w2(z)> exp (—2 (k‘z + k?R(z) - @Mz))) (1.22)

In equation 1.22, a linear polarization of the electric field has been assumed to facilitate the
scalar treatment of the electric field in the following discussion. Since the field amplitude
given in equation 1.22 is not an observable in the experiment, it is common to define the
intensity [25, p. 82

2
w —2r?
I(r,2) = |Eoo(r,2)]> = Iy (w(i)) exp <w2(z)> (1.23)
where

Iy = |Ag> = 2+ Ppear /7w = 2+ Lycar (1.24)

is the on-axis value of the peak intensity [,.q; generated by a laser beam with peak power
P,eqr at the beam waist wy. Equation 1.23 describes the propagation of light which is
confined to a two-dimensional Gaussian intensity profile in each fixed plane z (cf. Fig. 1.1 a)
and is therefore called a Gaussian beam.

For a Gaussian beam, the previously introduced beam width w(z) defines the size of a
spot where the intensity is larger than Iy/e?. Furthermore, the Rayleigh length z, is found
to represent the axial distance to the beam waist wy at which the on-axis intensity has
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Fig. 1.1: Schematic depiction of a Gaussian beam. a) Two-dimensional Gaussian intensity profile
I(x,y) (green). The dashed black line indicates the circumference beyond which the intensity has
dropped below the 1/e? value (cf. equation 1.20). b) Exemplary evolution of the 1/e? diameter
of a Gaussian beam with waist size wg, Rayleigh range z, and divergence angle 6 propagating in
z-direction.

dropped by a factor of two. Since the Rayleigh length effectively determines the length
over which a beam can propagate without diverging significantly it is also called the focus
length. A Gaussian beam is conventionally called collimated, if its Rayleigh length is
significantly longer than the intended propagation distance which is typically equivalent
to having a beam that features a large waist wy. As a consequence, the spot size of a
collimated beam only changes marginally during propagation. For a propagation distance
which is significantly longer than the Rayleigh length (z > z,), the beam width increases
approximately linearly with z with the slope of [25, p. 85]

= <W2w0> (1.25)

where 6 denotes the divergence of the beam. An exemplary propagation of a Gaussian
beam with the relevant beam parameters is schematically depicted in Fig. 1.1 b.

As a special peculiarity, Laguerre-Gaussian beams exhibit an on-axis phase shift called
Gouy-phase which has been introduced in equation 1.20c and which for a Gaussian beam
can be written as

¥ (z) = arctan (Z> : (1.26)

Z’r‘
This additional phase retardation describes a delay of the wavefronts with respect to those
of an infinite plane wave. The phase shift 1(z) increases continuously while the beam
passes through a beam waist and can be shown to take a value of 7 for a full transition
from z = —o0 to z = 0o [25, p. 86]. An intuitive derviation of the Gouy phase-shift can
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for example be found in reference [27]. The Gouy phase shift can be shown to originate
from the transverse spatial confinement of a Gaussian beam. A detailed mathematical
treatment of this effect is given in reference [28].

In a more geometric interpretation, the Gouy-phase shift can be considered an absolute
measure of the distance between two transversal planes along the propagation direction
z which is invariant under transformation of the beam caustic [29]. More specifically,
consider the example where an obstacle (such as an aperture) is placed in a collimated
Gaussian beam at position z; where the Gouy-phase has a fixed value of ;. After propa-
gation of a distance Az, the beam profile exhibits a distinct diffraction pattern at position
zo = 21 + Az, where the Gouy-phase takes a value of 1 = 1 + AtY. The beam caustic
is subsequently transformed by an optical system, e.g. focused down by a lens. In the
focused beam, the image plane of the obstacle and the plane in which the diffraction pat-
tern is observable is generally no longer separated by the axial distance Az. However,
the corresponding planes have retained their relative Gouy phase difference A since the
Gouy-phase scales the propagation distance z with the transformed value of z,.. The Gouy-
phase can therefore efficiently be used for distinguishing the relative position of particular
transversal planes independent of whether the beam is focused or collimated. A more
comprehensive description of the geometric interpretation of the Gouy-phase is given for
example in reference [29].

The M? factor

While the description of laser beams by the zero-order Gaussian mode can help to markedly
simplify the underlying calculation, in reality, most beams can only be described accurately
by a linear combination of the zero- and higher-order solutions to the paraxial wave equa-
tion. However, such mized mode beams are often still dominated by the Gaussian nature
of the zero-order solution. It can therefore be instructive to relate the propagation param-
eters of a real laser beam to that of an ideal Gaussian beam to be able to approximate, for
example, the evolution of the beam caustic without first performing a rigorous analysis of
the underlying mode structure.

The deviation of a real laser beam from an ideal Gaussian beam can be quantified by
determining its M? factor — which also serves as a measure for the focusability and hence
the quality of the laser beam [30]. The M? factor is defined as the ratio of the beam
parameter product BPP = () - W of the measured beam to that of an ideal Gaussian
beam, where D4o = 2w is the second-moment beam width (also termed D4o-width)
which for the z-dimension is defined as

oI —7)?dxd
Dio — 4| 25 fgooo Cgorc,y)(fc z)* dr dy (1.27)
o0 I Iz, y) de dy
with the centroid position of the beam profile in the x-direction
oI dzd
—_ e o Iz, y)r dady (1.25)

Joe IS (@, y) dady
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Although the definition of the D4o beam width in equation 1.27 looks rather mathematical,
it can be calculated directly by most commercial beam profilers available today.

While in principle the M? factor can be determined by simply measuring the D4c beam
width in the focus and in the far field (z > z,), a standardized measurement procedure
has been defined in ISO 11146-1 (cf. reference [31]) to yield more consistent and precise
results:

1. Create a focus with an adequate spot size, i.e. the D4c beam width should not
be smaller than approximately 20 times the spatial resolution of the utilized beam
profiler

2. Measure the D40 beam width for two orthogonal axes for at least ten different axial
positions for which:

» Five measurements should be taken at an axial position distributed around the
beam waist (z < z;)

o Five measurements should be taken at an axial position corresponding to the
far-field of the laser beam (z > 2z,)

3. Perform a fit of the hyperbolic function [32]

W (2) = W2 + <M2W2w0> (z —2)?, (1.29)

where zg is the axial position of the beam waist, to the measurement of the beam
caustic to determine the M? factor.

It should be noted that the above enumeration is a strongly condensed and simplified
version of the required test procedure. A comprehensive explanation including various
exceptions as well as additional information and the applicability ranges can be found in
the corresponding ISO norm [31]. Comparing equations 1.20d and 1.29, the M? factor is
found to always be one for an ideal Gaussian beam and larger than one for mixed-mode
beams.

In practice, the M? factor relates the beam divergence to the achievable minimum
waist size of the focused beam. It can therefore be understood as a measure for describing
how tightly a beam that was previously collimated to a fixed size can be focused. For a
mixed-mode beam, the measured waist size W yeqs i a factor NaYE larger than that of an
embedded Gaussian beam with the same divergence angle 0,,..s. The caustic of the mixed
mode beam can therefore typically be approximated by

wmm(z):m.woﬁmb¢1+< : ) (1.30)

Zr.emb

where Wy, is the spot size of the mixed-mode beam and wp emp = Wo meas/V M? and z, emp
are the waist size and Rayleigh length of the embedded Gaussian beam, respectively. It
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should be emphasized that the above definition of the M? factor is based on the assump-
tion of a monochromatic beam. However, the calculation of the beam caustic using the
concept of M? factor and embedded Gaussian beam still provides reasonable results for
non-monochromatic radiation as long as the wavelength spread remains much smaller than
the center wavelength (i.e. AN < \).

1.1.2 Beam propagation: ABCD-Matrix formalism

In the previous section, a formalism has been introduced which enables the calculation of
the beam caustic w(z) along the optical axis as a function of the Rayleigh length z, for
Gaussian- and mixed-mode beams (cf. equation 1.30). Up to this point, however, only
the propagation in a single, nonmagnetic, homogeneous and isotropic medium has been
considered which does not provide any information on how the caustic is influenced by an
optical system consisting of various optical elements such as lenses or mirrors or even much
simpler things such as a change of the propagation medium. While in principle, arbitrary
linear transformations to the beam caustic can be modelled by appropriately modifying
the amplitude- and phase of the electric field (c.f. equation 1.22), the exact calculation
quickly becomes cumbersome due to the rather high complexity.

Fortunately, for Gaussian beams, the calculation of the beam caustic throughout an
optical system can be simplified significantly as long as the individual optical components
can be assumed to only act on the phase of the electric field (i.e. neglecting gain and
losses). For a more convenient notation, the complex beam parameter ¢ is introduced as

q(z) =z + iz,
1 LA (1.31)
q(z)  R(z)  mnw?(z)

which contains the full information needed to calculate the beam parameters (equations 1.20).
Any optical system that can be characterized by a transfer matriz (also termed ABCD-

matriz)
M = (é g) (1.32)

where (A, B,C, D) € R will then transform the complex beam parameter according to [25,
p. 97]

Agin + B
Cqin + D
where ¢;, and ., are the complex beam parameters of the input- and output beam,
respectively. For an optical system containing N subsequent elements, the transfer matrix
of the whole system M;,; can simply be determined by multiplying the transfer matrices
of the individual components [25, p. 98]

Gout =

(1.33)

Mtot:MN'MNfl'---'MQ'MI (134)
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where M, with 1 < k < N is the transfer matrix of the £ component. A comprehensive
list of ABCD-matrices for various optical elements can be found in reference [25, p. 29-
30]. Importantly, the results of the beam caustic calculation using the transfer matrix
method are only valid if both the input and output electric fields can be described within
the paraxial approximation (cf. equation 1.17). The validity of the approximation can
for example be assessed by calculating the beam paraxiality, which is described in further
detail in reference [33].

Knowledge of the complex beam parameter throughout an optical system can undoubt-
edly be extremely valuable for estimating beam size and intensity at different axial positions
z. However, the underlying calculation is restricted to electric fields for which the optical
axis coincides with the propagation direction of the carrier oscillation (which has arbi-
trarily been chosen to be the z-direction in equation 1.15). Consequently, the positional
evolution of off-axis beams needs to be described using a different approach: In linear
optical systems, a light ray can be defined as a curve whose tangent is collinear with the
propagation direction of the carrier oscillation [25, p. 5]. The evolution of a light ray with
initial distance =y and angle z{, to the center axis of an optical system is then given by [25,

p. 28]
@) - M (i[;) - (é 1B7> ‘ (ig) (1.35)

where 2 and 2] are the position and angle corresponding to the output ray of the optical
system, respectively. In analogy to equation 1.33, equation 1.35 is only valid in the paraxial
approximation. This is equivalent to claiming

sin (2') = o (1.36)

which is known as the small-angle approximation. The method for calculating the ray
position and angle is termed ray tracing and can effectively be used to parametrize the
evolution of the centroid position of a Gaussian beam in a coordinate system spanned by
the optical components.

1.1.3 Laser pulses and the spectral phase

Up to this point, laser radiation has been treated as a spatially modulated monochromatic
wave (cf. equation 1.22) with the electric field given by

E(r,t) = Re{E(r,t) - e} = Re{A(r) - '@17F2)} (1.37)

In order to describe the temporal structure of laser radiation, it is instructive to drop the
spatial terms in equation 1.37. Setting A(r) constant and assuming a linear polarization
of the electric field, a monochromatic plane wave propagating in z-direction can simply be
described by

E(z,t) = Re{E(z,t) - '} = Re{e!@=*2)} (1.38)
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Description of laser pulses

While the previously used monochromatic approximation has been shown to allow a simple
derivation of the spatial beam properties it is not suitable for the description of laser pulses
containing a multitude of different frequency components. To adequately represent such
laser pulses, the electric field is — analogous to equation 1.15 — commonly separated
into a slowly-varying complex envelope function F(z,t) and a fast carrier oscillation with
angular frequency wy, yielding [34, p. 27]

E(z,t) = Re{E(z,t) - '} (1.39)
The complex envelope function F(z,t) can then be decomposed into [34, p. 87|
E(z,t) = A(z,t) - €= (1.40)

where A(z,t) is the real-valued amplitude envelope and ¢(z, t) is the temporal phase of the
pulse.

Since laser pulses consist of a coherent superposition of monochromatic waves with
frequencies w and with well-defined relative phase, the complex electric field amplitude
E(z,t) can alternatively be written as the inverse Fourier-transform of the single-sided
complex frequency amplitude F(w—wy) centred around the carrier frequency wy [34, p. 28],
yielding

1 oo .
E(z,t) = —/ E(z,w —wp)e™'dw = ZFT{E(z,w — wp)} . (1.41)
T J—c0
In analogy to equation 1.23, the observable in the experiment is the temporal intensity
I(t) which at a fixed axial position z is given by
I(t) = % L A1) (1.42)
where the amplitude envelope A(t) has been assumed to vary much slower than the electric
field. This allows the time domain electric field to be expressed as a simple function of the
intensity and temporal phase

E(t) oc \/I(t) - e'wotte®) (1.43)

In analogy to equation 1.40, the complex frequency amplitude E(z,w) — which is the
Fourier-transform of the time-domain field envelope E(z,t) — can be written as [34, pp. 27,
87]

E(z,w) = FT{E(z,t)} = A(z,w) - &%) (1.44)

where A(z,w) is the real-valued frequency amplitude envelope and ¢(z,w) = k - z is the
spectral phase of the pulse. It is easily seen that equation 1.41 can describe a laser pulse
with a temporal pulse shape that for each axial position z is dictated by the spectral
amplitude envelope A(w) and spectral phase ¢(w). For a given spectral amplitude envelope,
the shortest pulse duration is always achieved for a constant spectral phase across all
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frequencies w. Laser pulses with ¢(w) = const. are therefore also termed Fourier-limited
or bandwidth-limited. Generally, S(w) can be defined as the spectrum of the pulse via

S(w) = — - A*(w) (1.45)
which yields the simplified expression for the frequency domain electric field
E(w) o< \/S(w) - e (1.46)

Pulses generated by a Kerr-lens mode-locked laser can typically be described by an
amplitude envelope [34, p. 64 ff., 35, p. 72]

A(t) = sech (2 (1 +V2)] - ! ) (1.47)
TFWHM
where Ty s denotes the full-width half-maximum (FWHM) pulse duration of the tem-
poral intensity profile. According to the shape of their intensity profile, such pulses are
therefore often termed sech?pulses. For a Fourier-transform limited pulse with constant
temporal phase ¢(t), the corresponding spectral amplitude envelope can be obtained from
the Fourier-transform of A(t) yielding

Aw) = FT{A®t)} = m - sech ([2 (1 +v2)] - W“’HM) L (48)

By comparing coefficients, the FWHM spectral bandwidth is then found to be

vEWHM 27 TATEW HM TEW HM (1.49)

From equation 1.49 it is immediately evident that the pulse duration and spectral band-
width of a laser pulse are linked by a numerical factor (0.315 for a sech? pulse) which
depends on the spectral shape of the pulse and which is named the time-bandwidth prod-
uct. It should be noted that the time-bandwidth product is defined using a Fourier-limited
pulse and therefore only gives an estimate of the shortest possible pulse duration that is
achievable for a given bandwidth. In practice, pulse compression towards the bandwidth-
limit can be achieved by meticulously controlling the spectral phase.

Propagation of pulses in a dispersive medium

To gain deeper insights into how a laser pulse can be compressed close to its bandwidth-
limit, it is instructive to take a closer look at how the spectral phase and temporal pulse
shape evolve during the linear propagation in a nonmagnetic, homogeneous and isotropic
medium. In equation 1.10, the polarization density P of a medium has been defined as
a function of its electric susceptibility y, which can be interpreted as a proportionality
factor describing how the polarization of a material changes with the applied electric field.
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For the preceding derivations, y has been assumed to be a constant, i.e. time-independent
— which is known as the non-dispersive approximation. However, in a real material,
the polarization response is never instantaneous. As a consequence, the time-dependent
polarization density can be introduced as [p.171][25]

Plt)=co- [ xt—t)EW)ar’ (1.50)
where the condition x(t < ') = 0 has to hold in order to maintain causality. Since

equation 1.50 represents a convolution of the electric field with the susceptibility function,
it can be expressed more elegantly in the frequency domain as [25, p. 174]

P(w) = eox(w)E(w) (1.51)

where x(w) is the the Fourier-transform of x(¢). In analogy to the method presented in
section 1.1.1, the complex frequency dependent refractive index can be defined as

n(w) = n(w) + ik(w) = \/x(w) + 1 (1.52)

where £ is the loss coefficient which is related to the real part of the refractive index n(w)
by the Kramers-Kronig relations as a result of the previously stated causality condition.
Using the frequency dependant refractive index n(w) for describing the propagation in a
dispersive medium, the spectral phase evolution ¢(z,w) can be expressed by the dispersion
relation

olz,w) =k(w) z=— n(w)-z. (1.53)

Co
For narrowband pulses where the spectrum is centred around the carrier frequency wy, the
spectral phase evolution can be expanded in a Taylor-series around wy [34, p. 147 {.]

m=0

o) = Emelipe s

w=wq m=0

where m € Ny denotes the order of the expansion. The coefficients D,, in equation 1.54
are called the characteristic dispersion coefficients which are found by evaluating the m"
derivative of k with respect to w at wy:

Du) = 3 (1 w(w))w:wo S (am(“’”(“’”) S )

o \ow™ Co ow™

The effect of the different expansion orders of the material dispersion on a short pulse can be
assessed easily by comparing its time-domain electric field before and after propagation:
Keeping only the zero order terms of the expansion in equation 1.54 yields a frequency
independent spectral phase

- Dy(z) = (2, wp) . (1.56)
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An initially bandwidth-limited pulse with ¢(z = 0,¢) = 0, after the propagation through
a dispersive medium of length L, can then be described by

1 oo ,
E(L,t) = / A(0,w — wp) - e“te?Ew)dy
—/ A0, w — wy) - ef@ttellwn) g, (1.57)

= A(0,1) - ()

where v, = wo/k(wy) describes the propagation velocity of the wavefronts of the carrier
oscillation which is called the phase velocity of the pulse. The corresponding phase term
$o = wop - 2/v, describes the relative phase of the carrier oscillation with respect to the
envelope function and is thus named carrier-envelope phase (CEP). While the CEP is
often omitted in description of light-matter interaction it can be a critical parameter for
the description of laser pulses containing only few cycles of the carrier oscillation. A more
detailed description on the implications of a non-zero CEP is given in chapter 5.

When the expansion in equation 1.54 is extended to the first order, the frequency
dependent spectral phase is given by

o) = 3 Eo Do) = plen) + (=) Di(s) (1)

where the first-order dispersion coefficient is given by

Di(z) = = (‘W)MO | (1.59)

Co Ow

An initially Fourier-transform limited pulse will, after the propagation through a dispersive
medium, be transformed into

E(L, t) — 21 /OO A(O7 o WO) . eiwte(go(wo)+(w_w0).D1(L))dw
T J—c0
(1.60)
; L
:A<QF_L>£M@ﬂJ
Ug

where v, = z/D; describes the propagation velocity of the pulse envelope and is named
the group velocity of the pulse. The first-order expansion coefficient D, is correspondingly
termed the group delay (GD) since it describes a temporal delay of the pulse envelope
with respect to the carrier oscillation. Importantly, the group delay thus introduces a
material-specific frequency dependence to the laser pulse’s CEP.

Since the group delay itself does not affect the shape of the pulse, the result of equa-
tion 1.60 can be re-written as

B(L,#) = A(0,¢) - " (t'+L<”g L>) (1.61)
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where ¢’ =t — L/v, is the local time of the pulse which describes the pulse in a timeframe
that co-propagates with its amplitude envelope. The description of laser pulses using their
local time can be of special importance when solving the pulse propagation equations
numerically, as presented in section 2.3.2. In such cases, the local time can be used to
ensure that the pulse envelope does not shift excessively with respect to a pre-defined
temporal grid.

To enhance the readability of the equations, the first order dispersion coefficient is
omitted in the following description of the higher order dispersion contributions (i.e. ¢ cor-
responds to the local time of the pulse). The continuation of the spectral phase expansion
to the second order then yields

(w — wp)?

S Da(2) (1.62)

p(z,w) = p(wo) +
where the second order expansion coefficient D, can be calculated from equation 1.55 anal-
ogous to the previous examples. Since Dy alternatively can be expressed as the derivative
of D; with respect to the angular frequency, it is named group delay dispersion (GDD).
For a bandwidth-limited pulse with arbitrary shape, the electric field after propagation can
only be given in integral form

. (w—w )2.
G T

1 00
E(L,t) = —/ A(0,w —wp) - €
21 J o0
A more instructive understanding of the second order dispersion coefficient can be obtained

by evaluating its impact on an initially bandwidth-limited Gaussian pulse which can be
described by the electric field

2
E(0,t) = Ey - ei<ff‘/5) - ot (1.64)

where & denotes the 1/e? width of the intensity profile (Tpwmar = &7 - 2¢/In(2)). The
electric field after propagation can then be written as

E(L,t) = A(L,t) - ¢/ot+o(L:) (1.65)

where the amplitude envelope is given by

Eoé (\/ o >
A(Lt) = —2L ¢ \V2EHPD (1.66)
V& + D3

and the temporal phase is given by

(L, t) = 2(&%% A ; - arctan (Dz(;)> : (1.67)
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From equation 1.66 it is apparent that in contrast to the previously discussed dispersion
terms, the second order dispersion also affects the amplitude envelope of the pulse. More
specifically, the pulse duration of an initially transform-limited Gaussian pulse is increased
to

D2(L)>2. (1.68)

§r(L) =¢:(0) - J L+ ( e

upon propagation through a dispersive medium of length L. It is important to note that
for an initially Fourier-transform-limited pulse, the temporal broadening does not depend
on the sign of Dy. Consequently, pulse compression towards the bandwidth-limit requires
the absolute value of the GDD to be as low as possible. Taking a closer look at the
last term in equation 1.68 further shows that the extent of temporal broadening depends
strongly on the incident pulse duration for a given GDD value. While for Dy < &7 the
pulse duration is only weakly affected, it increases almost quadratically with decreasing
input pulse duration for Dy > £%. As a consequence, the generation and propagation of
ultrashort pulses typically relies on an exceptionally high accuracy of dispersion control,
as discussed in chapters 2 and 3.

The effect of GDD on the temporal phase of the pulse can best be analysed by intro-
ducing the instantaneous angular frequency w;(t) of the pulse, which describes how the
polychromatic oscillation frequency of the carrier wave evolves with respect to the local
time of the pulse. The instantaneous angular frequency is thus equivalent to the time
derivative of the argument of the time dependent electric field [25, p. 1081]

d(arg(E(z,t)))  O(wot + ¢(z,1))

wi(z,t) = T = 5 . (1.69)

For the Gaussian pulse described above, the instantaneous angular frequency after propa-

gation is given by b

2
wi(z,t) = wo + €+ DY) t (1.70)
which corresponds to a linear increase of the carrier frequency with time. The correspond-
ing pulses are referred to as exhibiting a positive linear chirp. Comparing equations 1.70
and 1.61 it can further be seen that bandwidth-limited pulse can always be described
by having a constant instantaneous angular frequency. Since the cascaded propagation
through different dispersive materials corresponds to a simple addition of the induced in-
stantaneous angular frequencies, the effect of GDD in one medium can be nullified by
applying the same amount of GDD but with opposite sign. The concept of chirped pulses
will be further exploited in the subsequent section on nonlinear light-matter interactions.
It should be noted that while the above derivation was given for a Gaussian pulse,
temporal broadening can analogously be observed for arbitrary pulse shapes. However,
in contrast to Gaussian pulses, the shape of the intensity profile will generally not remain
invariant under the influence of GDD. Furthermore, the transformation from the frequency
into the time domain (cf. equation 1.63) can in most cases only be performed numerically.
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Fig. 1.2: Numerically calculated pulse shapes of a sech? pulse after numerically adding purely
second-, third- or fourth order dispersion (green shaded curves). The initial pulse (black lines)
has a full-width half-maximum duration of 30fs. a) The resulting pulse shape after numerically
adding a GDD of 1000 fs? shows a symmetrical temporal broadening. b) After numerically adding
a third-order dispersion (TOD) of 2 x 10*fs3, the main pulse is broadened asymmetrically and
exhibits pronounced satellite features. ¢) By numerically adding a fourth-order dispersion (FOD)
of 2x 108 fs* the symmetrical pulse shape is maintained. The pulse is again broadened temporally
but shows a weak, symmetric pedestal.
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A numerically calculated example of how a sech?-shaped pulse is transformed under the
influence of differing GDD values is given in Fig. 1.2 a.

Due to their complex effect on the pulse shape, higher-order dispersion terms are con-
ventionally named simply after their expansion order (D3 = TOD, D, = FOD etc.). In
analogy to the GDD, their impact on the pulse shape grows with decreasing pulse duration.
For the generation of ultrashort pulses it is therefore common practice to at least take the
effects of TOD into consideration. Examples of the influence of TOD and FOD on a sech?
pulse are shown in Fig. 1.2 b and c¢, respectively. It is easily seen that the temporal broad-
ening attributed to TOD and FOD is considerably less significant compared to the effect
of GDD. However, both higher order dispersion terms evoke the appearance of satellite
pulses — strongly asymmetrically in the TOD case — which reduces the peak intensity of
the pulse.

In practice, the different expansion orders of the spectral phase usually do not occur in
isolation. Quite the contrary, the spectral phase is most commonly shaped by propagation
through various dispersive materials, where the expansion orders are interconnected by the
frequency dependent refractive index. The refractive index curves of individual materials
can be approximated well by the Sellmeier equation which states that

M Bz)\Q
n(X) =1+ 9 (1.71)

— N —C;

where \g = 2mc¢/wy is the center wavelength of the pulse and B; and C; are called the
Sellmeier coefficients. For the values of B; and C; which can be found in the literature, Ag
typically has to be given in the unit of micrometers. A comprehensive list of the Sellmeier
coefficients for a wide variety of optica materials can be found in [36]. In the frame of this
thesis, the spectrum of the generated laser pulses is centred at a frequency of approximately
wo = 1.9 x 103 THz (11um). At this wavelength, virtually all optically important materials
exhibit a positive GDD, which causes the pulse to accumulate a positive chirp during
propagation. Temporal compression close to the bandwidth limit is therefore conventionally
achieved by introducing negative GDD, mostly by using dispersive mirrors [37].

1.2 Nonlinear light-matter interaction

1.2.1 Perturbative nonlinear optics

In the previous section, the key concepts of linear pulse propagation in both the spatial
and temporal domain have been introduced. The derivation of the descriptive model has
therein been based on a polarization density which linearly depends on the electric field (cf.
equation 1.10). However, this assumption only remains valid for weak fields. The energy
for laser pulses can be confined to extremely short durations (down to a few femtoseconds)
while simultaneously being focused to very small spot sizes of only a few micrometers.
For laser pulses with a radial Gaussian distribution, the highest occurring field strength in
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vacuum | Eoolpear can be estimated by

2 2 2P
‘EO,Olpeak = \/EOCO : 2[peak = \/ . peak (172)

€0Co ng

where P,q, is the peak power of the pulse which for a sech®-pulse is given by

Ppeak: ~ M (173)
TFWHM
where FE), is named the pulse energy. For a regular pulse train, the pulse energy can be
calculated by dividing the average power F,,, by the pulse repetition frequency f,.,. For
the laser pulses in this thesis, typical peak intensities of a focused laser beam are in the
range of 1 TW cm~2. For the corresponding field strengths on the order of 5GV m™!, the
linear approximation is not well suited anymore since most dielectric materials already
exhibit a noticeable nonlinear response.
Assuming that the linear effects still dominate the propagation characteristics, the
nonlinear polarization density can be understood as a perturbation of the linear response
and can thus be expressed by a series expansion [38, p. 2]

P =P+ PV = ey g+ 3~ ex™E™, (1.74)

m=2

where Y is called the linear susceptibility and the x(™ are the m™ order optical suscep-
tibility tensors of the material, respectively. Using the nonlinear expansion of the polariza-
tion density, the wave equation 1.9 for a non-dispersive, non-magnetic, homogeneous and
isotropic material can be written as [25, p. 1020]

1026 oPpD
VIE -~ g~ g

(1.75)

where the linear term of the polarization density expansion has been absorbed in the
second term on the left hand side of the equation. In analogy to the methodology in
section 1.1.1, equation 1.75 can be expressed in the frequency domain by means of Fourier-
transformation, yielding

V?E + K’E = —pgu* PP (1.76)

which represents an inhomogeneous Helmholtz equation where w?PNE) acts as a source
term for the generation of new frequency components. It is this source term which describes
the origin of a variety of nonlinear effects and thus forms the basis for the field of nonlinear
optics [25, p. 1020]. In equation 1.76, P has been introduced to represent the complex
slowly-varying envelope function of the polarization density. Since equation 1.76 is the
inhomogeneous form of the Helmholtz equation presented in section 1.1.1, its solution can
be expressed as

E=E%  EMD (1.77)
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where E() is the linear component of the electric field — i.e. the solution to the homoge-
neous equation 1.14 — and EWE) describes the nonlinearly generated electric field which
is the particular solution that depends on the form of P(N1),

Taking a closer look at equation 1.74, it can be seen that the nonlinear polarization
density is itself a function of the electric field. At the same time, however, the evolution
of the electric field upon propagation through a nonlinear medium depends on the exact
form of PV Since this inter-dependence of nonlinear polarization density and electric
field severely complicates the analytical evaluation of the nonlinear material response,
the description is conventionally based on the first-order Born approximation. In this
approximation, the total driving field of the nonlinear process is replaced by an incident
field Ey such that the nonlinear polarization density can be written as [25, p. 1020]

PYNY(E) = PND(E,). (1.78)

Consequently, the effect of the newly generated frequency components on the shape of the
nonlinear polarization density is assumed to be negligible.

As introduced in the previous paragraphs, the source term on the right hand side of
equation 1.76 gives rise to a multitude of nonlinear effects which are often associated with
the generation of new frequency components. However, a comprehensive description of all
known nonlinear effects is by far beyond the scope of this thesis. This section therefore
aims to give an introduction to the relevant effects that where observed and exploited in
the experiments described in the upcoming chapters.

1.2.2 Second-order nonlinear effects

In analogy to the description of the dispersive effects in section 1.1.3 it is instructive
to analyse the influence of the different expansion orders of the nonlinear polarization
density in an isolated manner. Second order nonlinear effects are induced by a time-domain
nonlinear polarization density described by [38, p. 6]

PO — ¢y Dg? (1.79)

where ) is the second order optical susceptibility. It should be emphasized that y®
vanishes for all centrosymmetric optical materials such as most gases, liquids and glasses
and is only non-zero for crystals that do not exhibit inversion symmetry [38, p. 2]. Fur-
thermore, the magnitude of the nonlinear optical susceptibility is extremely low for most
crystals [39]. Consequently, high field strength such as those in ultrashort laser pulses are
typically required to facilitate the observation of second order nonlinear effects. To simplify
the calculations, an input electric field consisting of only two monochromatic plane waves
that are linearly polarized along a common axis and with distinct frequencies w; and ws
instead of a continuous spectral distribution is considered. Such an electric field can be
written as

E(t) = &E1(t) + &(t) = Re(E; - €' 4 E, - ™21) (1.80)
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where 7 and Fy are the amplitudes of the first- and second monochromatic wave, respec-
tively. Plugging equation 1.80 into equation 1.79, the nonlinear polarization density can
be expressed as

PO (1) = ey - Re{ B} - %' 4 B - ¢ 2
+ 2B Boel @120 | o) B eliler—w2)y (1.81)
+ X (BLEF + EyE3)
where the asterisk denotes the complex conjugate. Close analysis of equation 1.81 reveals
that for a bi-chromatic input field, the second order nonlinear polarization evokes the

generation of five new frequency components. To enhance the readability, it is convenient
to rewrite equation 1.81 as

PAH) =3 Plw,) - et (1.82)

with the summation extending over both positive and negative frequencies w, [38, p. 6].
The individual complex amplitudes of the nonlinear polarization density are then given by

1
P(2w;) = §€oX(2)E12 (1.83)

1
P(2w;) = SeoxV E; (1.84)
P(Wl + CUQ) == 60X(2)E1 . E2 (185)
P(w1 — CUQ) = EQX(2)E1 . E; (186)
P(0) = eox? (E\E} + ELE}) . (1.87)

Since in all terms a third wave is generated from the incident two waves, the underlying
process is also referred to as three-wave mizing. The two terms P(2w;) and P(2ws) corre-
spond to the generation of radiation with twice the angular frequency of the input wave.
The underlying nonlinear process is therefore called second-harmonic generation (SHG).
The terms P(w; + wy) and P(w; — wy) are named sum-frequency generation (SFG) and
difference-frequency generation (DFG). The last term P(0) is termed optical rectification
since it describes the emergence of a quasi-direct current (DC) potential difference across
the dielectric medium [38, p. 6].

Theoretically, all five presented nonlinear effects can be observable at the same time.
However, in reality, the amplitudes of the newly generated frequencies will be extremely
low for all but one or two of the frequency components. The main reason for this is that
the different frequency conversion processes need to fulfil extra phase matching conditions
to be efficient, which usually can only be satisfied for one of the generated frequencies at
a time [38, p. 7]. In the frame of this thesis, second order nonlinear effects were mainly
exploited for the frequency conversion experiments which are described in chapter 4.1.
More specifically, the concept of intra-pulse difference-frequency generation (IPDFG) was
used for converting broadband NIR-radiation into the mid-IR spectral range. IPDFG
represents a special form of the classical DFG process described above, where both driving
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frequencies are contained within the same laser pulse. This helps in reducing the complexity
of the setup significantly, since the two input field inherently propagate collinearly. In the
following equations, w;pprg represents the angular frequency of the nonlinear electric field
component which is generated in the IPDFG process. For a collinear propagation direction
of the incident fields (e.g. both input fields propagate in z-direction), the phase matching
condition can be obtained in scalar form from the requirement for energy and momentum
conversation which, in the photon picture of light, states that [25, p. 1028]

hwl — hCUQ = hw[pDFG (188)

and
Wi - n(wl) — W2 n(wg) = WIPDFG * n(WIPDFG) (1~89)

must both be satisfied simultaneously. This can for example be achieved by utilizing
birefringent (anisotropic) materials for the frequency conversion. In such materials, the
refractive index of the individual frequencies further depends on the polarization of the
carrier oscillation with respect to the principal axis of the crystal. Phase matching for a
specific set of frequencies can thus be achieved by adjusting the input polarizations or the
crystal orientation.

By taking a closer look at equation 1.88 it can be seen that the maximum frequency
of the generated mid-IR radiation is directly proportional to the bandwidth of the driving
laser pulse. Additionally, even if both driving frequencies are contained within the same
pulse, the temporal overlap of both frequency components must be ensured. Consequently,
the instantaneous angular frequency of the pulse should be constant across the pulse for
efficient conversion. In other words, the incident pulse needs to be compressed close to its
Fourier-transform limit. Furthermore it can be shown that the intensity of the generated
wave I;pprq increases linearly with the squared integral of the driving field amplitudes
A(r,w;) over the total volume V' of the nonlinear interaction [25, p. 1032]

4 2
Itppre = ‘/V €0X(2)A("°aw1) : A(ﬁwz)elM'ZdT (1-90)

where Ak = (w; - n(wy) — we - n(wse) — wrppra - n(wippra))/co takes into account the
phase matching of the propagating beams in the nonlinear material. As a result, the
efficient generation of broadband, intense mid-IR radiation via IPDFG is best achieved
using ultrashort, high-power driving pulses with high spatial beam quality which motivates
the experiments on nonlinear pulse compression presented in chapter 2 and 3.

1.2.3 The optical Kerr-effect

Since centrosymmetric materials do not exhibit second-order nonlinear effects, their non-
linear polarization response is dominated by the third order dependence on the electric
field which can be formally expressed as [38, p. 10]

PO = o BED (1.91)
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where y®) is the third order optical susceptibility. In analogy to the previous section, third-
order nonlinear effects can be efficiently described in the frame of four-wave mizring where
an incident electric field consisting of three monochromatic waves leads to the generation
of a fourth wave with new angular frequency. However, taking into account the cubed
form of the electric field, already for the third order this leads to generation of 22 new
frequency components [38, p. 12] — most of which play no important role in the experiments
conducted in this thesis.

Fortunately, the decisive characteristics of the third order nonlinear polarization re-
sponse can also be obtained from a different, much simpler approach. Assuming a single
monochromatic wave

E(t) = Re{E(r,t) - ™'} (1.92)

with angular frequency w and amplitude E(r,t) as input electric field, the third order
nonlinear polarization response can be rewritten as [38, p. 10]

PO(t) = Re {imX@ CE(r )} 4 ieox(?’)E(r, 1. eiwt} | (1.93)
The first term on the right hand side of equation 1.93 corresponds to the generation of a
new frequency component with angular frequency 3w and is hence called third-harmonic
generation (THG). The second term on the right hand side, however, describes a modifi-
cation of the input field since it radiates at an identical frequency w. By considering only
this second term, the polarization density from equation 1.74 can be expressed as

P =PW L POVD = Vg ¢ ieoansﬁg _ (60 (X<1> + ix@yey?)) £ (1.94)

The polarization response of the material is therefore found to be linear with respect to the
electric field, but characterized in having a modified, time and position dependent change
of the electric susceptibility x(¢) which is given by

3
x(rt) = XM + Ay = xW + = I (1) (1.95)
0

where the intensity I(r,t) is defined analogous to equation 1.42. By using the relation
n? =1+ x (cf. equation 1.52), the modified electric susceptibility is found to induce an
intensity dependent modification of the refractive index [38, p. 11]

n(I) =mng+ny - I(r,t) (1.96)

where ngy denotes the linear refractive index of the material and the nonlinear refractive
index ny is given by [38, p. 11]

3
ng = Teyion Y@ (1.97)
Due to its similarity to the electro-optic Kerr-effect (cf. [25, chap. 21]), the self-induced
intensity dependence of the refractive index is also named the optical Kerr-effect. This
effect causes a variety of nonlinear phenomena, some of which are presented in the following
sections.
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Self-phase modulation

In analogy to the description of the dispersion effects in section 1.1.3, it is instructive
to evaluate how the optical Kerr-effect affects the amplitude and phase of a laser pulse
that propagates through a nonlinear medium — which for now is assumed to be homo-
geneous, isotropic and non-dispersive. By neglecting spatio-temporal coupling effects, the
description can be further separated into spectro-temporal and spatial effects. The spectro-
temporal contributions of the optical Kerr-effect can be well described by neglecting the
spatial dependence of the electric field. When using a linearly polarized plane wave with
carrier frequency wy that propagates in z direction as input, the complex field amplitude
at position z = 0 can be written as (cf. equation 1.41)

E(z=0,t) = A(0,t) - " (1.98)

The incident pulse described by the complex field amplitude in equation 1.98 is assumed to
be Fourier-transform limited which is why the temporal phase of the electric field vanishes.
After the propagation through a nonlinear medium of length L, the complex field amplitude
will be transformed into

E(z,t) = A(0,1) - e0tei= = A(0, 1) - ¢l@ot=kL) (1.99)

where k(I) describes the intensity dependent wave vector which, using equation 1.96, can
be expressed as

1
k(I) = worl 1) _ “oflo | ol I(t) =ko+knr. (1.100)
Co Co Co

Taking a closer look at equation 1.99 it can be seen that the output pulse after propagation
has accumulated a total temporal phase

¢(z,t) = ¢o + dnr(z,t) (1.101)

consisting of a linear phase term ¢y = koz and an additional nonlinear phase ¢nr(z, 1)

which is given by
N2Wo

onr(2:t) = I(t)z. (1.102)

Co
Since the variation of the temporal phase is induced by the driving field itself, this process
is named self-phase modulation (SPM).

It should be emphasized that in a non-dispersive medium, the amplitude envelope A(t)
remains invariant under the influence of SPM since the optical Kerr-effect only acts on the
temporal phase of the pulse. However, the variation of the temporal phase results in a
change of the spectral amplitude A(w). In the frequency domain, SPM therefore induces
the generation of new frequency components due to the additional time dependent phase.
The effect of SPM can hence be used to achieve a spectral broadening of the input pulse.
It is important to note that the preceding description is based on an bandwidth-limited
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incident laser pulse. If the SPM process is driven by a positively chirped incident pulse,
spectral broadening is commonly still observed. However, the spectral shape observed after
the nonlinear interaction can differ significantly for pre-chirped and bandwidth-limited
incident pulses [40]. In contrast, the presence of a negative chirp on the incident pulse
often results in spectral narrowing [35, p. 106]. For an arbitrarily shaped incident pulse
with field amplitude F(z,t), the spectral shape S(w) after the nonlinear interaction can
generally be determined by calculating the Fourier-transform [35, p. 101]

S(w) o A%(z,w) = |FT{E(z,t) - @G0y (1.103)

In many cases, the broadened spectrum exhibits strong amplitude oscillations. An ex-
emplary output spectrum for the case of SPM driven by a sech?-shaped incident pulse is
depicted in Fig. 1.3 a. As a consequence of the oscillatory structure of the spectrum, the
complexity of the Fourier-transform limited pulse shape is likewise increased. In many
cases, the main pulse is accompanied by symmetrically distributed satellite pulses which
contain a small fraction of the pulse energy.

To determine the temporal distribution of the newly generated frequency components
around the carrier frequency wy, the instantaneous angular frequency defined in equa-
tion 1.69 can be used

0 (wot — k(I)z) L W oI(t)

- apar(t) = - o\l
wispu () ot WL T ot

(1.104)

From equation 1.104 it is easily seen that the instantaneous angular frequency is shifted to
lower frequencies in the rising edge of the pulse (¢ < 0) and shifted to higher frequencies
for the trailing edge of the pulse (¢t > 0), thus, yielding a positively chirped pulse.

For a sech?-shaped pulse with a pulse duration of 7ry g, the intensity profile of the
pulse can be written as

-1
I(t) = Lo - sech? ( a ) (1.105)

TEFWHM
where I, is the spatially averaged peak intensity of the laser pulse as given in equa-
tion 1.72, and

1
o = 2 -arcsech [ — 1.106

(ﬂ ) (1109
is a numerical constant. The intensity profile of an exemplary sech? pulse is shown in
Fig. 1.3 b. The instantaneous angular frequency after propagation through a non-dispersive
material exhibiting a third-order nonlinearity can be calculated by inserting equation 1.105
into equation 1.104. The result is

NoWp 2x
z .

-I(t)-tanh( ot > (1.107)

wi spm(t) = wo + .
FWHM

Co TFWHM

which is exemplary depicted in Fig. 1.3 ¢). In the case of a sech?-shaped incident pulse,
the effect of SPM results in a chirp that is almost linear over the central part of the pulse
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where most of the pulse energy is contained. The spectrally broadened pulse can hence be
efficiently compressed to a shorter pulse duration by removing the linear part of the chirp,
which is equivalent to adding a negative GDD to the pulse. Unfortunately, the addition of
negative GDD leaves the temporal wings of the pulse uncompressed. This typically results
in the appearance of weak satellite pulses which accompany the compressed main pulse. It
should be noted that the satellite pulses which occur due to imperfect chirp compensation
differ from the previously mentioned satellite pulses observed for bandwidth-limited pulses
with oscillatory structure in their spectrum. In the frame of this thesis, the combination
of spectral broadening and subsequent temporal compression by chirp removal is exploited
in the nonlinear pulse compression experiments presented in chapters 2 and 3.
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Fig. 1.3: Numerically calculated spectrum, pulse shape and instantaneous angular frequency
of a sech? pulse after spectral broadening. a) Exemplary output spectrum with pronounced
oscillations (green curve) for the case of SPM driven by a sech? incident pulse (dashed black line).
b) sech? intensity profile of the spectrally broadened pulse (green) and corresponding Fourier-
transform limited pulse shape (dashed blue curve) exhibiting satellite pulses. ¢) Instantaneous
angular frequency w; spas (green curve) of the spectrally broadened pulse. The dashed blue line
depicts the instantaneous frequency of the Fourier-transform limited pulse in b). For both curves,
the carrier frequency wg has been subtracted.

The magnitude of the spectral broadening can generally be estimated by the maximum
deviation of the instantaneous frequency Awy,., from its mean value wy [35, p. 100]. For
an incident pulse of the form given in equation 1.105, Aw,,q, can be expressed by [29]

NoWpz [peak da 4o eak
: — - P 1.108
co TrwaM 3V3  3V3Trwam NE ( )

using the peak nonlinear phase shift

Awmaaz =

peak 20 s (1.109)
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as a measure for the maximum nonlinear phase shift at the center of the pulse. Under the
assumption that the spectrally broadened pulses exhibit the same time-bandwidth product
T BP as the input pulses, a spectral broadening factor F,, can be defined as [29]

2Aw 8 o
E, = mar. . pPeak 1.110
wewam  3W3TBP M ( )
where wprw g is the FWHM bandwidth of the incident pulse and
8(In(1 + v/2))?

™

is the time-bandwidth product of a sech®-shaped pulse (cf. equation 1.49). From equa-
tion 1.110 it is apparent that the amount of spectral broadening scales linearly with the
peak nonlinear phase shift of the pulse. In the context of nonlinear pulse compression, large
broadening factors are typically desired. Since the the second-order nonlinear refractive
index ny is small for most materials (typical values are ny ~ 1 x 1072 m? /W for glasses
and ny &~ 1 x 10722 m?/W for gases), high intensities of the driver laser are commonly
required for obtaining a significant amount of spectral broadening.

It should be noted that the above description of the SPM is based on a variety of as-
sumptions which overly simplify the experimental conditions. The preceding paragraphs
can therefore only provide a phenomenological explanation of the spectral broadening ob-
served in the experiments. To avoid the occurence of spatio-temporal couplings, the non-
linear phase as defined in equation 1.102 has been assumed to be independent of the spatial
coordinate r. However, in a real laser beam the intensity generally varies over the beam
profile. For a Gaussian beam, the intensity is highest in the beam center and radially de-
creases towards the edge of the beam. Since the amount of spectral broadening is directly
linked to the incident intensity, a Gaussian beam will, after spectral broadening, exhibit a
radially varying output spectrum. This is referred to as spectral inhomogeneity of the laser
beam. The implications of a spectrally inhomogeneous laser beam and methods which
facilitate a homogenization of the spectral broadening are discussed in section 2.2.2.

Furthermore, it has so far been assumed that the nonlinear material is free of dispersion
and absorption and features an instantaneous response. As a result, the intensity profile of
the pulse remained invariant under the nonlinear interaction, which justifies the application
of the first order Born approximation. In reality, all materials exhibit a non-negligible
dispersion and absorption. The resulting change of the pulse shape during propagation
feeds back on the value of the intensity dependent nonlinear phase. As a consequence, the
spectral broadening in a dispersive and absorbing medium will evolve differently than in the
non-dispersive approximation. Since a non-negligible absorption only affects the magnitude
of the electric field, it can typically be associated with a reduction of the spectral broadening
factor which does not significantly affect the spectral or temporal shape of the pulse. A
non-negligible dispersion, on the contrary, induces a temporal narrowing or broadening of
the temporal pulse shape during propagation, which can result in a significant modification
of the generated spectrum.
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For the case of a negative dispersion environment (i.e. a net-negative GDD inside the
effective nonlinear medium), the linear part of the positive chirp generated by SPM will
partially be removed already during the propagation in the nonlinear medium. As a result
the pulse experiences temporal narrowing, which is also known as self-compression. With
decreasing pulse duration, the steepness of the pulse slope (0I(t)/0t) increases, which ac-
cording to equation 1.107, likewise enhances the total amount of spectral broadening with
increasing propagation distance. However, the pulse shape is typically affected negatively
due to the continuous imperfect subtraction of the non-linear chirp components. In many
cases, the appearance of satellite pulses containing a large fraction of the pulse energy can
be observed [40]. In the frame of this thesis, spectral broadening in the net-negative disper-
sion regime was investigated in the self-compression experiments presented in section 2.2.

If the SPM takes place in a net positive dispersion environment, the pulse duration
increases during the nonlinear interaction causing a reduction of the total magnitude of the
spectral broadening. However, the combined effect of SPM and GDD induce a linearization
of the positive chirp which allows for a more efficient compression after the propagation [40].
After extensive propagation through a positively dispersive, nonlinear medium, the pulse
typically develops an almost rectangular shape with steep leading and trailing edges [41].
Due to the extremely steep intensity slopes, the instantaneous frequency can then reach
very high values which ultimately can lead to optical wave-breaking [42, 43].

A more general mathematical description of SPM that is applicable to the case of
dispersive, nonlinear and absorbing media, and which also covers the contribution of time-
delayed material responses, is briefly introduced in section 1.2.3.

Self-focusing

Analogous to the spectro-temporal effect of self-phase modulation described previously,
the optical Kerr-effect, causes a modification of the spatial profile of the propagating laser
beam. In this section, the influence of the optical Kerr-effect on the spatial distribution
of a monochromatic Gaussian beam with the field amplitude given by equation 1.22 and
the intensity profile given by equation 1.23 is discussed. Due to the Gaussian shape of
the intensity profile, the propagating beam accumulates a radially varying nonlinear phase
which is highest in the beam center and decreases in radial direction. Assuming that the
third-order nonlinear interaction starts in the focal plane corresponding to z = 0, the
additional nonlinear phase ¢,; which is accumulated during the propagation of the beam
over a small distance Az can be written as [44, p. 206]

Ny

osf(r,Az) = — Az-]0~e(7wt2) ) (1.112)

Co

where wg is the carrier frequency of the monochromatic wave. Near the beam center,
equation 1.112 can be approximated by

NoWo

2r?
pop(rAz) = ———=Az-Ip |1 =5 | . (1.113)
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Taking a closer look at equations 1.113 and 1.22 it can be seen that the additional nonlinear
phase term causes a concave curvature of the wavefront, which results in a self-focusing
of the beam upon propagation through a nonlinear medium. Since the focusing effect
is caused by the optical Kerr-effect, the lens-like structure is also named Kerr-lens. It
should be noted that equation 1.113 is only a valid approximation in the central part of
the beam. Towards the edge of the beam, the Kerr-lens cannot be described by a radial
quadratic dependence of the refractive index anymore. Consequently, Kerr-lensing causes
an aberration of the incident beam profile — resulting in a reduction of the peak intensity
of the beam — as described using the coupled-mode theory [45]. Comparing the phase
term corresponding to the propagation through a thin lens to the approximated nonlinear
phase in the beam center, the effective focal length fx.,. of the Kerr-lens corresponding
to the propagation through a thin nonlinear material of length d can be defined as [44, p.
321]
wg

4n2d10 )

In general, the self-focusing of the laser beam is counteracted by its natural diffraction. In
the vicinity of the beam waist, this can be described by the approximated phase term [44,
p. 205]

fKerr - (]_].14)

KAz ,

Paiff(Az) = — 5, (1.115)

The critical power of a laser beam with a carrier wavelength Ao = 2mco/wy is defined by [44,

p-206]
)\2
P, = 0 1.116
87'('710712 ( )

At this power, the effect of self-focussing exactly counteracts the inherent diffraction of
the beam, i.e. @55 = —@g4ifr. Such types of beams are also referred to as self-trapped
since their beam radius appears to be invariant under further propagation within the
nonlinear medium [46]. If the peak power of the incident beam is lower than P.., the
natural diffraction of laser beam governs the evolution of the beam caustic. In contrast, if
the peak power of the beam exceeds the critical power defined in equation 1.116, the beam
will be focused continuously. For a sufficiently long nonlinear medium, this will ultimately
lead to a collapse of the beam and, in practice, the damaging of the nonlinear medium.
It should be emphasized that the appearance of critical self-focusing only depends on the
power and not on the intensity of the beam.

Unlike in the SPM case, the intensity profile of a Gaussian beam is directly affect by
the effect of self-focusing. As a result, the first Born-approximation is only valid as long
as the calculation is performed for sufficiently small propagation distances Az — which is
equivalent to requiring the beam caustic to only change weakly during propagation. For
strong self-focusing effects, the evolution of the beam can only be calculated numerically
since the intensity does not retain its Gaussian profile during extended propagation in the
nonlinear material [47].
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1.2.4 Generalized nonlinear Schrodinger equation

In the preceding section, the effect of SPM has been introduced as a method for spectrally
broadening laser pulses which, in combination with subsequent chirp removal, provides an
efficient means for nonlinear pulse compression. For clearer insights, the description has so
far been restricted to non-dispersive, non-absorbing materials featuring an instantaneous
response. Furthermore, the incident pulses have implicitly been assumed to exhibit a
smooth intensity profile which can for example be described by a simple sech?-function. For
a more general description of pulse propagation in nonlinear dispersive media, a generalized
scalar propagation equation that takes the form of a generalized nonlinear Schrodinger
equation (GNLSE) can be used. The detailed derivation of the GNLSE is beyond the
scope of this thesis, but can be found in, for example, reference [35, chap. 2].

The GNLSE used in this thesis to simulate the nonlinear pulse propagation can be
written as [48]

9A o imt om 19
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(1.117)

Equation 1.117 describes the evolution of the slowly varying (cf. equation 1.17) time
domain field amplitude A(z,T') with a carrier wave oscillation frequency wy . In the above
description, T corresponds to the local time of the pulse (cf. section 1.1.3). Furthermore,
spatio-temporal couplings are neglected, meaning that the spatial amplitude of the field
is assumed to be separable from the temporal amplitude. The parameter a denotes the
absorption coefficient while the 3,, = D,,/z represent the dispersion coefficients which can
be obtained from the Taylor-expansion given in equation 1.55. The third term on the right
hand side of equation 1.117 describes the nonlinear effects where [35, p. 44]

NaWo

= 1.118
e (1.118)

is termed the effective nonlinear coefficient and sufficiently describes the influence of SPM
on the pulse. In equation 1.118, A.;; denotes the effective area of the intensity profile
during the nonlinear interaction which, for a Gaussian beam, is simply given by

Aepp = Tw(2)? (1.119)

where w(z) is the spot size of the Gaussian beam at the axial position of the nonlinear
interaction z. The temporal derivative /0T in the third term on the right hand side of
equation 1.117 takes into consideration the higher order nonlinear effects of self-steepening
and optical shock formation which are described in further detail in references [35, p.
123] and [35, p. 126]. Finally, the first term in the second line of equation 1.117 takes
into account the nearly instantaneous electronic contribution of the Raman response while
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the convolution integral describes the delayed Raman response and Raman gain of the
material [35, p. 46 ff, 49].

Since no analytical solutions to equation 1.117 are known, the GNLSE was solved
numerically using the open-source python module pyNLO [50], which is based on a fourth-
order Runge-Kutta solver in the interaction picture described in further detail in refer-
ence [48]. Further information on the pyNLO-module and the modifications implemented
in the frame of this thesis are given in section 2.2.2.



Dispersion controlled all-bulk
multipass spectral broadening

2.1 Thin-disk oscillator driven pulse compression

For several decades, high-power few-cycle laser pulses have most commonly been generated
by Titanium (Ti):sapphire laser systems, often referred to as the "workhorse of ultrafast
technology". Its reputation in the ultrafast scientific community is easily understood con-
sidering that, especially when based on Kerr-lens mode-locking, it allows the generation of
pulses down to only few optical cycles at watt-level average powers and megahertz repeti-
tion rates directly from a laser oscillator [51, 52]. When combined with amplification stages
and operated at reduced pulse repetition rates, such Ti:sapphire based laser systems allow
the generation of joule-level pulse energies with pulse durations of only a few tens of fem-
toseconds reaching peak powers on the petawatt scale [53]. However, ultrafast Ti:sapphire
based laser systems are generally difficult to scale in average power mainly due to the large
quantum defect and the associated heat generation. Even in the best case, only few tens
of watts can be achieved when utilizing cryogenic cooling [54]. As a result, the generation
of high-energy laser pulses has so far only been realized at kilohertz repetition rates which
induces long acquisiton times and low signal-to-noise ratio in subsequent experiments.
This limitation can be avoided by progressing to laser systems based on Yb:doped gain
materials which possess better thermal properties.. Moreover, these can be manufactured
in a variety of different geometries that improve heat dissipation including for example
innoslab, fiber or thin-disk, all of which have been demonstrated capable of handling sig-
nificantly higher average powers up to the kilowatt scale [55-57]. Thin-disk technology
in particular, with its almost one-dimensional heat flow that reduces thermal lensing and
short interaction length that diminishes parasitic nonlinear effects has become a powerful
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tool for modern ultrafast systems [58]. The combination of diode-pumped Yb:YAG thin-
disk gain media and soliton mode-locking techniques nowadays facilitates laser oscillators
emitting femtosecond pulses at 100 W-level average powers and megahertz repetition rates
without requiring external amplification [21, 23, 59-63]. Unfortunately, the narrow emis-
sion bandwidth — approximately 9nm centered at 1030 nm — typically limits the pulse
durations from Yb:YAG thin-disk lasers to few hundreds of femtoseconds. Shorter pulses
have been generated by exploiting additional intra-cavity self-phase modulation or by uti-
lizing alternative gain materials such as Yb:CALGO or Yb:KGW, which feature broader
emission spectra [64-67]. However, these approaches resulted in a significant reduction of
both average- and peak power. Therefore, the generation of high-energy ultra-short pulses
down to the few-cycle regime is conventionally achieved by extra-cavity nonlinear pulse
compression instead.

Until recently, spectral broadening and pulse compression of ultrashort pulses from
high-peak-power lasers (10 MW — GW) was typically performed in gas-filled capillaries,
photonic bandgap or Kagomé-type hollow-core photonic-crystal fibers (HC-PCFs) [68]. In
particular, spectral broadening in gas-filled hollow-core fibers has been proven a powerful
tool for the temporal compression of high average- and peak-power lasers. It yielded for
example a 16-fold compression to 88 fs at >100 W of average power by spectral broadening
in a single argon-filled Kagomé HC-PCF in the normal dispersion regime in combination
with a chirped-mirror compressor [69]. By choosing an appropriate combination of gas
and pressure, HC-PCF's can furthermore be operated in the anomalous dispersion regime,
where the generation of <10fs pulses has been demonstrated in a two-stage Kagomé-fiber
system seeded by a Kerr-lens mode-locked thin-disk oscillator [70, 71]. Only recently, this
powerful technique has further been shown to facilitate the efficient generation of single-
cycle laser pulses at 100 W-level average power and gigawatt-scale peak power from an
all-fiber laser system at megahertz repetition rate [72].

Despite providing an efficient measure for temporal pulse compression with excellent
beam quality, fiber-based spectral broadening is alignment sensitive and couples pointing-
drifts to laser power fluctuations which in turn affects the power-dependent nonlinear pulse
compression process. Additionally, with their delicate microstructure, fibers show increased
susceptibility to damage at high average- and peak powers. Moreover, photoionization in
gas-filled HC-PCFs might limit their use in high average power systems at high repetition
rates [73, 74]. Such detrimental effects can mostly be alleviated by employing pulse com-
pression schemes in which the nonlinear spectral broadening is realized in bulk materials.
Due to the large and homogeneous optical apertures of bulk broadening media, this ap-
proach can allow an efficient decoupling of the spatial beam stability and the broadening
efficiency. Despite facilitating significant amounts of spectral broadening even in single-
pass geometries, the lack of spatio-temporal homogenization in all-bulk spectral broadening
approaches typically causes a significant degradation in spatial beam quality [75, 76].

Lately, a new spectral broadening method relying on a waveguide-like periodic assem-
bly consisting of focusing elements (concave dispersive mirrors) and nonlinear media was
suggested and demonstrated [77-79]. It combines the advantages of using bulk nonlinear
media with the benefits of the long interaction length of waveguides without sacrificing the
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spatial beam quality. Especially when realized in the form of a Herriott-type multipass-cell,
such quasi-waveguides can provide a highly robust, compact and simple means of spectral
broadening [80]. Both all-bulk and gas-filled multipass-cell geometries were successfully
realized in high average and peak power regimes, pushing the broadened spectrum to sub-
10 fs Fourier limit and pulse durations to sub-20 fs [81-83]. Recently, a first demonstration
of pulse compression into the few-cycle regime (Tpwpy = 6.9fs at 1030 nm wavelength)
using a gas-filled multipass geometry seeded by a fiber amplifier system with several 100 pJ
pulse energy was demonstrated experimentally [84]. In the frame of this thesis it was in-
vestigated, whether an extension of the nonlinear pulse compression towards the few-cycle
regime is likewise feasible using all-bulk multipass-cells directly driven by a thin-disk laser
oscillator with a pulse energy of only few microjoules.

2.2 Multipass-cell spectral broadening fundamentals

2.2.1 Geometric design considerations

In the preceding section, the advantages of waveguide-like periodic assemblies for spectral
broadening applications have briefly been introduced. Such quasi-waveguides often repre-
sent a form of optical resonators and can be well described by the linear beam propagation
methods described in section 1.1. Herriott-type multipass cells are a specific variant of sta-
ble resonators which consist of two concave mirrors facing each other on a common optical
axis (cf. Fig. 2.1) and a method of injecting and extracting a laser beam [80]. For some
combinations of mirror curvatures and distance, an incident laser beam with a specific
g-parameter (see section 1.1.2) injected under just the correct angle will be reflected mul-
tiple times between the mirror surfaces, forming a characteristic elliptic or circular pattern
upon them, before being extracted again with the incident g-parameter being preserved.
To behave in such a way, both the Herriott-cell and the injected beam need to fulfil certain
conditions.

Resonator stability and eigenmode

As mentioned above, the propagation of a beam inside a Herriott-cell can be described by
the same formalism as used for stable two-mirror resonators. Stable resonators are generally
defined by having an eigen-q-parameter qr which is reproduced after one cycle through
the resonator characterized by its roundtrip transfer matrix M. In a more geometric
interpretation, qg thus describes a beam which is transversely limited and will stay confined
to the resonator independent of the number of propagated roundtrips. Using the ABCD-
matrix formalism introduced in section 1.1.2, this condition can be formally expressed

by
Agp + B

~ Cap+ D (2.1)

qE
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Mirror 1 Mirror 2
R=R]_ R=R2

Fig. 2.1: Schematic of a Herriott-type multipass cell consisting of two mirrors with radius of
curvatures Ry and Rs facing each other on a common optical axis (z) at a distance d = 2 - d'.
The green shaded area depicts the eigenmode of the two-mirror resonator characterized by the
waist size wg g and the Rayleigh range z, g given in equation 2.9. The yellow line indicates the
position of the reference plane for the single-pass transfer matrix given in equation 2.7.

which can be solved for ¢g yielding

A—D=£,/(D—A)2+4BC
qELQ - 20 .

(2.2)

where the eigen-q-parameters qg, , are given by the positive and negative solution of the
quadratic equation 2.1, respectively. Knowing that the determinant det(IM) of a roundtrip
ray transfer matrix fulfills [25, p. 34]

det(M) = AD — BC =1, (2.3)

equation 2.2 can be transformed into

_A-D J-(A+ D)2 +4

+ . 2.4
=90 ™ 2|C] (24)
——
0,E Zr,E

Since the Rayleigh length z, p of the eigen-g-parameter has to be real and positive, the
negative imaginary solution on the right hand side of equation 2.4 has been dropped.
Furthermore, the radicand in eqation 2.4 has to be positive which leads to the resonator

stability condition

A+D
-1<

<1. (2.5)
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Only if this condition is met, the optical system described by the transfer matrix M
represents a stable resonator that features an eigenmode which is described by the complex
beam parameter gg. Analogous to a beam propagating in free-space, the Gouy-phase shift
At accumulated over one resonator roundtrip by a beam with the eigen-g-parameter can
be calculated yielding [29]

A+D> (2.6)

2

Here, the Gouy-parameter 1g has been introduced as an alternative way of describing the
propagation of a beam inside the resonator which will be used later on to characterize
various important resonator properties.

While the formalism introduced above can in principle be applied to arbitrary geome-
tries, the Herriott-cells used in this thesis are the simplest case of an optical resonator
which consists of only two concave mirrors with equal radius of curvature R = Ry = R»
facing each other on a common optical axis at a distance d (cf. Fig 2.1). Since the resonator
is symmetric, it is sufficient to evaluate the transfer matrix for a single pass through the
optical system [85]. Starting the propagation at the reference plane marked in yellow in
Fig. 2.1, the single pass transfer matrix Mg of the corresponding optical system can be
written as

1 d 1 0 1 d 1-4 g— &
Mg = My - Mg - My = |, : — R R0 (27)
0 1 -2 1) \o 1 -2 1-4

where d' = d/2 is half the mirror separation distance With this result, equation 2.5 can be
rewritten as

VYp = Apgoyy = signum(B) - arccos (

0<d<2R (2.8)

which is the stability condition for a symmetric Herriott-cell. The eigenmode can be
interpreted as a Gaussian beam where the eigen-parameters are functions of the mirror
separation and curvature and can be derived by substituting 2.7 into equations 2.4 and 2.6

yielding
d |2R d
205 =0, Zrs = 2\/? and g = @ZJQE = arccos (1 — R). (2.9)

From equation 2.9 it can further be seen, that for a symmetric Herriott-cell the waist
wo,s of a Gaussian beam which corresponds to the eigenmode is centered between the two
mirrors and can be described by [85]

A d 2R
— RSN by | 2.10
wo.s \lﬁn 2V d ( )

where A is the laser wavelength and n is the refractive index of the ambient medium
(typically n ~ 1 for a Herriott-cell in air). This notation furthermore allows the simple
calculation of the mode size at an arbitrary axial distance z to the focus as described in
section 1.1 which can later on be useful for estimating beam intensities in e.g. a nonlinear
medium placed off-centered in the Herriott-cell.
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Ray propagation formalism

It should be noted that for all mirror separation distances smaller than twice the radius
of curvature (c.f. equation 2.8) an eigenmode for a symmetric Herriott-cell can be found.
However, the transfer matrix M clearly generally does not take the form of an identity
matrix I. As a result, a ray of light injected into the Herriott-cell at an arbitrary position
xo and under an angle z{, will, after a number of N roundtrips, have shifted to a new
position xy and inclination x'y, which in vectorial form can be written as

(x,N> —M-M-...-M. ("’?) - MV . (”39) . (2.11)
xN _’_/ xO xO
N —times

Calculation of M” can be accomplished easily by making use of Sylvester’s formula which
allows expressing an analytic function f(M) of a matrix M in terms of its eigenvalues and
eigenvectors [86]. If M is diagonalizable, Sylvester’s formula states that

FOM) =3 fF()M; (2.12)

where \; are the eigenvalues of M and the matrices

1

HM—A

M, (M — \,T) (2.13)

J

<
-

<
N

are the Frobenius covariants of M. The corresponding eigenvalues of M are determined
by the characteristic equation

Using the results from 2.3 and 2.6 the eigenvalues found by solving equation 2.14 can be

expressed as A
M o=eVE Ny =eTVE, (2.15)

The N-th power of M can now be calculated by substituting 2.13 and 2.15 into equation
2.12 yielding

MYV = — , - .
eWE — o—iWE C D — e~ W5 e—iWE _ eiVE C D — ¢ive
(2.16)

Using simple calculus of trigonometric functions as well as 2.3 and 2.6 again, equation 2.16

can be cast into the form [87]

iV (A_e—iw B ) e~iNvs (A_eiw B

A—D sin N sin Ny
v | AT - cos o B e (2.17)
sin Ny D_AsnNUE | o6 Ny

sinyg 2 sinyg
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which now allows the derivation of some interesting properties of Herriott-type multipass
cells.

Substituting 2.17 into equation 2.11 we find that an incident ray with an arbitrary
position xg, yo and angle and zj, y along the x- and y-direction, correspondingly, will,
after N-roundtrips, be displaced transversely. The new coordinates xy and yy are then
given by [87]

A — D)+ 2Bx
en = o cos Nbg + (x(’( D) + xo) sin N (2.18)
2sinYpg
and D y
— 2
yn = Yo cos Nvg + <?Jo( , )+ y0> sin Nyg. (2.19)
2sinypg

If the incident ray is aligned specifically such that it can be described by

zo=1, )= %(D —A) (2.20)

and
—0 ,  Tosinyg
Yo=VY, Yp= B )
the ray of light propagating through the Herriott-cell will trace a circular spot pattern with
radius 7 on the multipass-cell mirror surfaces which is schematically depicted in Fig. 2.2 a.

(2.21)

(x1,y1)
Ye r \
‘X

(XOI yO)

Xn-1,Yn-1)

Fig. 2.2: a) Schematic depiction of the circular spot pattern with radius r formed on the
multipass-cell mirror M; for a Herriott-cell with ¢y = 27 - (8/9). The x and y positions are
given by equations 2.18 and 2.19, respectively. b) Schematic depiction of the closed beam-path
in between the two multipass-cell mirrors.

The individual spots around the circle are successively separated by an angular advance
corresponding exactly to the Gouy-parameter i (c.f. Fig. 2.2 a) which was introduced in
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equation 2.6 for purely analytic reasons. A similar pattern as shown for the first mirror in
Fig. 2.2 a can be observed on the second mirror where the pattern is rotationally offset by
an angle corresponding to 1z /2. The beam path between two subsequent reflections of the
multipass-cell mirrors for a given Gouy-parameter can be calculated using linear ABCD-
matrix propagation and is schematically depicted in Fig. 2.2 b. It should be noted that the
transversal position after N-roundtrips in the x- and y-direction are mutually independant
(equations 2.18 and 2.19) but both depend only on the value of the Gouy-parameter. As a
result, the pattern traced by a light ray propagating through the Herriott-cell will generally
take the form of an ellipse for initial ray parameters differing from those specified above.
For the geometrical description of Herriott-cells, it is customary to choose the reference
plane to coincide with one of the mirror surfaces, where the size and shape of the elliptic
spot patterns need to be accurately matched to the utilized mirror geometry.

The re-entrant condition and pattern formation

In the preceding geometric treatment it has been demonstrated that the Gouy-parameter 1 g
plays an important role in describing the evolution of a ray of light propagating through a
Herriott-cell. A special case is found when ¢ is of the form

K
YE =27 N (2.22)
where K and N are arbitrary positive integer numbers. When equation 2.22 holds, M¥
reduces to the identity matrix I and the position and angle of any ray of light injected into
the Herriott-cell are reproduced after N roundtrips at the latest. Since the propagation
follows a closed path, the light ray continuously retraces the same elliptic spot pattern.
Consequently, equation 2.22 is also termed the re-entrant condition [80)].

This re-entrant condition plays an important role in the experimental realization of
Herriott-cells. Here, the infinite propagation along a closed path is not possible since a
mechanism for injecting and extracting the laser beam into and from the Herriott-cell as-
sembly is physically required. This is most commonly achieved by placing a small coupling
mirror (scraper mirror) right in front of one of the multipass-cell mirrors (see Fig. 2.3) or
by drilling a small hole into one of the multipass-cell mirrors through which the beam can
be injected.

By adjusting the position and angle of the incident beam, the required corresponding
ray parameters for the formation of a circular spot pattern on the multipass-cell mirrors
(c.f. equations 2.20 and 2.21) can then realized with either method. If the re-entrant
condition is fulfilled, the scraper mirror or hole in the multipass-cell mirror can be used
for both beam injection and extraction which is often preferable since it reduces system
and manufacturing complexity and cost. However, the laser beam is then extracted before
the closed path propagation has come full circle. This difference between the input and
output beams can be expressed by a modified roundtrip ray transfer matrix which takes
into account the missing final reflection from the multipass-cell mirror. If equation 2.22
holds and the reference plane is chosen such that it coincides with one of the multipass-cell
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Scraper

mirror \A
-
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Fig. 2.3: Picture of a scraper mirror (in front of one of the multipass-cell mirrors) used to inject
and extract the beam into the multipass-cell. The scraper mirror is cut from a circular mirror
using a rotary diamond blade.

mirrors, the modified transfer matrix M,,; of a symmetric Herriott-cell reads

-1
_ _ 1 0 10
MOut:MRl-MN:MRl-I:< ) 1) :(2 1) (2.23)

R

R

where R is the corresponding radius of curvature of the Herriott-cell mirror. It is easily
seen that M,,; is of lower unitriangular form and hence leaves the transversal position of
the output beam on the multipass-cell mirror unaltered. However, the beam will exit the
Herriott-cell under a well-defined, non-zero angle with respect to the input beam which
subsequently allows the spatial separation of the two beams after some additional propa-
gation distance.

The number of roundtrips which the beam has propagated in the Herriott-cell before
being coupled out is found to be solely dependant on the relation between K and N. If
K and N are coprime integers, the circular pattern formed in the input reference plane
consists of exactly N spots. If K and N share one or more common divisors, the circular
pattern will consist of N/ged(K, N) spots where ged (K, N) denotes the greatest common
divisor of K and N. For a symmetric Herriott-cell with a given number of roundtrips V,
each value of K < N defines a mirror separation distance d according to

d= (1 — cos (wi)) R (2.24)

for which the beam becomes re-entrant after no later than N roundtrips.
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Mode-matching

In the previous paragraphs, the ray transfer matrix of a Herriott-cell fulfilling the re-
entrant condition has been shown to take the form of an identity matrix for a fixed number
of roundtrips N. This implies that not only the incident beam position and angle, but also
its complex beam parameter g;, is reproduced after the beam has propagated through the
Herriott-cell N-times, where

Gout = MN " Qin Te-en:trant I- Qin = Qin- (225)

Since equation 2.25 holds for any ¢;,, the corresponding Herriott-cell configurations are
termed g¢-preserving. However, it should be noted that g-preserving configurations do
not impose additional restrictions on the g-parameter for the propagation of individual
roundtrips. Consequently, if a beam with an arbitrary g-parameter is injected into the
Herriott-cell, the beam size evaluated in a fixed reference plane can vary significantly for
consecutive roundtrips.

When employing Herriott-type multipass cells for spectral broadening, which is based
on exploiting the SPM occuring in a bulk medium placed inside the multipass-cell, it is
therefore often desirable to have a beam caustic which is identical in each pass in the
Herriott-cell. Only in this case the per-pass nonlinear phase shift is the same for each
transition of the beam through the nonlinear material which ensures that the beam can
experience a good homogenization during the extended propagation (cf. section 2.2.2). The
desired behaviour is found for Gaussian input beams that are represented by a g-parameter
that matches the eigen-q-parameter gz of the Herriott-cell, which was introduced in the
derivation of the stability condition in equation 2.4. Since the g-parameter of the incident
beam thus needs to be matched to the eigenmode of the Heriott-cell, this process is also
termed mode-matching. For the experimental realization of a symmetric Herriott-cell, the
input beam should therefore preferably have a waist which lies in the center between the
multipass-cell mirrors and has a waist size that is described by equation 2.10. In the frame
of this thesis, mode-matching is typically achieved by using a plano-concave mirror to
create a focus in the center plane of the Herriott-cell. The correct focus size is achieved by
either varying the size of the collimated beam incident on the focusing mirror by means
of a variable zoom beam expander or, if possible, by appropriately matching the radius of
curvature of the focusing mirror to the incident beam size.

Misalignment

As discussed above, the closed path circular shape of the pattern traced by a ray injected
into the Herriott-cell depends critically on the precise alignment of the optical components
forming the multipass-cell and the angle and position of the input beam. For a more
detailed understanding, it is instructive to evaluate how the created pattern changes for
different types of misalignment. For the multipass-cell mirrors, longitudinal or transversal
displacements as well as angular tilt with respect to the common optical axis constitute
the most basic forms of misalignment.
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From equations 2.18, 2.19, and 2.9 it can be seen that the resonator length d can be
used to parametrize the angular advance g of the successive spots in the circular pattern.
A longitudinal displacement d of one of the multipass-cell mirrors will therefore result in a
modified angular advance between successive roundtrips. An example of the transformed
spot pattern of a previously re-entrant Herriott-cell with ¢ 5 = 27-(8/9) (Fig. 2.4 a) where a
longitudinal displacement of 6 = 0.001 - d has been added to the mirror separation distance
is shown in Fig. 2.4. Closer analysis reveals that the introduced longitudinal displacement
is translated into a transversal separation of the zero™™ and N** spot in the reference plane
coinciding with one of the mirror surfaces, where the separation angle Ay, for a fixed ¢
is found to depend on the value of the Gouy-parameter ¢ g. Such spatial separation of
the two relevant spots can severely complicate both beam injection and extraction, since
the size of the utilized scraper mirror or coupling hole is typically minimized to close to
the beam size in order to maximize the usable surface of the cell mirror and thus the
achievable number of roundtrips in the multipass-cell. In the experiment, one of the cell
mirrors is therefore conventionally placed on a linear translation stage to allow a precise
fine-adjustment of the resonator length.
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Fig. 2.4: Schematic depiction of the modified circular spot pattern for a Herriott-cell with lon-
gitudinal displacement 6 = 0.001 - d of one of the multipass-cell mirrors (blue circles) with respect
to the original pattern (green circles). The longitudinal displacement results in a transversal
angular displacement of the individual spots that increases with the number of passes, resulting
in an separation angle of Ay, between the 0" and N** spot.

The situation becomes somewhat more complex for transversal displacements and an-
gular tilt of the multipass-cell mirrors which cannot be calculated trivially using the formal-
ism introduced in section 1.1.2. Precise calculation of the spot positions in closed form for
Herriott-cells including decentered or tilted optical components could be obtained by em-
ploying generalized beam matrices, e.g. using the 3 x 3 transfer-matrix method introduced
by A. Tovar and and L. Casperson in 1995 [88]. However, the detailed mathematical treat-
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ment using the 3 x 3 transfer-matrix method is beyond the scope of this thesis. For small
transversal misalignments, however, the induced variation of the multipass-cell length can
be neglected and the transversal displacement and angular tilt of a multipass-cell mirror
can be approximated by a transformation of the optical axis of the corresponding optical
element, instead. As a consequence, the spot patterns on the mirrors can be calculated nu-
merically by stepwise propagation of the input ray using ABCD-matrices, where the local
orientation of the optical axis is taken into account by a suitable coordinate transformation
of the incident beam into the coordinate system spanned by the new optical axis.

Phenomenologically, both transversal displacement and angular tilt of the multipass-
cell mirrors are found to affect the orientation of the principal axes as well as the extent
and eccentricity of the elliptic spot pattern. As expected, a similar behaviour of the spot
pattern is observed under misalignment of the the angle and position of the incident beam.
However, in case of a misaligned input beam, the position of the spots can be obtained
simply by solving equations 2.18 and 2.19 for the new set of input parameters x, x{, yo and
yo- 1t should be noted that the relative amount of change in beam position and angle varies
for Herriott-cells described by different Gouy-parameters. For the sake of brevity, a more
thorough investigation quantifying the alignment sensitivity of Herriott-cells to different
types of misalignment is omitted here. Further details on the alignment sensitivity for
stable resonators in general can be found for example in reference [29].

2.2.2 All-bulk spectral broadening in Herriott-cells

The spectral broadening of laser pulses is conventionally realized by exploiting the op-
tical Kerr-effect in nonlinear media. This effect facilitates the generation of new opti-
cal frequencies via SPM for initially up-chirped or un-chirped pulses (cf. section 1.2.3).
When combined with subsequent chirp removal, spectral broadening constitutes an effi-
cient method for nonlinear pulse compression. When assuming a constant time-bandwidth
product, the achievable temporal compression factor scales linearly with the amount of
spectral broadening. The magnitude of the spectral broadening can itself be quantified by
the spatially averaged peak nonlinear phase shift ¢n;, which is here given in the integral

form (cf. equation 1.109)
d
ONL = iﬂ/ nolpear(2)dz (2.26)
0 J0
where Ao and [,.q; are the center wavelength and the spatially averaged peak intensity of
the input pulse and ny and d are the the nonlinear refractive index (cf. section 1.2.3) and
the length of the nonlinear material, respectively.

While the accumulated nonlinear phase provides a good measure for the broadening
factor it does not contain any information about the compressibility of the spectrally
broadened pulses. In the frame of this thesis, a high compression quality will be understood
to correspond to a temporal pulse shape where the fractional amount of energy within any
satellite pulses is as low as possible. In most cases, this means that the spectral phase of
the pulse should be free of quadratic and higher order contributions and the instantaneous
frequency should be as constant as possible, i.e. the pulse should be close to the transform
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limit. Since the transform-limited pulse shape can also contain satellite structures due to
oscillations in spectrum generated throughout the broadening process (cf. section 1.2.3),
the compression quality is further quantified by the ratio

l)cornp

eak
T]CO’ITLp = PpFTL (2 . 27)

peak

which relates the peak power of the spectrally broadened pulse after compression P 27" to
that of a bandwidth limited pulse with the same spectrum and output power.

For spectral broadening in the zero- and normal-dispersion regimes, the SPM-induced
up-chirp is mostly linear over the central part of the spectrum as long as the temporal
shape of the input pulse is reasonably smooth [40]. Consequently, a high quality temporal
compression can often be achieved simply by introducing negative GDD to the pulse (cf.
section 1.1.3) which can efficiently be realized for example by using chirped mirrors. On
the downside, however, the spatial variation of the local intensity in a laser beam (which
is typically approximated with a Gaussian intensity distribution) causes the pulses to
accumulate a radially varying nonlinear phase which drops off from the center towards the
wings of the beam. As a result, the spectrum is no longer broadened homogeneously over
the beam profile and the temporal compression quality will depend on the spatial position
in the beam.

Until recently, this difficulty has conventionally been evaded by utilizing fibers or gas
filled capillaries for spectral broadening. In the underlying waveguide geometry, the beam
evolution is governed by an interplay of diffraction and constant re-focussing due to the
boundary conditions of the guided propagation. This gives rise to a continuous redistribu-
tion of the newly generated spectral components across the beam profile [45]. Furthermore,
the field is confined to a small area for a long propagation distance which facilitates the
accumulation of large nonlinear phase shifts ¢y, since high intensities can be maintained
for extended propagation lengths (compare equation. 2.26). The long propagation dis-
tances, however, typically limit the usable input peak power to values much lower than the
critical power for self-focusing P, (cf. secion 1.2.3), since the excessive refractive power of
the generated Kerr-lens (cf. section 1.2.3) can otherwise lead to catastrophic self-focusing
inside the waveguide.

Multipass-cell based spectral broadening

In a theoretical investigation on pulse compression based on the coupled-mode theory,
N. Milosevic and co-authors have suggested that large spatially uniform phase shifts can
alternatively be achieved, if the accumulation of the nonlinear phase shift is distributed
over a sufficiently large number of passes through a nonlinear medium with intermediate
re-focusing of the beam [45]. However, their approach for homogeneous spectral broadening
was only applicable when self-focusing effects are weak, i.e. the peak power of the incident
laser pulse is significantly below the critical power for self-focusing. More specifically, the
maximum nonlinear phase shift accumulated per pass through the nonlinear medium was
required to remain on the order of unity [45]. It has since been demonstrated experimentally
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by J. Schulte et al. in 2006 that an efficient homogenization can also be achieved in spectral
broadening schemes employing waveguide-like periodic assemblies — such as the Herriott-
type multipass-cell, which has been briefly introduced in the previous section — even for
pulse energies significantly higher than P, [77].

When inserting a suitable nonlinear medium into such a Herriott-cell, the circulating
pulse accumulates a nonlinear phase shift ¢z, in each pass through the nonlinear medium.
The amount of the per-pass accumulated nonlinear phase can simply be adjusted by varying
the position (peak intensity), material (nonlinear refractive index) and thickness of the
nonlinear medium. If dispersive effects are negligible, the per-pass nonlinear phase shift is
the same for each consecutive pass through the nonlinear medium as long as the input beam
is mode-matched to the Herriott-cell (see following paragraph for further details). The total
nonlinear phase »¢n;, which is accumulated within the Herriott-cell is then simply given
by '

Soar = N - ¢, (2.28)

where N is the number of passes and QSS\Z,)L is the nonlinear phase shift in the first pass
though the nonlinear medium. The amount of spectral broadening can then be estimated
e.g. by using equation 1.110.

It should be noted that the spatio-temporal homogenization only works efficiently if
the value of the per-pass nonlinear phase is chosen low enough to avoid significant self-
focusing and beam aberrations due to the non-spherical shape of the Kerr-lens [45, 77]. In
earlier work by K. Fritsch et al., numerical simulations have indicated that for bulk spectral
broadening in a multipass-cell operated in the normal dispersion regime, a nonlinear phase-
shift of 0.3rad (= 7/10) per pass through the broadening medium represents the upper
limit for which a clean output beam can be obtained [81]. Exceeding the aforementioned
per-pass phase shift can result in a decreased beam homogeneity which often causes a
deterioration of the spatial beam quality, typically manifesting itself in additional conical
emission causing the formation of a characteristic ring pattern around the main beam and
reducing its focusability [76]. An empirical evaluation of the validity of the above stated
maximum value of the per-pass nonlinear phase shift for Herriott-cells which are operated
in the net-positive dispersion regime is provided in section 3.1.2.

Material dispersion

As briefly discussed in section 1.2.3, the optical Kerr-effect which is commonly exploited
for spectral broadening via SPM generally does not depend on the inversion symmetry of
the utilized nonlinear material. As a result, a vast variety of different nonlinear materials
ranging from gases to solids can be used for multipass-cell based spectral broadening. In
this thesis, the description is restricted to bulk materials as nonlinear media since the peak
power of the utilized driver laser is too low to generate a significant nonlinear response in
most gases.

For the experiments described in this and the following chapter, fused silica (fused
quartz) was chosen as a nonlinear material according to its beneficial optical properties:
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Due to its wide band gap of 9eV, fused silica exhibits a low linear and multiple-photon
absorption for NIR radiation at around 1pm wavelength (photon energy Ej, ~ 1.2€V).
Combined with its low thermal expansion coefficient, this makes the material suitable for
being used in high average-power laser applications. Furthermore, opposed to many crys-
talline wide-band gap materials such as crystal quartz or sapphire (AlyO3), it is isotropic
and therefore free of birefringence, allowing for a uniform spectral broadening independent
of the polarization of the incident beam. As an additional advantage, it is widely commer-
cially available in a variety of different geometries and lengths and can be readily coated
with high-quality anti-reflective (AR) coatings to enhance the transmission by reducing
reflection losses.

As introduced in section 1.1.3, all dielectric materials exhibit a second- and higher-
order dispersion which can cause a modification of the pulse shape during SPM-based
spectral broadening. For arbitrary propagation distances, the material dispersion can be
conveniently expressed by introducing the group velocity dispersion (GVD) which is the
GDD of the material (cf. section 1.1.3) per unit-length. For fused silica, the GVD is positive
and takes a value of ~ 18.97 fs*/mm, specified at the center wavelength of 1030 nm of the
utilized driver laser. Since the TOD of fused silica is likewise positive, an asymmetrical
temporal broadening of laser pulses propagating through fused silica nonlinear media can be
observed (compare Fig. 1.2). The increase of the pulse duration associated with temporal
broadening causes a reduction of the peak intensity of the pulses which feeds back and
reduces the magnitude of the nonlinear phase shift ¢nz, (cf. equation 2.26) and thus, the
amount of spectral broadening. Furthermore, the asymmetry of the temporal pulse shape
is imprinted onto the broadened spectrum and spectral phase by the effect of SPM. The
temporal compression of the spectrally broadened laser pulses can therefore be significantly
more complicated, since the pulse cannot be compressed by simply introducing a specific
amount of negative GDD but the higher-order contributions of the spectral phase need to
be removed as well.

As a consequence, for the design of a nonlinear pulse compression scheme it is often
beneficial to target a propagation regime in which the spectral broadening is only weakly
influenced by dispersive effects. Herein, a distinction should be made between the material
dispersion for one pass through the nonlinear medium and the net-dispersion regime of
the Herriott-cell. The latter consists of multiple transitions of a laser pulse through the
nonlinear medium — each of which is followed by a reflection from a concave focusing
mirror, the coating of which can also add dispersion.

In the single-pass case, the total magnitude of spectral broadening can be considered
small due to the previously stated requirement of the per-pass nonlinear phase shift to
be <0.3rad in order to facilitate a homogeneous spectral broadening and avoid strong
self-focusing effects. As a result, the amount of temporal broadening in this case mainly
depends on the GDD of the nonlinear medium. In practice, dispersive effects within one
pass through the nonlinear medium can often be neglected as long as the length of the
medium d can be described by

2
d< TgV‘V/%M (2.29)
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where Tryw gy is the pulse duration of the incident pulse. The approximation in equa-
tion 2.29 is based on the increasing effect of GDD on the temporal broadening with de-
creasing input pulse duration 7pw gy which has previously been derived for a Gaussian
temporal profile in equation 1.68.

Mirror dispersion

It is important to note that the realization of high spectral broadening factors requires
the accumulated nonlinear phase shift to be large as well (compare equation. 1.110). In
multipass-cell based spectral broadening schemes, this can be achieved by propagating
the pulse many times through the nonlinear medium. However, the pulse will as a result
not only be temporally broadened once, but in each successive pass through the nonlin-
ear medium. Consequently, a siginificant reduction of the peak intensity can typically be
observed after only a few passes as a result of the accumulated dispersive effects — even
if the nonlinear medium is only a few millimeters thin. The reshaping of the temporal
pulse shape can efficiently be counteracted by utilizing dispersive mirrors with opposing
sign to the material GDD for the refocusing of the beam between each pass through the
nonlinear medium. Not only that, the temporal evolution of the pulse propagating through
the Herriott-cell can be precisely engineered by varying the dispersion profiles of the uti-
lized multipass-cell mirrors. Depending on the GDD value of the dispersive mirror, the
propagation can roughly be divided into three different dispersion environments.

In the zero-dispersion environment, the focusing mirrors are equipped with a dispersive
coating which closely compensates the second- (and higher) order dispersion induced by
the utilized broadening medium. If the nonlinear contribution per pass is weak, this allows
the pulse to maintain its initial pulse shape and peak intensity throughout the propagation
while continuously acquiring a fixed per-pass nonlinear phase. In the zero-dispersion envi-
ronment, the propagation of a pulse is typically well described by the framework presented
in section 1.2.3. However, in real world applications it is often difficult to exactly compen-
sate the GDD of the nonlinear material due to manufacturing tolerances of the dispersive
mirror coating. As a result, the pulse propagation in real-world multipass-cells typically
takes place in either a net-negative or net-positive dispersion environment.

In the net-negative dispersion environment, the dispersive coating of the multipass-
cell mirror over-compensates the positive chirp which is added to the pulse during each
pass through the nonlinear medium as a result of dispersion and SPM. The continuous
propagation of a pulse through a Herriott-cell in the net-negative dispersion environment
can therefore cause self-compression of the incident pulse. A more detailed investigation of
self-compression in Herriott-type multipass-cells including experimental results and further
discussion of the underlying beam evolution is presented in section 2.3.

In contrast, if the GDD of the multipass-cell mirror only partially compensates the posi-
tive material dispersion, the propagation effectively takes place in a net-positive dispersion
environment. As a result, the peak intensity of a pulse will gradually decrease during
propagation due to temporal broadening, which inhibits further spectral broadening. As
mentioned in the beginning of this section, the spectral broadening in a net-positive disper-
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sion environment can however be beneficial for the temporal compression quality since it
evokes a linearisation of the accumulated up-chirp [40]. The results on spectral broadening
using Herriott-cells in the positive dispersion regime which were obtained in the frame of
this thesis are presented in chapter 3.

Numerical modeling

To gain a better understanding of the pulse evolution in a Herriott-type multipass-cell un-
der the influence of nonlinearity and dispersion, the process can be modelled numerically
by solving the GNLSE described in section 1.2.4. As further introduced in section 1.2.4, the
utilized solver is based on the open source python module pyNLO which uses an adaptive
step-size implementation of the fourth-order Runge-Kutta in the interaction picture [48,
50]. However, this version of pyNLO is mostly focused on the simulation of pulse propaga-
tion in optical fibers. Therefore, to facilitate the efficient simulation of pulse propagation in
multipass-based quasi-waveguide assemblies, several modifications to the main simulation
code were made.

To accurately represent the discrete nature of the Herriott-cell in the simulations, the
code was re-written to simulate each pass in the Herriott-cell independently. The simulation
of a Herriott-cell with N passes through the nonlinear medium and corresponding dispersive
mirror reflection therefore corresponds to N simulations which are automatically performed
consecutively, with the input pulse of each simulation being identical to the output pulse
of the previous simulation. Each of the simulations can be further subdivided into two
parts: the propagation in the nonlinear medium which is simulated by solving the GNLSE
in equation 1.117 and the reflection from the multipass-cell mirror which corresponds to a
simple manipulation of the pulse spectrum and spectral phase. It should be noted that in
the above approximation, the nonlinearity of the ambient medium (typically air) which fills
the space between the bulk nonlinear medium and the multipass-cell mirrors was considered
to be negligible, i.e. that the nonlinear phase contribution from the ambient medium is
significantly smaller than that of the bulk nonlinear medium (@47 < ¢RUF).

For the propagation part, the nonlinear coefficient v (cf. equation 1.118) of the medium
is calculated using a frequency independent nonlinear refractive index ns of the bulk non-
linear medium, which is a good approximation for most wide band gap materials at around
a wavelength of 1030 nm [89, 90]. In contrast to fibers, the pulse energy in free-space prop-
agation is not confined to a fixed beam size over the entire propagation distance owing
to the natural diffraction of a real laser beam. Therefore, a position dependent nonlinear
coefficient y(z) is introduced as a function of the axial position in the nonlinear medium
which, using equation 1.118, can be written as

NaWo 1

oo m(wp(2))’

(2.30)

1(z) =

where wg(z2),z € [—d/2,d/2] is the caustic of the eigenmode of a Herriott cell of length
d which can be calculated using equations 1.20 and 2.10. The nonlinearity can then be
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accurately modelled by updating the v-parameter according to equation 2.30 for each step
in the simulation.

For the simulations of the Herriott-cells in this thesis, a spatially Gaussian input beam
which is perfectly matched to the eigenmode of the Herriott-cell is assumed. Furthermore,
since for the Herriott-cells described in this thesis the length of the nonlinear medium
l;mat 18 much shorter than the Rayleigh length of the eigenmode zg, a position independent
nonlinear coefficient can be introduced according to equation 1.118 where the effective area
Acsy is calculated according to equation 1.119 using an effective beam radius wess given
by
Wg(zm) + WE(Zm + lnat)

2

where w(z,,) is the spot size of the eigenmode at the incident plane of a nonlinear medium
of length 1,,,,; which is positioned at an axial distance z,, to the focal plane of the Herriott-
cell. The above approximation can help to significantly speed up the simulations since the
nonlinear coefficient doesn’t need to be updated for each simulation step. The influence
of higher order nonlinear effects such as self-steepening as well as the instantaneous and
delayed Raman-reponse of the material were adopted from the original pyNLO code without
further modifications.

To appropriately consider the effects of second- and higher order dispersion on the pulse
evolution inside the nonlinear medium, the wavelength dependant refractive index of the
nonlinear medium is modelled using a Sellmeier equation of the form given in equation 1.71.
The individual dispersion coefficients (,, (cf. equation 1.117) are then determined by spline
interpolation of the refractive index curve. Finally, the dispersion of the multipass-cell
mirror is taken into account after each propagation through the nonlinear medium by
directly applying the measured GDD curve of the corresponding multipass-cell mirror to
the spectral phase of the pulse. As an alternative, it is also possible to approximate the
mirror dispersion curve by providing the corresponding GDD, TOD and FOD values of the
dispersive coating. It should be noted that in the simulations performed in this thesis, the
dispersion of the ambient medium was typically neglected due to its weak impact on the
pulse evolution. However, in cases where the dispersion of the ambient medium can not be
omitted, it should be feasible to model its influence e.g. by appropriately modifying the
dispersion curves of the multipass-cell mirrors.

In this thesis, numerical simulations were used to model the evolution of spectrum
and pulse shape for the multipass-cell spectral broadening experiments in the negative
dispersion regime which are described in further detail in section 2.3.2 as well as to optimize
the dispersion parameters of Herriott-cells for efficient spectral broadening in a positive
dispersion environment which is described in section 3.1 It should be emphasized that the
modifications to the pyNLO-module were developed in close collaboration with K. Fritsch.
Further informations on the simulation code as well as extensive benchmarking results can
be found in reference [91].

Wefp = (2.31)
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2.3 Negative dispersion: Self-compression in all-bulk
multipass geometry

2.3.1 Experimental realization and compression results

Up until today, all-bulk multipass spectral broadening has predominantly been investi-
gated in the net-zero- or normal dispersion regime. However, multipass-cell based spectral
broadening can become increasingly interesting when high peak power levels are combined
with operation in the anomalous dispersion regime where self-compression, Raman soli-
ton self-frequency shifting, supercontinuum generation and other highly nonlinear effects
are expected to come into play [92]. Self-compression and supercontinuum generation
can potentially be exploited for significantly extending the spectral broadening factors of
single-stage multipass-cell assemblies resulting in a significant reduction of complexity in
existing multipass-cell-based spectral broadening setups. On the other hand, Raman soli-
ton self-frequency shifting can be used to generate a power-tunable, asymmetric red-shift
of the spectrum as it has previously demonstrated in optical fibers, albeit, at nanojoule
pulse energies [93].

In 2018, G. Jargot et al. demonstrated, for the first time, that self-compression can
occur in all-bulk Herriott-type multipass cells operated in the anomalous dispersion regime.
In their experiment, the output of a fiber amplifier seeded optical-parametric chirped-
pulse amplification system delivering 63 fs pulses with 19 n1J pulse energy at 125 kHz pulse
repetition rate was self-compressed down to 22 fs with a transmission of 73 %. The utilized
multipass-cell was tuned to operate in the net-negative dispersion regime by using a 2 mm-
thick fused silica plate as a nonlinear medium, which exhibits a slightly negative GVD of
—28fs® at the operation wavelength of 1550 nm [94].

Unfortunately, the absence of suitable materials with negative GVD does not permit a
similar approach at 1 jm wavelength where high power Yb-based lasers are readily avail-
able. However, the negative dispersion can alternatively be provided by an anomalously
dispersive mirror coating that slightly overcompensates the normal material dispersion of
the broadening substrate. The experimental results obtained for self-compression in an
all-bulk multi-pass geometry driven directly by a powerful thin-disk oscillator at around
1pum are presented and discussed in the following section.

The driving laser

For the self-compression experiments, a high power Kerr-lens mode-locked thin-disk oscil-
lator based on Yb:YAG as gain medium was used as a driving laser [23]. The state-of-
the-art thin-disk oscillator was developed in-house by M. Poetzlberger (see reference [95])
and is based on an imaging concept termed active multipass cell. The resulting increase in
roundtrip gain facilitates operation with a significantly increased output coupling ratio,and
thus high peak output power, when compared to more conventional oscillator designs [96].
At the time of the experiment, the oscillator could reproducibly emit an average output
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power of 149 W in a continuous mode-locked pulse train with 10.6 MHz pulse repetition
frequency. A pulse duration of approximately 300fs was measured using a home-built
dispersion-free SHG-FROG device (the pulse duration measurements were performed by
bachelor student Benedikt Schneider), corresponding to a peak power of 41 MW.

The transverse profile of the emitted laser beam features a Gaussian shape surrounded
by a faint circular pattern (Fig. 2.5). This likely originates from a combination of diffraction
at the hard aperture inside the laser cavity and accumulated aberrations imprinted on the
beam during the multiple imaged transmissions through the thin-disk gain medium. For
the spectral broadening experiments, the oscillator output was cleaned up spatially by
placing a water-cooled copper aperture with a diameter of 3.4 mm in the collimated beam,
blocking the diffraction ring. The transmitted central section contained 92 % of the total
power.

Fig. 2.5: Picture of the emitted far field beam profile at the oscillator output. The central part
of the beam is surrounded by a faint, undesired, circular pattern. To enhance the visibility of
the diffraction rings, the picture was taken by photographing the response of a highly saturated
detector card placed in the collimated beam using a CCD camera.

In addition, the output polarization of the oscillator was linearized using an AR-coated
thin-film polarizer (TFP), yielding a remaining average power of 136 W. Inserting a half-
wave retarder plate followed by a second TFP into the beam path enables the stepless
adjustment of the power level used in the experiment. At maximum power, pulses with
12.8 1J pulse energy and 38 MW peak power are launched into the subsequent multipass-
cell arrangement.

Multipass-cell configuration and alignment

The multipass cell which was used for investigating the nonlinear effects in the anomalous
dispersion regime comprises two plano-concave multipass-cell mirrors having an outer di-
ameter of 50 mm and a radius of curvature of 300 mm. A plane-parallel fused silica window
was placed between them as a nonlinear medium. The mirrors are aligned such that the
concave surfaces face each other on a common optical axis. Furthermore, one of the mirrors
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is mounted on a linear translation stage which allows fine tuning of the resonator length
(cf. Fig. 2.6).

The Herriott-cell is configured to become re-entrant after 23 roundtrips with ¢p =
27 - (17/23) corresponding to a mirror separation distance of d ~ 532mm. Consequently,
a total number of 46 passes through the 6.35 mm-thick fused silica plate is achieved. To
avoid excessive power loss from surface reflections, the nonlinear medium furthermore
features an AR coating on both surfaces increasing the single pass transmission within
the Herriott-cell to Ts > 99.7%. By placing the fused silica window off-centered with a
distance of approximately 180 mm to one of the Herriott-cell mirrors, the nonlinear phase
shift accumulated in the first pass through the nonlinear medium is adjusted to a low value
of approximately 0.2 rad.

Beam injection and extraction into and from the Herriott-cell are realized by plac-
ing a small, plane scraper mirror close to the front of one of the multipass-cell mirrors
(cf. Fig. 2.3). This scraper mirror is aligned such that the propagating beam forms a circu-
lar spot pattern on the multipass-cell mirrors. To avoid variation of the per-pass nonlinear
phase shift due to changes of the beam size in the nonlinear medium over consecutive
passes, the size of the beam exiting the oscillator needs to be adjusted to match the eigen-
mode of the Herriott-cell. For this, a commercially available zoom-beam expander is used
in conjunction with a concave focusing mirror with a radius of curvature of 900 mm placed
at a distance of approximately 450 mm to the center plane of the Herriott-cell. The qual-
ity of the mode-matching is assessed by positioning a ground glass diffuser closely behind
one of the cell mirrors. Due to the non-vanishing transmission T); of the multipass-cell
mirror coating (typically Ty < 0.05% for a high-quality coating), a small fraction of the
beam power leaks through the cell mirrors. Consequently, a copy of the spot pattern that
is visible on the Herriott-cell mirror appears on the ground glass screen where it can be
monitored using a commercial silicon-based CCD camera. The mode-matching is then
optimized experimentally by adjusting the size and divergence of the incident beam by
varying the zoom beam expander settings until all the spots in the pattern appear to be
identical in size (see Fig. 2.7).

The divergent beam, which leaves the Herriott-cell under a slight vertical angle with
respect to the input beam, is collimated using a plano-concave mirror with a radius of
curvature of 1000 mm placed at a distance of 500 mm to the center plane of the Herriott-
cell. For diagnostics, an AR-coated fused silica wedge can be inserted in the collimated
beam to extract a small fraction of the full power beam while the transmitted power is
dumped on a thermal power sensor.

Mirror dispersion

For self-compression to occur during spectral broadening in the quasi-waveguide struc-
ture, the Herriott-cell has to be operated in the net-negative dispersion regime. To reach
this regime, the cell mirrors feature a dispersive coating with a group delay dispersion of
—150fs® at 1030 nm, slightly overcompensating the second order dispersion of the fused
silica window which is approximately 120fs? at this wavelength. The combination of the
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Fig. 2.6: Schematic of the self-compression setup. The hard-aperture Kerr-lens mode-locked
Yb:YAG oscillator contains the thin-disk module (TD), output coupler (OC), a copper aperture
(AP) and the Kerr-medium (KM) as well as several highly reflective (HR) mirrors for beam
folding and imaging and highly dispersive (HD) mirrors to facilitate soliton mode-locking. The
Kerr-medium as well as one of the curved oscillator mirrors are mounted on a translation stage
to facilitate optimization of the oscillator performance. The oscillator is followed by a setup for
polarization and mode-cleaning and a subsequent multipass-cell described in the text. The ab-
breviations are: TFP, thin-film polarizer; HWP, half-wave plate; PM, power meter; Ry, focusing
mirror with a radius of curvature of 900 mm; S, scraper mirror; Rs, R3, multipass-cell mirrors
with outer diameter of 50 mm and a radius of curvature of 300 mm; M7, 6.35 mm-thick fused
silica plate; D, ground-glass diffuser screen; Ry, collimating mirror with a radius of curvature of
1000 mm; W, removeable broadband AR-coated fused-silica wedge.
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Fig. 2.7: Spot pattern on the ground-glass diffuser screen, recorded using a commercial silicon-
based CCD camera. Decent quality of the mode-matching is indicated by the approximately
identical size of the individual spots.

required broadband reflection bandwidth paired with the specific dispersion curve neces-
sitated the mirror coating to be realized in the form of a complementary dispersive pair,
where the GDD oscillations of two mirrors are offset against each other such that the over-
all oscillation amplitude is strongly reduced [37]. However, even when employing such a
complementary design, the GDD curve of the mirrors shows significant residual oscillations
in the wavelength range from 890 nm to 1070 nm (see Fig. 2.8).

The effect of these oscillations on the spectral phase of the pulse during propagation in
the quasi-waveguide was assessed in simulations and is discussed in further detail in sec-
tion 2.3.2. It should be noted that the measurement range for the long wavelength response
of the coating was limited by the responsivity of the available silicon-based photodetector.
However, by design, the mirrors are specified for a usable wavelength range spanning from
750nm to 1350 nm which is broadband enough to cover pulses with a Fourier-transform
limited pulse duration down to sub-10fs. Thus, it can be ensured that the spectral broad-
ening which is seen in the experiment is not inhibited by the mirror bandwidth.

Spectral broadening results

Sending an average power of 136 W into the multipass-cell, an output power of 119 W
was measured on the thermal power sensor corresponding to a total optical efficiency of
Ntotal = 88 %. The output spectrum was recorded using an optical spectrum analyzer (OSA)
and is shown in Fig. 2.9 a). The spectral shape exhibits strong oscillations which is char-
acteristic for SPM-based spectral broadening far from the strongly net-positive dispersion
regime [35, p. 101 f.]. The measured spectral bandwidth extends from approximately
935nm to 1085 nm at —30dB level and supports a Fourier-transform limited pulse dura-
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Fig. 2.8: Group delay dispersion (GDD) measurements of the utilized multipass cell mirrors.
The measurements were performed on a reference pair of flat 1-inch mirrors. The dashed green
and blue lines display the GDD of the two individual sample mirrors. The solid black line displays
the arithmetic mean GDD of the two measured complementary curves with a resulting GDD of
—150fs? at 1030 nm wavelength. The yellow line shows the GDD curve for which best agreement
between simulation and experiment was found.

tion of 28 fs (see Fig. 2.9 b)). The temporal shape of the output pulses was characterized in
further detail using a SHG-FROG. The measured trace was reconstructed by the retrieval
algorithm (Fig. 2.9 ¢ and d) with a residual error < 0.00740n a 512 x 512 grid. Further-
more, the retrieved fundamental spectrum reproduces well the one measured by the OSA
is reproduced well, indicating a high quality of the retrieval (cf. Fig. 2.9 a). The output
pulses are found to be self-compressed to a FWHM-pulse duration of 31 fs, corresponding
to a temporal compression factor of just below ten. Importantly, these pulse durations can
be achieved directly from the multipass-cell and without the use of additional dispersive
optics.

Although the FWHM-pulse duration is close to the calculated Fourier-transform limit
of the spectrum, it is easily seen in Fig. 2.9 that the short pulse is accompanied by a wide
temporal pedestal. By comparing the area under the main peak (evaluated between the
adjacent local minima) to the total area under the curve, the main pulse feature was found
to carry about 42 % of the total pulse energy. The resulting output peak power of 140 MW
is only slightly more than a factor of three higher than the peak power of the driving
oscillator. The corresponding poor compression efficiency of the self-compressed pulses of
only 47 % (c.f. equation 2.27) can be attributed to a pronounced kink in the spectral phase
at the central wavelength of 1030 nm. The origin and implications of this characteristically
shaped spectral phase will be discussed in further detail in the following sections.



2.3 Negative dispersion: Self-compression in all-bulk multipass geometry 59

—— Retrieved spectrum Retrieved intensity —

—— Spectral phase Temporal phase —

-=-- Measured spectrum FTL (28.4 fs) =---

10 10
— 1.04a) ' 1.04b)
g 1
o
£ 0.84 L5 ' 0.8 L5
2 S 5 5
2 0.6 & =06 g
[] ) — > . —
£ ! r0 a4 3 —ll—T=3075T0 &
T 0.4 ‘ £ 3 04- £
g 5 = 5
& 0.2 0.2
I
0.0-1= . . -10 0.0+ e —- -10
950 1000 1050 1100 -400 -200 0 200 400
Wavelength [nm] Time [fs]
€ €
= £
e e
- -
[®)] [®)]
C C
Q Q
()] (]
> >
© ©
= =
measured reconstructed
-500 0 500 -500 0 500
Time [fs] Time [fs]
P | P |
0.00 0.25 0.50 0.75 1.00 0.00 0.25 0.50 0.75 1.00
Intensity [norm] Intensity [norm]

Fig. 2.9: Temporal characterization of the self-compressed multipass-cell output at 119 W out-
put power. a) Spectral phase and intensity, compared to reference measurement with an OSA. b)
temporal phase and intensity compared with the Fourier-transform limit (FTL) of the spectrum.
The area under the main peak is shaded in light grey. ¢) measured SHG-FROG trace, and d)
reconstructed FROG trace with < 0.0074 error on a 512 x 512 grid. For the temporal character-
ization measurement a small fraction of the full power beam was extracted using a broadband
AR-coated wedge.
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2.3.2 Pulse shaping mechanism - theory and simulation

Until today, the effects of soliton self-compression have predominantly been studied in
optical fibers. The quasi-waveguide structure of Herriott-cells can be used to emulate
many characteristics of the fiber geometry such as a fixed beam-diameter throughout the
spectral broadening process or the spatio-temporal homogenization effects resulting from
the constant refocusing in a waveguide. However, in the case of multipass-cell based self-
compression as it is realized in this thesis, the negative dispersion is not distributed uni-
formly over the entire propagation distance in the nonlinear medium. Instead, it is provided
in discrete steps corresponding to the reflections from the multipass-cell mirrors while the
spectral broadening takes place inside the nonlinear medium in between in which the dis-
persion in positive. It is therefore instructive to first take a closer look at the modified
propagation dynamics in the presented all-bulk case.

Soliton order - an inital assessment

Analogous to optical fibers, the propagation dynamics of a short pulse inside a multipass-
cell can be characterized by a unitless number A which is termed soliton order [94]. Self-
compression can be observed in the net-negative dispersion regime for soliton orders

L
N = 1 (2.32)
Lspn

where Ly is the dispersion length and Lgpys is the characteristic length for self-phase

modulation [35, p. 64]. Neglecting higher-order dispersion terms, the dispersion length of
a fiber is given by

5

Lg=|— 2.33

= |5, (233)

where Tj is the FWHM input pulse duration and (3, is the total GVD of the fiber. To

account for the discrete nature of the mirror dispersion in multipass-cell based all-bulk

spectral broadening, one can define an effective GVD coefficient ﬁgf T as

GDD)y,

lmat

t
5= py

(2.34)
where S5 is the GVD of the nonlinear material, GD D), is the arithmetic mean of the
group delay dispersion value of the multipass-cell mirrors evaluated at the center wave-
length and [,,,¢ is the thickness of the nonlinear medium. Here it is assumed that the
contribution from air in the space between the mirrors and the nonlinear medium is neg-
ligible. It should be noted that the above approximation is only valid for small differences
between the GDD curves of the two utilized multipass cell mirrors and if both of the ad-
dends in equation 2.34 are indivudally significantly smaller than 7. Only then can it
be ensured that a dispersion induced change of the propagating pulse shape is distributed
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over many roundtrips through the multipass-cell. The influence of SPM on the propagating
pulse can be described by the characteristic length

Acyy
WoT2 Ppeak

LSPM = C (235)

where c is the speed of light, A.ss is the effective beam area, wy is the optical angular
frequency, ny is the nonlinear refractive index of the bulk medium and Py is the peak
power of the input pulse.

For the Herriott-cell presented in section 2.3.1 the nonlinear material is fused silica
with l,,4s = 6.35 mm and (33" = 18.97 fs? /mm. The arithmetic mean of the group delay
dispersion of the complementary dispersive mirror pair is GDD,; = —1501fs?, yielding an
effective group velocity dispersion coefficient 5§f I = —4.658° /mm. The pulse duration
from the oscillator is Ty = 300 fs. Therefore, the dispersion length calculated according to
equation 2.33 takes a value of Ly = 19.35m.

To determine the characteristic length for self-phase modulation, the effective beam ra-
dius needs to be determined from equation 2.31 using w(z) as the radius of a Gaussian beam
corresponding to the eigenmode of the multipass-cell and z,, = 86 mm as the distance of
the nonlinear medium to the center plane of the multipass-cell yielding we¢s = 242 pm. Us-
ing Acpy = mwZ;; and the nonlinear refractive index of fused silica ny = 2.46 x 1070 m?*/W
at a central wavelength of 1030 nm (from reference [97]) and an incident peak power of
Ppear = 38 MW, the resulting characteristic length for SPM is Lgpy = 32.90 X 10~3 m.

It is easily seen that for the experimental parameters described above, the character-
istic length for self-phase modulation is significantly shorter than the dispersion length.
Consequently, the evolution of a pulse injected into the multipass-cell is dominated by
SPM-induced spectral broadening within the first few roundtrips. However, in the later
part of the propagation through the multipass-cell, the influence of the net-negative GVD
grows and leads to a temporal compression of the pulse due to chirp removal. Substituting
the values of Lp and Lgp)ys into equation 2.32 we find that for the experimental parameters
given above, the soliton order is N' = 28.41. Therefore, self-compression can be identified
as the prevalent effect for the observed pulse shorting in the multipass-cell. In fibers, the
achievable compression ratio and the corresponding optimal compression distance have
been shown to scale linearly with N and 1/N, respectively [98]. The high compression
ratio of almost a factor of ten together with the observed re-distribution of the energy
content into both a short peak and a significant residual pedestal is in good qualitative
agreement with the large soliton order N >> 1.

1D-simulation parameters

While knowledge of the soliton order and the relevant characteristic lengths can provide a
first idea of the propagation dynamics in multipass-cells operated in the anomalous disper-
sion regime, the above treatment is based on several simplifications. Specifically, it does
not take into account higher-order dispersion terms which are commonly understood to be
responsible for the energy transfer into satellite pulses, ultimately causing a fragmentation
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of the main pulse structure [35, p. 120 ff.]. In addition, nonlinear effects other than SPM
(such as self-steepening or the instantaneous and delayed Raman-response) can play a sig-
nificant role in the propagation of femtosecond pulses but are not considered which further
reduces the accuracy of the preceding evaluation.

As a consequence, for obtaining a more detailed and accurate understanding of the
temporal pulse evolution in the quasi-waveguide, its propagation was simulated using the
methods described in section 2.2.2. The simulations were run with 2' points on a one-
dimensional grid spanning 16 ps in time resulting in a frequency resolution of 0.062 THz.
The Herriott-cell is represented by 46 consecutive passes, each of which is modelled by nu-
merically propagating the pulse through a 6.35 mm long block of fused silica material and
subsequently applying the averaged dispersion curve of the respective multipass-cell mirror
pair (yellow curve in Fig. 2.8). By doing so, the discrete nature of the quasi-waveguide is
explicitly being accounted for. Furthermore, the simulation thus closely matches the exper-
imental conditions, where the nonlinear interaction takes place in a net-positive dispersion
environment.

For the simulations, a sech? temporal input pulse shape with a FWHM pulse duration of
300 fs at a central wavelength of 1030 nm is used in accordance with the measured output of
the driver oscillator. The input pulse energy is fixed to 12.8 uJ. The nonlinear interaction
inside the fused silica window is modelled using the values for ny and A.;; as given in
the previous section. To adequately represent higher-order contributions, the dispersion
profile inside the nonlinear material is based on the wavelength dependant refractive index
of fused silica which is calculated using the Sellmeier equation with the coefficients given
in reference [99]. Furthermore,the effects of self-steepening and the time-delayed Raman-
response are included according to reference [92] with the Raman coefficient set to fr =
0.18.

For a qualitative assessment of the pulse evolution inside the multipass-cell, the exact,
complementary nature of the mirror coating design was first neglected in the simulations.
Instead, a simplified model was chosen in which both mirrors exhibit the same, smoothed
dispersion profile corresponding to the yellow curve in Fig. 2.8. This approach allows a
clear separation of the influence of the anomalous dispersion environment from additional
dispersive effects caused by the oscillatory behaviour of the measured dispersion profile,
which will be discussed in a later paragraph. The values for the dispersion parameters for
which the best agreement between simulation and experiment was found had to be deter-
mined experimentally using a dispersion parameter sweep due to a residual uncertainty
in the dispersion measurement of the utilized mirrors. Further detail on the dispersion
measurement of the multipass-cell mirrors can be found in the subsequent subsection. The
properties of the dispersive cell mirror coating were approximated with a GDD of —140 fs?
and a third-order dispersion of —800fs®> at 1030 nm wavelength.

Using the above parameters, the measured temporal and spectral shapes are reproduced
well by the simulation (Fig 2.10 a and b). The obtained pulse duration and bandwidth are
in good agreement with the experimental results. However, the power loss into the pedestal
is slightly overestimated by the simulation which is likely a result of residual higher-order
dispersion terms which are not considered appropriately by the approximated dispersion
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Fig. 2.10: Simulation of the self-compression inside the multipass-cell using an adaptive step-size
implementation of the fourth-order Runge-Kutta method in the interaction picture to solve the
nonlinear Schrédinger equation (see section 2.2.2 for details). a) Spectrum and b) time domain
representation of the multipass-cell output when operated at 136 W input average power. c)
Spectrum and d) time domain evolution vs. number of passes through the fused silica medium
inside the multipass-cell. The dotted white line indicates the number of passes used in this
experiment.
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curve utilized in the simulations. The spectral and temporal evolution of the pulse in the
multipass-cell against the number of propagated passes are shown in Fig 2.10 ¢ and d,
respectively. As predicted by the results of the previous section, the propagation dynamics
of a pulse inside the multipass-cell can be divided into multiple segments where different
characteristic behaviours can be observed.

Analysis of the temporal and spectral evolution

Fig. 2.11 shows the simulated spectral and temporal pulse shapes (green lines) together
with the respective spectral phase and bandwidth-limited pulse duration (dashed lines) at
the input (a), after 20 passes (b), after 38 passes (c), at the output corresponding to 46
passes (d) and after a hypothetical propagation of 52 passes (e) and 54 passes (f) through
the multipass-cell. Furthermore, the temporal compression that can be achieved by only
compensating the residual GDD is shown in blue for propagation of 20, 38 and 46 passes.

At the input (Fig. 2.11 a), the pulse is approximated with a bandwidth-limited sech?
temporal shape with 300 fs pulse duration corresponding to an equally shaped spectrum
owing to the characteristics of the underlying Fourier-transformation. This approximation
is in good agreement with the measured temporal and spectral profile of the pulses at the
output of the soliton mode-locked Yb:YAG thin-disk oscillator.

After 20 passes (Fig. 2.11 b), the spectrum has been broadened visibly and the FTL
has reduced by more than a factor of three while the pulse duration has only decreased by
approximately 10 % . It is up to this point that the nonlinear effects inside the multipass-
cell dominate over the dispersive effects, giving rise to significant spectral broadening but
leaving the pulse shape mostly unaltered. This is further supported by the spectral phase
which is characterized by a quadratic contribution that corresponds to a linear up-chirp
which is typical for SPM-induced spectral broadening (cf. section 1.1.3). The accumulated
third order dispersion from the multipass-cell mirrors becomes already visible at this point,
causing an asymmetry of the accumulated spectral phase and associated spectral broaden-
ing. A small phase kink at around a wavelength of 1030 nm is further already visible after
20 passes. While the pulse can still be compressed close to the FTL, this small kink in the
spectral phase causes the formation of a pedestal in the time domain that starts lowering
the achievable peak power.

For propagation beyond 20 passes, the influence of the anomalous mirror dispersion on
the pulse shape significantly gains in relevance. After 38 passes (Fig. 2.11 ¢) the band-
width of the spectrum is further increased while the pulse shape is now likewise affected
visibly. Specifically, both the FTL of the spectrum and the pulse duration are reduced by
a factor of two when compared to the result after 20 passes, indicating that nonlinear and
dispersive effects now contribute equally to the propagation dynamics. The phase kink
at 1030 nm is clearly more distinct, giving a first hint of the formation of a short pulse
feature that separates from the main pulse structure in the time domain. Nonetheless, the
compressibility still remains on a high level albeit at the expense of even more power being
transferred into the pedestal.

When propagating the pulse even further, the continuing reduction in pulse duration
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causes an acceleration of the spectral broadening. After 46 passes, the simulated duration of
the short pulse feature reaches 10 % of the input pulse duration and matches the calculated
FTL of the spectrum (Fig. 2.11 d). Owing to the imperfect removal of the nonlinear phase
by the multipass-cell mirrors, an additional, much sharper phase kink is superimposed on
the spectral phase at around 1030 nm. The generation of this second kink can be related
to the difference in slope steepness of the short pulse feature compared to the underlying
long pedestal [35, p. 104 f.]. It is noteworthy, that while the pulse duration is already
self-compressed to the FTL, the energy content in the short pulse structure can still be
optimized slightly by reducing the residual GDD.

Due to the geometry of the scraper mirror and the outer diameter of the multipass-cell
mirrors, the achievable number of passes is limited to 46 in the self-compression experiment.
However, the simulation can allow a first prediction of the pulse shape for multipass-cells in
which more passes can be realized. The spectrum and temporal shape of a pulse that has
a propagated 52 passes through a multipass-cell is shown in (Fig. 2.11 ¢). When compared
to the results after 46 passes, it is evident that the spectrum continues to broaden rapidly
especially towards the shorter wavelengths. This asymmetry of the spectral broadening is
likely caused by an interplay between third-order dispersion and the increasing influence
of self-steepening that modifies the steepness of the rising slope of the pulse. The duration
of the short pulse feature stays close to the FTL of the spectrum. However, while the
pedestal is certainly still very noticeable, it appears to contain slightly less energy than
after 46 passes. Furthermore, the beginning fragmentation of the pulse structure can be
observed which manifests itself in the appearance of a short satellite pulse. If the pulse
is propagated even further, it ultimately splits up into multiple features which is depicted
exemplary for 54 passes in 2.11 e).

The analysis of the spectral and temporal evolution given above shows that for the large
soliton order N/ > 25, precise tuning of the nonlinear interaction length represented by the
number of passes through the nonlinear medium is required. If the interaction length is
chosen too short, the propagation dynamics are dominated by SPM and the achievable
bandwidth is comparable to operation in the net-positive dispersion regime, albeit, with a
reduction of the achievable compression quality. For the Herriott-cell parameters given in
section 2.3.1, the optimal propagation distance for self-compression which corresponds to
the shortest possible duration of a single pulse feature is reached after 52 passes. Excessive
propagation through the broadening medium ultimately results in a fragmentation of the
main pulse structure into multiple pulses which renders the pulse unusable for most appli-
cations. In the experimental realization, the number of passes was geometrically limited
to 46. Consequently, the self-compression was not exploited fully, leaving room for further
optimization. This could be achieved by fine-tuning either the multipass-cell geometry to
allow the realization of a larger amount of passes or by adjusting the dispersion or non-
linearity inside the Herriott-cell e.g. by varying the mirror coating or plate thickness such
that the optimal propagation distance for self-compression is sufficiently reduced.
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Fig. 2.11: Simulation of the spectral (left panel) and temporal (right panel) evolution inside the
multipass-cell. a) Transform limited sech? pulse with 300fs pulse duration which was used as
input pulse. The calculated spectrum and pulse shape is shown after b) 20 passes, c) 38 passes,
d) 46 passes, €) 52 passes, and f) 54 passes through the nonlinear medium. For subfigures b) —d),
the best temporal compression that can be achieved by only compensating the residual GDD is
shown in blue in the right panel.
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Influence of residual dispersion ripple

Although the above simulations reproduce the experimentally observed pulse evolution
inside the multipass-cell well, they are still based on the simplification of a smoothed
dispersion profile being identical for both of the dispersive mirrors (yellow curve in Fig. 2.8).
To evaluate the influence of the complementary oscillations in the dispersion profile of the
individual mirrors, the simulation from the previous section is repeated with the exact
same parameters. However, this time, the reflection from the first multipass-cell mirror is
assigned the green dispersion curve while the second mirror reflection is assigned the blue
dispersion curve shown in Fig. 2.8, respectively. It should be noted that the measured
dispersion profiles in Fig. 2.8 were taken of flat reference substrates from the same coating
runs in which the actual multipass-cell mirrors were fabricated.

While the self-compression effect observed in the experiment can be qualitatively re-
produced numerically when applying the measured dispersion profiles of the multipass-cell
mirrors, the quality of the simulation is reduced significantly (c.f. blue lines in Fig. 2.12).
This behaviour indicates, that the dispersion profile of the multipass-cell mirror samples
which were used in the experiment does not exactly follow the curves of the reference mir-
rors measurement. It should be noted that it can be commonly observed that individual
mirrors from the same coating run can be shifted in wavelength with respect to each other
depending on their substrate thickness, radius of curvature and even position in the coating
chamber.

The reduced agreement between the experiment and the simulation can be somewhat al-
leviated by numerically shifting the GDD profile of the first mirror (green curve in Fig. 2.8)
towards shorter wavelengths and the GDD profile of the second mirror (blue curve in
Fig. 2.8) towards longer wavelengths by 2nm each, which causes a slight alteration to the
arithmetic mean GDD. This approach provides an improved agreement between simula-
tion and experiment and seems especially well suited for a more accurate reproduction
of the shorter wavelengths of the output spectrum (Fig. 2.12). The numerical shifting of
the dispersions curves by +2nm, which is required for obtaining an improved qualitative
agreement of simulation and experiment, is likely justified by the intrinsic sample variation
of different substrates from the same coating run.

While the simulations appear to react very sensitively to the average GDD- and TOD-
values, the residual oscillations around the mean value of the dispersion curves of the
individual mirrors do not significantly impair the quality of the simulation. A potential
explanation for this behaviour is the small value of the accumulated phase between the
passes of the two different complementary dispersive mirrors in the presented multipass-cell
approach.

Since for multipass-cell based self-compression even small shifts of the individual disper-
sion profiles appears to significantly affect the arithmetic mean GDD and thus the output
pulse shape, it would be highly desirable to directly measure the exact dispersion profile
of the utilized mirror pair to further improve the quality of the simulation. Unfortunately,
such measurements can currently not be performed in-house since the utilized measure-
ment device does not permit direct testing of the multipass-cell mirrors due to their radius
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Fig. 2.12: Simulation results for the flattened vs. real GDD curve of the utilized multipass-cell
mirror. a) Spectrum and b) time domain representation of the multipass-cell output when oper-
ated at 136 W input average power. For the simulation result displayed in yellow, the GDD profile
of the first mirror (green curve in Fig. 2.8) was numerically shifted towards shorter wavelengths
and the GDD profile of the second mirror (blue curve in Fig. 2.8) was numerically shifted towards
longer wavelengths by 2 nm, respectively.

of curvature and substrate diameter. Consequently, it is highly recommended to evaluate
the accuracy of the available dispersion curves for each individual multipass-cell mirror in
benchmark simulations and experiments.

2.3.3 Evaluation of practical usability for applications

In addition to the temporal compression factor and achievable pulse quality, several other
characterizing laser parameters exist which can play an important role in deciding whether
a pulse compression scheme is suitable for being used in a specific experiment. For the
purpose of using the output pulses for nonlinear frequency conversion and, ultimately, for
time domain spectroscopy applications, the spatial beam quality of the output beam as
well as the overall stability of the laser system are of particular interest.

Spatial beam quality

In most nonlinear frequency conversion schemes, the incident NIR laser beam is focused
down tightly to increase the peak intensity of the driving laser pulse in order to enhance
the conversion efficiencies. As a consequence, a high beam quality can often benefit the
efficiency of the conversion process. For broadband intra-pulse frequency conversion it
is furthermore important, that all frequency components of the NIR laser beam can be
focused down to the same spatial position, resulting in high requirements on the spectral
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homogeneity of the driver laser.

As mentioned in section 2.2.2, when employing fiber based spectral broadening in the
generation of the desired, short input pulses, the mode-cleaning mechanism of the waveg-
uide naturally yields both a high spatial quality and homogeneity of the output beam.
While the quasi-waveguide structure of multipass-cell spectral broadening arrangements
can be used to emulate the continuous refocusing inside a fiber, the effectiveness of the
resulting homogenization has been found to critically depend on the nonlinear phase shift
per pass through the nonlinear medium. Consequently, it is instructive to first take a closer
look at the maximum per-pass nonlinear phase shifts occurring during multipass-cell based
spectral broadening in different dispersion regimes.

When a multipass-cell is operated in the net-positive dispersion regime, the injected
pulse is subject to linear losses and temporal broadening due to accumulated second-order
dispersion. Both of these effects evoke a steady decrease of the pulse peak power during
propagation. As a result, the maximum per-pass nonlinear phase shift is determined by
the nonlinear phase shift in the first pass through the broadening medium which can easily
be adjusted below the critical value of /10 by modifying suitable input parameters or the
geometrical configuration of the multipass-cell. An exemplary evolution of the per-pass
nonlinear phase for a multipass-cell operated in the zero- (5§f I a0 fs? /mm) and in the
slightly net-positive regime (ﬁ;ff = 5fs*/mm) is given in Fig. 2.13.
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Fig. 2.13: Simulated per-pass nonlinear phase shift vs. the number of passes the pulse has prop-
agated through the multipass-cell. The different values of the effective GVD were realized, in the
simulation, by varying the arithmetic mean GDD of the multipass-cell mirrors (cf. equation 2.34)
while leaving all other parameters of the simulation unaltered. The dashed red line marks the
number of passes used in the self-compression experiment.

The situation is quite different when the multipass-cell is operated in the net-negative
dispersion regime. As it has been shown in the previous section, the pulse duration de-
creases continuously during the propagation through the multipass-cell in the negative
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dispersion regime. As a result per-pass nonlinear phase shift steadily grows, with the
growth rate being determined by the interplay between pulse shortening and the increas-
ing amount of energy transferred from the main pulse into the pedestal (Fig 2.13). In the
net-negative dispersion experiment, adjusting the nonlinear phase shift in the first pass
through the nonlinear medium to a value of 0.2rad results in a clean Gaussian profile af-
ter propagation through the multipass-cell. No significant differences of the beam profile
quality are observed between operation at low- and high power levels (5 W and 119 W,
respectively, Fig. 2.14 a and b). When focused down, the Gaussian shape of the beam is
maintained with no ring structure appearing (Fig. 2.14 c).
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Fig. 2.14: Beam quality measurement of the multipass-cell output operated in the self-
compression regime (using Cinogy CinCam CMOS-1203 beam profiler beam profiler). Beam
profile of collimated beam at a) 5 W average output power and b) 119 W average output power.
c) Beam profile of a focus created by lens with f = 200 mm focal length at full power. The 1/e?
beam diameter in the focus is 150 pm. d) M2-measurement according to ISO norm [31].

Fig. 2.13 shows, that within the accuracy of the simulation, only the last 4 passes
exhibit a per-pass nonlinear phase shift exceeding 0.3rad, where a maximum per-pass
phase shift of 0.37rad is reached in the final pass through the fused silica medium. Since
the major proportion of the accumulated nonlinear phase is homogeneously distributed
over many passes, the slightly increased phase shift within the last few passes through the
nonlinear medium appears to be insufficient to cause significant nonlinear spatio-temporal
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coupling. This conclusion is further supported by measurements of the M? parameter,
where a low homogeneity of the output beam coincides with a varying g-parameter across
the spectrum leading to an overall reduction of the beam quality and increase of the
M? parameter [100]. The measured M? factor is 1.16in both the sagittal and tangential
plane (Fig. 2.14 d) confirming the high spatial quality of the self-compressed multipass-cell
output. The minor increase compared to the M? factor of the Yb:YAG driver oscillator
(M? = 1.08) furthermore indicates a very reasonable homogeneity of the output beam.

Output stability

In addition to the high spatial beam quality, a good stability of the laser output is required
in many use cases. Especially for medical spectroscopic applications, the stable long-
term operation of the driver laser is of key relevance to enable the measurement of many
samples with virtually identical laser parameters. To characterize the performance of the
developed laser source presented here, the long-term average power stability and beam
pointing fluctuations were measured over the duration of one hour. While fluctuations of
the average power directly affect the intensity noise and should therefore be minimized for
a low laser induced variance of the measurement results, beam pointing fluctuations can
additionally be coupled to intensity fluctuations by optical elements with small apertures
in the laser system and can therefore significantly contribute to the total laser system noise.

The long-term average power stability of the setup was measured using a thermal
power sensor with a resolution of 1Hz (Fig. 2.15). The resulting normalized root-mean-
square (RMS) deviation of 0.2 % at a mean optical power of 119 W is similar to the average
power stability of the driving oscillator.

To evaluate the influence of the long additional beam path inside the multipass-cell
(=~ 24.5m) on the laser beam pointing stability, the positional- and angular beam stability
were measured using a CCD-camera in the collimated beam and in the focal plane of a lens
with 200 mm focal length, respectively (Fig. 2.15). The resulting RMS value of the angular
beam stability is below 6 prad over one hour, which is on the same level as typically found
in driver lasers (RMS < 5prad) and compares well to commercial laser systems [101]. Both
the power- and beam pointing stability measurements were taken with the multipass-cell
housing covered by a plexiglass lid to avoid excessive air turbulence, and after the setup
had been allowed to thermalize for approximately 30 minutes.

The excellent preservation of the pointing stability found in the self-compression ex-
periment can be explained by the imaging characteristics of re-entrant Herriott-cells. As
explained in more detail in section 2.1, a laser beam injected into a re-entrant Herriott-cell
will revert to exactly the same position on the scraper mirror after the propagation of a
predetermined number of passes. The deterioration of angular and positional stability as
compared to the input beam therefore depends mostly on the fluctuation of the multipass-
cell length, which causes a deviation from the re-entrant condition. On the other hand,
fluctuations of the multipass-cell mirror alignment are effectively filtered out. As a result,
Herriott-type multipass-cell compression schemes commonly provide a good conservation
of the beam pointing stability as long as the mirror separation distance is firmly fixed.
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Fig. 2.15: Output stability of the multipass-cell output operated in the self-compression regime.
a) Absolute and relative average-power stability measured over one hour with 1Hz sampling
frequency. b) Positional and c¢) angular beam stability over one hour measured using Cinogy
CinCam CMOS-1203 beam profiler. The angular beam stability was measured in the focal plane of
a f =200 mm lens. All measurements were taken after a thermalization period of approximately
30 minutes.
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2.4 Chapter summary

In summary, the practical usability of an all-bulk multipass-cell spectral broadening scheme
operated in the net-negative dispersion regime will likely depend on the targeted applica-
tion. In the presented Herriott-cell self-compression experiment, an output peak power of
140 MW at 31 fs pulse duration could be achieved with over 42 % of the pulse energy in the
main peak and a corresponding compression quality of 47 %. To the author’s knowledge,
the temporal compression by almost a factor of ten is unprecedented for a single-stage
all-bulk pulse compression scheme using a single broadening medium. The corresponding
increase in spectral bandwidth can provide a tremendous advantage for purely spectrally re-
solved applications such as wideband absorption spectroscopy in the NIR or, after suitable
spectral filtering, as a tunable narrowband pump or seed in optical parametric amplifica-
tions. Furthermore, both the spatial beam quality and the output stability after spectral
broadening are found to be on a very high level that should satisfy most experimental
requirements. The high-overall throughput exceeding 85 %, together with the presented
possibilities for dispersion tuning further facilitates the investigation of different nonlinear
effects such as Raman soliton self-frequency shifting and supercontinuum generation.

Unfortunately, the usability of the output pulses is somewhat restricted by the subop-
timal compression quality. This is especially true for the target application of intra-pulse
difference frequency generation where high peak powers are required to achieve a substan-
tial conversion efficiency. Due to the relatively small amount of energy contained in the
main pulse, the peak power in the self-compression experiment is only increased by a fac-
tor of about three. This is in stark contrast to multipass-cell spectral broadening schemes
operated in the positive dispersion regime, where the achievable peak power ideally scales
almost linearly with the temporal compression factor. While the compression quality could
potentially be improved by progressing to a lower soliton order, this would inevitably cause
a significant reduction of the amount of spectral broadening — giving away the key ad-
vantage of the self-compression approach. Even higher temporal compression factors for
reaching the few-cycle regime in a single broadening stage are further inhibited by the ex-
pected spatio-temporal coupling caused by excessive per-pass nonlinear phase shifts in the
latter half of the propagation. Since a clean pulse compression in combination with a high
compression factor appears to be unattainable from a single-stage self-compression scheme,
a different ansatz was followed to obtain the desired high peak-powers for the frequency
conversion experiments. The results of the self-compression experiment presented in this
chapter were published in a peer-reviewed journal article [102].






Enhancing the peak power: The
positive dispersion regime

3.1 Optimization of dispersion and nonlinearity

Since its initial demonstration by J. Schulte et al. in 2016 [77], nonlinear pulse compression
using Herriott-type multipass-cells driven by Yb:based lasers has quickly been adapted by
the ultrafast laser community. When tuned to operation in the net-positive dispersion
regime, the all-bulk spectral broadening approach typically yields single-stage compression
factors of 4-8, where both a high spatial beam quality and a good compression can be
achieved [77, 78]. Higher spectral broadening factors of up to 22 have further been realized
by cascading multiple broadening stages with intermediate re-compression [81, 82]. While
the concept is reportedly capable of generating spectra supporting a FTL of below 15 fs, the
experimentally achieved pulse durations have so far been limited to 18 fs and 22 fs. In both
cases the compression quality is only sub-optimal, leading to significant satellite pulses
and an undesirably low fraction of 45% and 57 % of the total energy being contained
in the main peak. Closer evaluation of the results published in references [81] and [82]
reveals that in both systems, the net-dispersion of the multipass-cells was adjusted close
to zero in order to maximize the amount of spectral broadening. In the first part of the
following section, the potential improvement in compression quality and the corresponding
spectral broadening factors of Herriott-type multipass-cells with a positive net-dispersion
are hence investigated in further detail. The second part introduces a dual-stage nonlinear
pulse compression setup which serves as the basis for the post-compression techniques and
the subsequent experiments on frequency-conversion to the mid-IR which are presented in
chapter 4 and chapter 5.
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3.1.1 Dispersion-controlled spectral broadening parameters

To experimentally assess how the spectral broadening factor and the compression quality of
the multipass-cell spectral-broadening scheme can be optimized for operation in the positive
dispersion environment, the Herriott-cell that was introduced in the previous section was
re-built with slightly differing parameters. A schematic depiction of the experimental
setup is given in Fig. 3.1. While the inital radius of curvature of 300 mm of the multipass-
cell mirrors was preserved, the new configuration features a Gouy-parameter of vp =
27-(16/17) corresponding to a mirror separation distance of d &~ 580 mm and a total number
of 34 passes through the 6.35 mm thick fused silica plate that is used as a nonlinear medium.
Adequate mode-matching is again achieved by using a variable zoom-beam expander in
conjunction with a plano-concave focusing mirror. However, due to the reduced angular
advance when compared to the configuration in the self-compression experiment, a single
mirror with 1000 mm radius of curvature can be used for both focusing the beam into the
Herriott-cell and collimating the vertically offset output beam. To achieve a reasonable
collimation, the focusing mirror is positioned at approximately the distance corresponding
to its focal length of 500 mm to the center plane of the Herriott-cell. The spectrally
broadened output is then sent towards a water-cooled thermal power sensor using two plane
turning mirrors. Alternatively, the beam can be coupled to a chirped-mirror compressor
which will be described in further detail in a later paragraph. The surface reflection off of
an uncoated fused silica wedge in the collimated beam close to the power sensor is used to
provide a low power copy of the full output for beam diagnostics.

From
expander

Fig. 3.1: Schematic of the experimental setup for spectral broadening in the positive-dispersion
regime. Rj, concave mirror with a radius of curvature of 1000 mm; S, scraper mirror; Rs, Rs3,
multipass-cell mirrors with a radius of curvature of 300 mm; M;, 6.35 mm-thick fused silica plate;
D, ground-glass diffuser screen; Pp, plane folding mirror; Ry, R5, concave mirrors with a radius
of curvature of 1000 mm forming a folded 4-f-imaging arrangement; HD1, dispersive mirror; W,
removeable fused-silica wedge. The green line indicated the beam path used for power and OSA
measurements. By removing the folding mirror P; and inserting the dispersive mirror HD; the
beam can be guided to a chirped-mirror compressor before arriving at the power meter (PM).
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To ensure that the spectral broadening takes place in a net-positive dispersion envi-
ronment, the dispersive coating of the Herriott-cell mirrors was changed fundamentally.
The new target curve (dashed black line in Fig. 3.2) is designed to exactly compensate
the third-order chromatic dispersion of the 6.35 mm thick fused silica medium but under-
compensates its second order dispersion by 10fs* over the entire spectral range. In an
effort to improve the mirror reflectivity and to reduce the residual dispersion oscillations,
the coating bandwidth was limited to a wavelength range of 940nm to 1100 nm. The
supported pulse durations is on the order of around 50 fs for the strongly modulated spec-
tra obtained from SPM-based spectral broadening. Furthermore, the narrower wavelength
range decreases the total GD the mirror needs to compensate. Therefore, the coating can
be realized without imposing the need for a complementary dispersive design. While the
measured GDD of the multipass-cell mirrors still exhibits significant dispersion ripple (cf.
green curve in Fig. 3.2), the reflectivity could be slightly improved resulting in a single
pass transmission through the Herriott-cell of Ty > 99.85% and a total optical efficiency
of Niotar = 94 %. Unfortunately, however, the beginning degradation of the beam expander
coatings and re-designed optical path with additional turning mirrors caused the available
average input power to drop from the previous 136 W to 114 W.
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Fig. 3.2: Group delay dispersion (GDD) measurement of the utilized multipass cell mirrors with
coating PC1841. The measurement was performed on a reference pair of flat 1-inch mirrors. The
solid green line shows the measured GDD curve with its residual oscillations. The dashed black
line displays the requested target GDD curve with a GDD of —104 fs? and a third-order dispersion
of —234s® at 1030 nm wavelength.

Nonlinearity scan

As introduced in section 2.2.2, nonlinearities in quasi-waveguide assemblies such as the
Herriott-type multipass-cells utilized here can generally broaden the spectrum of an in-
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cident pulse homogeneously over its entire beam profile. As a prerequiste for a good
homogeneity of the output beam, the total accumulated nonlinear phase ¥¢n; needs to
be distributed over a sufficient number of passes through a nonlinear medium. In sec-
tion 2.3.3, a critical value of 0.3 rad for the maximum nonlinear phase shift per pass through
the nonlinear medium has been introduced which was based on the numerical simulations
presented in reference [81]. However, the result of the previously performed experiments
on self-compression in an all-bulk multipass geometry suggest that per-pass phase shifts
exceeding the aforementioned critical value might be tolerated without severely affecting
the overall beam quality as long as the excessive per-pass phase shifts are only reached in a
small number of passes. As shown in Fig. 2.13, for spectral broadening in the net-positive
dispersion regime ( ;f LSS 0), the per-pass nonlinear phase shift is highest in the first pass
through the broadening medium.

To investigate, for the Herriott-cell parameters given above (5§f I 2.6 15 /mm), which
nonlinear phase shifts can still provide a good beam quality, the multipass-cell’s output
spectrum and beam profile were recorded for different distances of the broadening medium
to the center plane of the cell. The initial nonlinear phase shifts corresponding to the
respective nonlinear medium positions were then calculated numerically using equations
1.20 and 1.102 under the assumption that the propagating beam matches the eigenmode
of the Herriott-cell and can be described by equation 2.10.

For an initial nonlinear phase in the range ¢4; = 0.05rad — 0.3rad, the spectral band-
width increases linearly without apparent deterioration of the beam profile (cf. Fig. 3.3).
In contrast, the spectral broadening starts to saturate quickly for initial nonlinear phases
exceeding 0.3rad. At the same time, the appearance of weak distortions in the output
beam profile in the characteristic shape of a ring-shaped pedestal around the central lobe
can be observed. As a result of the accumulated self-focusing, the eccentricity of the ini-
tially slightly elliptic beam profile is likewise reduced at higher nonlinear phase shifts. It
should be noted that the measurement for the value ¢4; = 0.35rad had to be repeated
thrice, since during the first two attempts, the fused silica plate which is utilized as a
nonlinear medium was damaged while ramping the input power. Both, the degradation
of the beam profile and the increased susceptibility to damage could be attributed to the
excessive nonlinear phase shifts. The correspondingly increased spatio-temporal coupling
and self-focusing yield an increase of the local peak intensities, which is potentially en-
hanced further by minor deviations from the ideal mode-matching due to the experimental
accuracy. The experimental results for the maximum acceptable nonlinear phase shifts are
found to be in good agreement with the numerical predictions from reference [81]. For
the net-positive dispersion environment with 5§f I~ 2.6 1fs /mm, an initial phase shift of
0.25rad is identified as a good trade-off between providing a substantial amount of spectral
broadening while reliably preventing dominance of spatio-temporal coupling effects, and is
consequently used for further experiments.
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Fig. 3.3: Measurement of the spectral bandwidth and beam profile dependence on the initial
nonlinear phase shift ¢%;. Top: Spectra for different initial phase shifts recorded with an OSA.
Center: Spectral bandwidth (at —30 dB-level) vs. initial phase shifts. The black curve shows the
oscillator spectrum which serves as input to the multipass-cell. The color coding of the top and
center subfigures are identical to allow identification of the initial nonlinear phase shift for the
curves in the subfigure at the top. Bottom: Beam profile corresponding to the different initial
phase shifts. The beam profile plots are logarithmic in order to enhance the deterioration of the
beam profile to make it visible more clearly. The white arrow in the beam profile corresponding
to (ijL = 0.4 indicates the area where a ring shaped pedestal appears around the main beam.
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3.1.2 Compression quality in the positive dispersion regime

To experimentally evaluate whether the transition to the net-positive dispersion regime
positively affects the compression quality of the spectrally broadened pulses, the output of
the multipass-cell was sent to a chirped-mirror compressor consisting of a folded symmetric
4-f-imaging arrangement and multiple highly dispersive mirrors (cf. Fig. 3.1). The total
dispersion in the compressor amounts to GDD ~ —2360 fs*> and TOD ~ —720 fs® specified
at a center wavelength of 1030 nm.
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Fig. 3.4: Characterization of the compressed multipass-cell output for spectral broadening in
the positive dispersion regime measured using OSA and spectral phase interferometry for direct
electric field reconstruction (SPIDER). a) Spectral phase and intensity from SPIDER compared
to reference measurement with an OSA; the Fourier-transform limit (FTL) is given in the legend.
b) Retrieved intensity profile compared to the bandwidth-limited pulse shape. The area under
the main peak is shaded in grey; 84 % of the pulse energy is contained within it.

The spectrum and pulse duration of the compressed pulse were measured using a com-
mercial SPIDER (APE - FC Spider IR) and are shown in Fig. 3.4. Interestingly, the
spectral bandwidth of the SPIDER measurement with a corresponding Fourier-transform
limit of 59fs is slightly narrower than the spectrum measured by the OSA (FTL = 57fs,
Fig. 3.4 a). Since the OSA measurement was taken before the chirped-mirror compressor,
the difference most likely stems from irregularities in the bandwidth of reflectivity of the
compressor-mirrors. The measured pulse duration is ey gy = 611fs, which is already rea-
sonably close to the bandwidth limited pulse duration. Closer inspection of the spectral
phase reveals the presence of a residual positive chirp of the pulse which would require an
additional GDD of approximately —800 fs* for optimal compression.

Most importantly, however, the overall compression quality is vastly improved compared
to the results of the self-compression experiment (cf. section 2.3.1). With an obtained
temporal compression factor of five, the output peak power is increased by a factor of 4.3
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compared to the input pulses which corresponds to a compression efficiency of 7eomp = 91 %
with more than 84 % of the power in the main peak. Numerical subtraction of the residual
linear chirp further indicates that for an optimized compression, even higher peak powers
reaching factors close to 4.7 can be obtained.

3.1.3 Optimization of the accumulated nonlinear phase

While the transition to spectral broadening in the net-positive dispersion regime facil-
itates a significant improvement of the attainable pulse compression quality, the corre-
sponding single-stage compression factors are considerably lower than those achieved with
self-compression. It is therefore instructive to take a closer look, if and how the nonlinear
spectral broadening factors in the net-positive dispersion regime can be further optimized.

In analogy to equation 2.26, the accumulated nonlinear phase X¢yz,, which determines
the total amount of spectral broadening within the multipass-cell, can for arbitrary dis-
persion environments be generalized to

N
Sonr = ¢y + Srp + -+ N, = Z e (3.1)
=1

where ¢%; denotes the nonlinear phase shift in the k-th pass and N denotes the total
number of passes through the broadening medium. As shown in the previous section, in
the positive dispersion regime, the maximum per-pass nonlinear phase-shift is accumu-
lated in the first pass through the broadening medium and cannot be increased beyond
approximately 0.3 rad due to the occurrence of spatio-temporal effects resulting in an a de-
terioration of the beam quality. Further scaling of the total nonlinear phase can therefore
only be realized by increasing the number of passes N through the nonlinear medium or by
reducing the variance of the individual per-pass nonlinear phase shifts ¢%;. While Senz
can in principle be increased indefinitely by simply scaling the number of passes, it does
not constitute a suitable parameter for further optimization since the number of passes
that can be realized in an actual experiment is typically restricted by the geometry of the
optical components. As a consequence, the spectral broadening rate 7, is introduced as

1o

%
k=1 7 NL

which normalizes the total nonlinear phase shift to the maximum nonlinear phase X¢3/* =

N - ¢%; that can be accumulated in N passes through a broadening medium in the ab-
sence of temporal self-compression. Using this definition of the spectral broadening rate,
equation 3.1 can be rewritten as

Song = N - @y, - 1. (3.3)

The spectral broadening rate 7, can therefore be interpreted as a measure for the efficiency
of the spectral broadening process which should preferably be maximized.
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Unfortunately, the exact calculation of 7, still requires knowledge over the evolution of
the individual per-pass phase shifts. As no closed-form analytic expression for ¢%; as a
function of the number of propagated passes has been found until today, the dependence
of the spectral broadening rate on the effective GVD coefficient is instead analyzed numer-
ically using the model presented in section 2.2.2. The simulation parameters are chosen
such that the initial nonlinear phase shift ¢%; takes a value of approximately 0.25rad for
the nonlinear propagation of a sech?-shaped pulse with an input pulse duration of 300 fs.
The nonlinear medium is modelled to represent a 6.35 mm long fused silica plate with the
material parameters given in section 2.3.2. For the multipass-cell mirror coating, a fixed
TOD value of —235fs at a central wavelength of 1030 nm is assumed to compensate for
the TOD of fused silica. To discern the influence of dispersion on the pulse evolution more
easily, self-steepening and the time-delayed Raman-response as well as linear losses are
neglected in the simulations.
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Fig. 3.5: Simulated spectral broadening rate 7y as defined in equation 3.2 vs. number of passes
the pulse propagates through the multipass-cell for different values of the effective GVD coefficient
Beps- The effective GVD coefficient was adjusted numerically by varying the mean-GDD of the
utilized multipass-cell mirrors. The simulations are based on an input pulse duration of 300 fs
and an initial nonlinear phase shift of approximately 0.25rad. The dashed black lines indicates
the spectral broadening rate for a non-dispersive system which is always unity.

The effective GVD coefficient is varied by numerically adjusting the GDD-value of the
utilized multipass-cell mirror pair (cf. equation 2.34). Fig. 3.5 shows the resulting spectral
broadening rates 7, versus the propagated number of passes N for various ﬁ;f 7 in the
range from 0.5fs*/mm to 32fs*/mm. It is easily seen that, for all N, the broadening rate
is reduced for increasing values of the effective GVD coefficient, where the highest level of
ns is maintained for 857 close to zero.

According to equation 2.34, the value of 55}‘ ! can, for a given nonlinear material, be

adjusted by varying the thickness of the broadening medium or the arithmetic mean group



3.2 Cascaded nonlinear pulse-compression stages 83

delay dispersion of the utilized multipass-cell mirror pair GDD),. In practice, approaching
effective GVD wvalues close to zero by using bulk plates with appropriate thickness as
nonlinear media is often inhibited by their commercial availability. While in principle
fused silica can be custom polished to the exact required thickness, the process is costly
and the typical manufacturing tolerances remain on the order of +£0.2 mm for fused silica
plates of 2mm to 8 mm thickness [103]. Further fine-tuning of the total propagation length
in material could potentially be achieved by combining multiple thin AR-coated plates
to average out the individual manufacturing deviations. However, the distribution of the
nonlinear interaction over multiple separated media will likely cause an enhancement of the
Fresnel-losses, even with good quality AR-coating, due to the increased number of air-glass
interfaces in the multipass-cell.

In the scope of this thesis, the thickness of the fused silica plates which are used as
nonlinear media was therefore fixed to 6.35 mm and the effective GVD was optimized via
adapting the GDD curve of the utilized multipass-cell mirrors just as it has been realized
in the numerical simulations. To account for the aforementioned manufacturing tolerances
of the fused silica plates as well as small deviations in the coating process, the target GDD
curves of the multipass-cell mirrors are typically designed for an effective GVD coefficient
on the order of 2fs*/mm to 3 fs*/mm. By doing so, excessive temporal broadening due to
accumulated dispersion can still be kept on a low level while operation in the net-positive
dispersion regime can be ensured even for the eventuality of an unfavorable combination
of plate thickness on the lower end of the tolerances as well as small deviations from the
target coating specification . Only in cases where a more precise dispersion control is
absolutely required, extra efforts of further reducing Bgf ! were made by selecting the fused
silica plates with best matching thickness from a larger batch.

3.2 Cascaded nonlinear pulse-compression stages

As shown in the previous sections, all-bulk multipass spectral broadening in Herriott-cells
can provide a valuable tool for the temporal compression of laser pulses facilitating a high
compression quality combined with excellent beam quality. This renders the approach
especially suitable for being used in front-ends designed for highly nonlinear applications
such as IPDFG, where short transients and high peak powers are required [20]. Although
temporal compression up to a factor of 8 can readily be achieved in single-stage, high-power
thin-disk oscillator driven multipass-cells in the positive dispersion regime, this is still not
sufficient to reach the desired pulse durations below 20fs. As a result, the cascading of
multiple nonlinear compression stages is typically required. Since earlier realization of the
cascaded multipass-cell concept have been subject to suboptimal compression quality, a
dual-stage pulse compression setup was developed in the frame of this thesis, with the
goal of reproducing the spectral broadening factors of ~ 20 which were previously demon-
strated in references [81, 82|, but with superior compression quality owing to an improved
dispersion management.



84 3. Enhancing the peak power: The positive dispersion regime

3.2.1 Re-characterization of the driving oscillator

Since the long-term goal for the laser system under development is to perform time-domain
spectroscopy on medical samples using mid-IR radiation generated by IPDFG similar to
reference [6], the laser front-end had to be assembled in a laboratory with bio-medical
certification. Owing to the altered environmental conditions, the driving laser introduced
in section 2.3.1 was modified after being moved to the new laboratory, as described below.

While the laboratory is equipped with a reliable temperature stabilization to 20 °C,
the relative humidity of the ambient air fluctuates between 15% - 40 % rH depending on
the weather conditions. Consequently, the laser output power can vary by up to 10 W.
This variation is also visible during continuous wave operation and is likely due to the
modified thermal conductivity of the ambient air which causes a change of the thermal-
lens inside the laser cavity, shifting the optimal operation point of the laser oscillator.
To minimize day-to-day fluctuations of the driving laser power, the relative humidity was
therefore stabilized to an equilibrium value of 28 % rH by introducing a constant stream of
air with controlled humidity into the housing containing the laser oscillator. Since the laser
had previously been operated at 40 % rH, its performance was re-optimized by scanning
the stability parameter and the position of the Kerr-medium inside the laser oscillator to
maximize the output power and spectral bandwidth.

Furthermore, the new arrangement of the experimental chambers on the optical table
after the move necessitated a re-design of the beam path between the oscillator and the
first broadening stage, including the setup for polarization- and spatial mode-cleaning. As
a consequence, the oscillator length had to be reduced by approximately 3 cm by changing
the position of the output coupler to free a sufficient amount of space for the additionally
required turning mirrors. Since the relative change is only of the order of 0.2 % of the total
length, the effect on the pulse energy and pulse repetition frequency can be considered
negligible.

To evaluate, whether the aforementioned modifications adversely affect the performance
of the state-of-the-art oscillator introduced in section 2.3.1, a full characterization of the
decisive laser parameters was undertaken. In the new configuration, the oscillator emits an
average power of 145 W of p-polarized light measured using a thermal power sensor after
linearizing the polarization with an AR-coated TFP. The output power still compares well
to the original output power of 149 W. The continuously mode-locked pulse train with
10.6 MHz pulse repetition frequency consists of individual pulses with a spectral bandwidth
of 17nm centered around a wavelength of 1030 nm. A FWHM-pulse duration of 288 fs was
measured using an SHG-FROG (Fig. 3.6 b). The pulses are compressed close to the
bandwidth-limited pulse duration of 283 fs (cf. Fig. 3.6 b) with a minor residual up-chirp
that has been previously observed in references [23, 104].

While the faint circular pattern surrounding the main Gaussian beam (cf. section 2.3.1)
remains unimproved by the modifications made to the oscillator, the divergence of the
emitted laser beam is slightly reduced. Narrowing the diameter of the external water-cooled
copper aperture to 3.2 mm is found to result in an excellent quality of the transmitted beam,
characterized by an M? factor of 1.03 in the tangential- and 1.02 in the sagittal plane. The
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Fig. 3.6: Temporal characterization of the modified driving oscillator. a) Spectral phase and
intensity, compared to reference measurement with an OSA. b) Temporal phase and intensity
compared with the FTL of the spectrum. c¢) Measured SHG-FROG trace, and d) reconstructed
FROG trace with < 0.0045 error on a 512 x 512 grid. For the temporal characterization measure-
ment a small fraction of the full power beam was extracted using an uncoated fused silica wedge.
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measurement of the M? factor and the beam profile, both measured behind the copper
aperture, are shown in Fig. 3.7.

I Mtzangentia| =1.03 Mgagittal =1.02 —_—

'E 300
=2
0
]
=
© 2004
IS
@©
()]
m

1004

T T T T T T
0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.10 0.11

Position [m]

Fig. 3.7: M?-measurement of the modified oscillator for the tangential and sagittal plane ac-
cording to ISO norm [31]. Inset: beam profile of the collimated beam. Both measurements were
taken after spatial cleaning of the oscillator output using a water-cooled copper aperture with a
diameter of 3.2 mm that is placed in the collimated beam. The data was recorded using a Cinogy
CinCam CMOS-1203 beam profiler.

The slightly divergent output of the oscillator is collimated using a plano-concave mirror
with a radius of curvature of 6000 mm placed at a distance of approximately 3000 mm to
the output coupler. With a still reasonable transmission of T' = 85 % through the copper
aperture and turning mirrors, pulses with 11.31J pulse energy and 34.6 MW peak power,
corresponding to an average power of 120 W, are available as input for the subsequent
spectral broadening stages. A full schematic of the experimental setup, including the
two nonlinear compression stages which are described in further detail in the following
paragraphs, is shown in Fig. 3.8.

3.2.2 First compression stage

As a direct consequence of the promising results obtained for spectral broadening in the
net-positive dispersion regime presented in the previous section, the dispersive coating of
the multipass-cell mirrors forming the first spectral broadening stage is chosen identical to
the curve shown in Fig. 3.2. The configuration of the multipass-cell is modified to feature
a Gouy-parameter of ¥p = 27 - (12/17), corresponding to a mirror separation distance
of d = 480 mm for a pair of multipass-cell mirrors with a radius of curvature of 300 mm.
Consequently, the beam propagates a total number of 34 passes through the 6.35 mm-thick
fused silica nonlinear medium before being extracted from the multipass-cell using a small
scraper mirror. By placing the nonlinear medium off-centered at a distance of 174 mm to
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Fig. 3.8: Schematic of the dual-stage multipass-cell spectral broadening setup. The oscillator
contains the same elements as in Fig. 2.6 but its output coupler (OC)is moved to slightly shorten
the cavity, leaving enough space for an additional beam folding stage inside the oscillator chamber.
The oscillator is followed by a dual-stage multipass-cell spectral broadening setup described in
the text. The abbreviations are: TFP, thin-film polarizer; HWP, half-wave plate; PM, power
meter; Rp, collimating mirror with a radius of curvature of 6000 mm; R» 3, first-stage focusing-
and collimation mirrors with radius of curvature of 1500 mm (PC1841); S, scraper mirror; Ry, Rs,
first-stage multipass-cell mirrors (PC1841); M;, 6.35 mm-thick fused silica plate; Rg 7, second-
stage focusing- and collimation mirrors with radius of curvature of 1500 mm (PC1711); Rg, Ry,
second-stage multipass-cell mirrors (PC1711); My, 6.23 mm-thick fused silica plate; M3, variable
amount of additional fused silica plates for dispersion compensation; W, removeable, uncoated
fused-silica wedge. The area of the first- and second multipass-cell are shaded in yellow and light
blue, respectively.
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one of the multipass-cell mirrors, the nonlinear phase shift in the first pass is adjusted to
a value of ¢'; = 0.2rad. The initial nonlinear phase-shift is deliberately set to an even
lower value here than the 0.25rad used in the experiments presented in section 3.1.2 to
further reduce potential beam degradation due to spatio-temporal couplings.

Due to the different eigenparameters of the Herriott-cell utilized in this experiment, the
collimated output of the driving oscillator can be mode-matched to the eigenmode of the
Herriott-cell by a simple plano-concave focusing mirror with 1500 mm radius of curvature
placed at a distance of 750 mm to the center plane of the multipass-cell. Importantly, the
necessity of using transmissive optical elements such as the degrading zoom beam expander
for the mode-matching can thus be avoided. Due to the large angular advance within the
Herriott-cell, an additional, vertically offset plano-concave mirror with identical radius of
curvature is used for collimating the output of the multipass-cell.

Sending an average power of 120 W into the multipass-cell, an output power of 109 W
was measured after a small fraction of the power had been split-off for diagnostics using an
uncoated fused silica wedge. Retrospectively correcting the output power for the uncoated
fused silica wedge by considering two reflections with a transmission of 96.8 % yields an
effective output power of 116 W and a resulting total optical efficiency of 96.7 % for the
first multipass-cell.

To qualitatively assess the effectiveness of the spatio-temporal homogenization within
the multipass-cell, the ouput beam profiles for the collimated beam were recorded at low
and high output power (= 1W and 109W, Fig. 3.9 a and b, respectively). Owing to
the low per-pass nonlinear phase shifts within the multipass-cell the beam profile shows
no discernible deterioration. When focused down, the Gaussian shape of the beam is
maintained and no ring structure can be observed (Fig. 3.9 ¢). The measured M? factor is
1.04 in the tangential- and 1.00 in the sagittal plane (cf. Fig. 3.9 d) which is in excellent
agreement with the oscillator M? factor. The deviation towards lower values for the M?
factor in the sagittal plane is attributed to the experimental uncertainty and was not
investigated further.

The spectrum at the multipass-cell output was measured using an OSA and is shown
in Fig. 3.10 a. The output spectrum is symmetrically broadened with respect to the input
spectrum and features a bandwidth of approximately 70 nm at —30 dB level, supporting a
Fourier-transform limited pulse duration of 67 fs (cf. Fig. 3.10 b).

To assess whether the multipass-cell indeed operates in a net-positive dispersion en-
vironment, the temporal shape of the uncompressed output was characterized using an
SHG-FROG. The measured trace was reconstructed by the retrieval algorithm (Fig. 3.10 ¢
and d) with a residual error < 0.0077 on a 1024 x 1024 grid. A high quality of the re-
trieval is further indicated by the excellent agreement between the fundamental and the
retrieved spectrum (Fig. 3.10 a) which supports a bandwidth-limited pulse duration of
67fs. It should be noted that an additional GDD of —350fs® — which is added to the
pulse by the utilized turning mirrors — was not accounted for during the analysis of the
uncompressed pulse duration. Nevertheless, the retrieved FWHM pulse duration of 325 fs
clearly shows that the pulse has been subject to a small amount of temporal broadening
during the propagation through the multipass-cell which ultimately confirms the operation
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Fig. 3.9: Spatial characterization of the first spectral broadening stage. Beam profile of colli-
mated beam at a) ~ 1 W average output power and b) 109 W average output power. c¢) Beam
profile of a focus created by an achromatic lens with f = 200 mm focal length at full power. The
1/e? beam diameter in the focus is 75 m. d) M2-measurement according to ISO norm [31].The
data was recorded using a Cinogy CinCam CMOS-1203 beam profiler.

in the net-positive dispersion regime.

The spectrally broadened pulses are subsequently compressed using a chirped-mirror
compressor with a total GDD of approximately —4000fs? added via 15 reflections off of
highly dispersive mirrors (type PC162). Fig. 3.11 a and b displays the results of the
SPIDER measurement of the compressed pulses which shows that the pulses exhibit a
clean pulse shape with a FWHM pulse duration of 71fs corresponding to a temporal
compression factor of 4. The compression efficiency of the pulses at the output of the first
compression stage is 89 %. The observed slight asymmetry of the compressed pulse can
likely be attributed to imperfect TOD compensation of the utilized multipass-cell mirror
pair. A small residual GDD of approximately 500 fs* is intentionally left uncompressed to
avoid spectral narrowing induced by negatively pre-chirped input pulses for the spectral
broadening in a second stage.

Due to Fresnel losses at the compressor mirrors, the average output power and the
total optical efficiency after the chirped-mirror compressor are further reduced to 107 W
and 89 %, respectively. The compressed pulses have a peak power of 117.6 MW, which is
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Fig. 3.10: FROG measurement of the uncompressed output of the first spectral broadening
stage confirming operation in the net-positive dispersion regime. a) Spectral phase and intensity,
compared to reference measurement with an OSA. b) Temporal phase and intensity compared
with the FTL of the spectrum. The area under the main peak is shaded in light grey. ¢) measured
SHG-FROG trace, and d) reconstructed FROG trace with < 0.0078 error on a 1024 x 1024 grid.
The fringes in the measured trace are a measurement artefact originating from imperfect coupling
of the generated SHG radiation to a multimode-fiber attached to the FROG spectrometer.
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approximately a factor of 3.4 higher than the peak power of the input pulses.
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Fig. 3.11: Characterization of the first spectral broadening stage after temporal compression.
a) Retrieved spectral phase and intensity from the SPIDER measurement compared to reference
measurement from an OSA. b) Measured intensity profile compared with the bandwidth-limited
pulse shape determined by Fourier-transformation of the spectrum.

3.2.3 Second compression stage

In order to further compress the output pulses of the first nonlinear pulse compression
stage, a second Herriott-type multipass-cell was assembled. Since the input pulse duration
of the second broadening stage is more than a factor of 4 shorter than in the first stage,
the effect of accumulated dispersion, which causes temporal broadening of the propagating
pulses, increases significantly (cf. section 3.1.3). Since strong temporal broadening is
expected to result in a reduced spectral broadening rate, the number of passes through the
nonlinear medium is reduced to N = 22 by choosing a Herriott-cell configuration with a
Gouy-parameter of ¢y = 27 - (9/11). This corresponds to a mirror separation distance of
d ~ 553 mm for multipass-cell mirrors with a radius of curvature of 300 mm. The output
of the previous compression stage is matched to the eigenmode of the multipass-cell by
focusing the collimated output of the chirped-mirror compressor using a plano-concave
mirror with a radius of curvature of 1500 mm at a distance of approximately 750 mm to
the center plane of the second Herriott-cell.

The multipass-cell mirrors are different to those used for the first multipass-cell and
feature a dispersive coating with a target mean GDD and TOD of —119 fs* and —240 fs* at
a center wavelength of 1030 nm, respectively. Due to the high demands on the mirror band-
width (850 nm - 1400 nm) and to reduce residual GDD oscillations, the coating is realized
as a complementary dispersive pair. A measurement of the GDD curves in the spectral
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range spanning 850 nm - 1070 nm is shown in Fig. 3.12; and it shows good agreement be-
tween the realized mean- and target GDD. The strong oscillations in the GDD-curve of the
second mirror (dashed black line in Fig. 3.12) at around 1020 nm wavelength are likely an
artefact of dispersion measurement which were found to not affect the spectral broadening
in the experiment.
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Fig. 3.12: Group delay dispersion (GDD) measurements of the multipass cell mirrors with
PC1711 coating utilized in the second broadening stage. The measurements were performed on
a reference pair of flat 1-inch mirrors. The dashed green and blue lines display the GDD of the
two individual sample mirrors. The solid black line displays the arithmetic mean GDD of the
two measured complementary curves with a resulting GDD of —119fs? and TOD of —240fs® at
1030 nm wavelength. The yellow line shows the target curve of the coating. The strong oscillations
in the GDD-curve of the second mirror at around 1020 nm are likely an artefact of dispersion
measurement which were found to not affect the spectral broadening in the experiment.

In an effort to further reduce the influence of dispersion on the pulse propagation, mul-
tiple fused silica plates with slightly varying length were tested as nonlinear medium. A
6.23 mm thick fused silica plate was experimentally found to maximize the spectral broad-
ening while maintaining operation in the net-positive dispersion regime. To compensate
for the reduced number of passes when compared to the first broadening stage, the initial
nonlinear phase shift needs to be substantially increased to achieve a similar total accumu-
lated phase Y¢nr.. By placing the fused silica plate at a distance of 137 mm to one of the
multipass-cell mirrors, the initial nonlinear phase shift is adjusted to ¢%; = 0.35rad, which
is expected to provide a trade-off between high nonlinearity and already slightly degrading
beam quality (cf. Fig. 3.3).

Unfortunately, no low-GDD turning mirrors that support the full bandwidth of the
spectrally broadened pulses for reflection under small angles were available at the time of
the experiment. Consequently, the pulses were directly sent into a chirped-mirror compres-
sor, which at the same time serves as the beam delivery setup for subsequent experiments.
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The chirped-mirror compressor comprises several broadband, dispersive mirrors with a to-
tal GDD of —690 fs* and a TOD of —480fs®, an air-spaced achromatic half-wave retarder
plate for rotating the polarization by 90° and a variable number of fused silica plates for
fine-tuning of the residual dispersion (cf. Fig 3.8).

At full input power, an average output power of 95 W is recorded for second nonlinear
compression stage. Equivalent to the characterization of the first spectral broadening stage,
a small fraction of the beam has been split off for diagnostics using an uncoated fused silica
wedge. The output power corrected for the wedge’s Fresnel losses (see first compression
stage for details) is 101 W which corresponds to an excellent optical efficiency of 94 % and
a total combined efficiency of 84 % of the first- and second stage. While the stability of
the system was not evaluated systematically at this point it should be highlighted that
the spectral broadening arrangement could be operated for several hours continuously over
multiple days without the need for any daily re-alignment. A more detailed analysis of the
system stability and noise after post-compression is provided in section 4.3.2.

The broadened spectrum was measured using an OSA and is shown in Fig. 3.13 a. At
the output of the second compression stage, the spectrum spans from 885nm to 1155 nm
at —30dB level, corresponding to a bandwidth of 270 nm and a bandwidth-limited pulse
duration of 14.6fs. The spectral broadening in the second multipass-cell exhibits a slight
asymmetry that enhances the spectral content in the shorter wavelengths which is likely
caused by residual uncompressed TOD during propagation in the quasi-waveguide [35,
p. 120 f.]. In addition to the asymmetrical broadening, a small spectral side-lobe appears
in the wavelength range from 875nm to 885 nm which presumably originates from optical
wave breaking during the nonlinear propagation [42].

The temporal shape of the compressed pulses was characterized using the SPIDER
technique and is shown in Fig. 3.13 b. Compression to a FWHM pulse duration of 15.6 fs
is achieved with three additional fused silica plates placed behind the multipass-cell with a
total length of 15.7 mm, corresponding to approximately 300 fs* of GDD and approximately
600 fs* of TOD. To the author’s knowledge, these are the shortest pulse durations that
have so far been realized using an all-bulk multipass spectral-broadening approach. The
pulses are compressed close to the bandwidth-limited pulse determined from the SPIDER
measurement of the fundamental spectrum which is 15.2 fs. Slight differences in the Fourier-
transform limits of the OSA- and SPIDER measurement are attributed to the presence of
additional dielectric turning mirrors (HR 1707) with a reduced reflectivity towards the
edges of the measured spectrum in the SPIDER measurement. The temporal compression
factor of the second stage is 4.6, which is on the same order as the compression factor in
the first stage. The total temporal compression factor of 18.5 is well comparable to the
highest compression rate of ~ 22 that has to date been realized using all-bulk multipass
spectral broadening (cf. reference [82]), but with better temporal pulse quality.

By comparing the area under the main peak (grey shaded area Fig. 3.13) to the total
area under the curve, the main pulse is found to contain > 78 % of the pulse energy which
constitutes a significant improvement over the previously achieved values of 45 % for the
18 fs long pulses in reference [81] and 57 % for the 22 fs long pulses reported in reference [82].
The excellent compression efficiency of 87 % that is achieved with the presented dual-



94 3. Enhancing the peak power: The positive dispersion regime

—— SPIDER, FTL = 15.2 fs

—— OSA, FTL=14.6fs SPIDER, FWHM = 15.6 fs ——
-=-= Phase Bandwidth-limited ===
1.04 b)
3 . H
= - € 0.8
: E g
g 5 3 067
- @ =
0 © b
g £ 8049
a ; <
n 0.2
-30 T T T — -20 0.0 T T T
900 1000 1100 1200 -200 -100 0 100 200
Wavelength [nm] Time [fs]

Fig. 3.13: Characterization of the second spectral broadening stage after temporal compression.
a) Retrieved spectral phase and intensity from the SPIDER measurement compared to reference
measurement from an OSA. b) Measured intensity profile compared with the bandwidth-limited
pulse shape determined by Fourier-transformation of the spectrum.The grey shaded area denotes
the main part of the beam. 78 % of the total energy is contained within it.

stage nonlinear compression scheme is made possible by the precise balancing of effective
multipass-cell dispersion and nonlinear propagation length in the second broadening stage.
Due to the high compression quality, a peak power of 463 MW is reached which is more
than a factor of 13 higher than the input peak power. To the author’s knowledge, this is
the highest peak power that has to date been realized in an amplifier-free thin-disk laser
system.

In contrast to the excellent temporal properties, the high initial nonlinear phase shift
causes the onset of degradation of the beam quality which manifests in a slight deteriora-
tion of the collimated beam profile at the output of the second multipass-cell (Fig. 3.14
inset). The onset of spatio-temporal couplings affecting the overall beam quality is further
supported by measurement of the M? factor which is 1.11in the tangential- and 1.07 in the
sagittal plane when evaluated for a center wavelength of 1030 nm (cf. Fig. 3.14).

While the observed beam quality is still on par with other implementations of thin-disk
oscillator driven multipass spectral broadening (reported values are for example M? < 1.15
for 88fs pulses in reference [105] or M? < 1.15 for 18fs pulses in reference [81]), the
significant change when compared to the output of the first broadening stage calls for a
more detailed analysis of the spatio-temporal properties of the output beam. It should be
noted that while a reduction of the beam homogeneity will inevitably induce an worsening
of the beam quality, an increased value of the M? factor does not necessarily imply a low
beam homogeneity. Especially in complex optical setups which contain a multitude of
reflective and transmissive optical elements, the beam quality is likely to also degrade due
to linear spatial aberrations caused by for example thermal lensing, accumulated spherical
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Fig. 3.14: M?-measurement of the modified oscillator for the tangential and sagittal plane
according to ISO norm [31]. The measurement was performed using a scanning slit beam profiler
(Ophir NanoScan 2s Pyro/9/5um). Inset: beam profile of the collimated beam showing first
signs of beam degradation. The beam profile was recorded using a Cinogy CinCam CMOS-1203
beam profiler.

aberrations or even minor beam clipping due to tight geometrical constraints.

To assess whether the degradation of the beam quality factor can be correlated to spatio-
temporal coupling, the output beam homogeneity was analyzed in more detail following the
approach described in reference [100]. For the homogeneity measurement, 2 x 45 spectra
were recorded scanning both the z- and y-axis of the collimated beam in 0.2 mm steps using
a multi-mode fiber (400 pm core diameter) with FC/PC tip coupled to an OSA (Fig. 3.15,
left panel).

For each recorded spectrum I(\), the overlap V' with the spectrum on the beam axis
Iy(N) is calculated using [100]

[Ty )

T IV [ Tp(A)dA]

where the overlap V' serves as a quantitative measure for the beam homogeneity. The
position dependant spectral overlap (blue curves) and normalized integrated spectral in-
tensities (green curves) for the z- and y-axis of the beam are shown in the right panel
of Fig. 3.15. The retrieved overlap is V, > 94% and V, > 92% within the 1/e? in-
tensity of the integrated spectrum (represented by the dashed black lines in Fig. 3.15)
indicating a good homogeneity of the central part of the spectrally broadened beam. The
decrease of the calculated overlap towards the edges of the beam likely originates from
inhomogeneous broadening in the second multipass-cell. Unfortunately, a more detailed,
quantitative evaluation is hampered by the insufficient signal-to-noise ratio of the OSA

(3.4)
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Fig. 3.15: Homogeneity measurement of the second spectral broadening stage. Left panel:
recorded spectra vs. position. The spectra were recorded using a multi-mode fiber (400 pm
core diameter) with FC/PC tip coupled to an OSA Right panel: calculated position dependent
spectral overlap V' (blue curves) and integrated spectral density (green curves). The dashed black
lines indicate the 1/e? level of the integrated spectral densities beyond which the accuracy of the
measurement degrades due to the reduction in signal-to-noise ratio.
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at low intensities. Calculation of the intensity weighted overlap factor yields an effective
overlap of V.¢r > 97.5% for both the a- and y-axis of the beam which is lower than the
typical effective overlap for single-stage broadening (V¢ > 99.2% for 115fs long pulses
in reference [100]) but still excellent compared to alternative spectral broadening schemes
such as the multi-plate approach (Vs > 96.0% for 27fs long pulses in reference [105]).
It should be noted that a deterioration of the beam homogeneity can likewise result in a
reduction of the claimed peak power level [105]. However, the determination of the exact
peak power would require a spatially resolved measurement of the pulse duration which
is extremely difficult to achieve with high reliability. A further evaluation of the spatial

dependence of the peak power is therefore beyond the scope of this thesis.

3.2.4 Conclusion

Table 3.1 provides a summarized overview over the evolution of the decisive laser pa-
rameters throughout the dual-stage pulse compression setup developed in this thesis. By
cascading two nonlinear pulse-compression stages, a total temporal compression factor of
18.5 was achieved. The output pulses are compressed to a FWHM pulse duration of 15.6 fs
which is the shortest pulse duration that has to date been realized using an all-bulk mul-
tipass spectral broadening scheme. The energy content of the compressed pulses’ main
feature is as high as 78 %, made possible by the careful tuning of the multipass-cell disper-
sion and the nonlinear interaction length. Despite the high per-pass nonlinear phase shifts
in the second broadening stage, a good beam quality characterized by an M? factor < 1.11
is achieved and a reasonable effective beam overlap of V.;; > 97.5% can be preserved
throughout the spectral broadening process. With a peak power exceeding 460 MW, the
laser system constitutes an ideal, state-of-the-art front-end for the further investigation of
post-compression techniques for reaching the regime of gigawatt-class few-cycle laser pulses
at unprecedented high pulse repetition frequencies.

Laser parameter Input First compression stage Second compression stage
Py [W] 120 107 101
FTL [fs] 283 67 15.2
Compression factor ~ N.A. 4 18.5
Neomyp |70 98 89 87
Pear [MW] 34.6 117.6 463
M?-parameter <1.03 <1.04 <1.11

Table 3.1: Summarized overview over the evolution of the decisive laser parameters throughout
the dual-stage pulse compression setup including average power (Fg.g), the Fourier-transform
limit (FTL), pulse duration (7pw mas), compression factor, compression efficiency (1comp), peak
power (Ppear), and the M2-parameter.
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3.3 Limitations of all-bulk multipass-cell-based
spectral broadening

In the previous section, a nonlinear pulse compression scheme based on two cascaded
multipass-cell spectral broadening stages has been introduced. By optimizing the disper-
sion environment and nonlinear interaction length inside the multiass-cells, the generation
of cleanly compressed sub-20 fs pulses has been achieved. The realized 15.6 fs long pulses
represent the current state-of-the art of all-bulk multipass-cell based pulse compression
where the pulse duration corresponds to only ~ 4.5 optical cycles for a center wavelength
of 1030 nm. Nontheless, even shorter pulses with 1 - 3 optical cycles (3.4fs - 10.3fs at
1030 nm wavelength would be highly beneficial, for example, for the efficient generation of
short wavelength mid-IR radiation via IPDFG, It should therefore be evaluated, whether
even shorter pulse durations can be obtained using the presented all-bulk multipass-cell
spectral broadening approach.

In principle, the reduction to even shorter pulse duration should be feasible by further
increasing the total nonlinear phase shift ¥¢y;, accumulated during the nonlinear interac-
tion in the multipass-cell assembly. In the experiment, the individual per-pass nonlinear
phase shifts were however restricted to values < 0.35rad due to the rapid decrease of the
output beam quality caused by strong spatio-temporal coupling which can be observed
for larger values of ¢';. Furthermore, in experiments where the number of passes was
increased beyond N = 22 in the second multipass stage did not yield significant additional
spectral broadening but typically resulted in damages of the utilized fused silica plate.

These damages are likely caused by a combination of slight mode-mismatching of the in-
put beam with respect to the eigenmode of the second Heriott-cell as well as accumulated
self-focusing that ultimately leads to beam collapse within the nonlinear medium. The
origin of the corresponding excessive accumulated nonlinear phase shift is of a twofold na-
ture. Firstly, the SPM-based spectral broadening induces a change in spectral shape which,
even for Herriott-cells operated close to the zero-dispersion regime as used in this thesis,
is transferred into a re-shaping of the temporal pulse profile during propagation through
the multipass-cell. Secondly, uncompensated higher order dispersion components can ac-
cumulate during propagation in the quasi-waveguide and ultimately distort the temporal
shape of the pulse. A similar effect has been observed in a numerical study on multipass-
cell-based compression of radially and azimuthally polarized pulses conducted by H. Cao
et al in 2019 [106]. The proposed remedy of transitioning to significantly shorter nonlin-
ear media (a length of 500 pm was used for the fused silica window for the simulations in
reference [106]) might help alleviate the influence of higher order dispersion components.
However, achieving an effective GVD close to zero for such short nonlinear media would
require a precision in the dispersive coating process of & 1 fs®> which can hardly be realized
today for the required wide bandwidths and high reflectivities.

To date, compression to the few-cycle regime using the multipass-cell spectral broad-
ening approach has therefore only been realized in gas-filled geometries where the accu-
mulated dispersion naturally is much lower than in the all-bulk case [83, 84]. However,
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the nonlinear refractive index of most gases is significantly lower when compared to bulk
media. Consequently, the efficient pulse compression using gas-filled geometries typically
requires pulse energies of at least several hundred microjoules, which makes the approach
unsuitable for being driven directly by a thin-disk oscillator.

In the presented all-bulk case, pulse durations in the few-cycle regime can potentially be
realized by adding a third Herriott-type spectral-broadening stage to the already existing
ones. However, the low initial pulse durations of below 20fs after the second compres-
sion stage will make the pulse propagation in a third stage even more susceptible to the
detrimental dispersive effects described in the previous paragraphs. Additionally, temporal
broadening of the pulse during propagation through the multipass-cell will be strongly en-
hanced as a result of the reduced input pulse duration (cf. section 1.1.3). When combined
with the currently achievable precision of the dispersion control, this would likely cause
the spectral broadening efficiency to deteriorate within only a few passes. Due to the high
initial alignment complexity and the low remaining compression factor required to reach
the few-cycle regime, this approach was not pursued any further in the scope of this thesis.
Instead, two alternative post-compression techniques which mitigate the high requirements
on the precision of the dispersion control were investigated and are presented in chapter 4.

3.4 Chapter summary

The results presented in this chapter underpin the importance of a rigorous dispersion
control for all-bulk spectral broadening in Herriott-type multipass-cells. By meticulously
tuning the mean GDD of the utilized multipass-cell mirrors as well as the per-pass nonlinear
phase shifts of the nonlinear interaction, the efficient pulse compression in Herriott-cells
driven by a high power thin-disk laser at around 1030 nm wavelength could be achieved.

By shifting the spectral broadening within the multipass-cells into the net-positive dis-
persion regime, significantly higher compression qualities could be realized when compared
to the self-compression experiments presented in chapter 2. However, despite the improve-
ment in compression quality, the attainable single-stage temporal compression factors are
reduced by dispersion induced temporal broadening of the pulses during propagation in
the quasi-waveguide — a limitation which can be overcome by cascading multiple spectral
broadening stages with intermediate re-compression. Following this approach, a dual-stage
compression setup based on multipass spectral broadening was developed. The presented
front-end facilitates a temporal compression by a factor of 18.5 reaching a state-of-the-art
FWHM output pulse duration of 15.6fs. Due to the precise engineering of dispersion and
nonlinear interaction length, a compression quality as high as 87 % could be achieved. The
corresponding peak power of 463 MW is unprecedented for an amplifier-free thin-disk laser
system. An excellent total power throughput of 84 % as well as a good beam quality char-
acterized by an M? factor of < 1.11 were measured. A low spatio-spectral dependence of
the output beam was verified by measuring the intensity weighted spectral overlap which
is Vepp > 97.5% for two perpendicular axes.

Ultimately, the achievable precision of the dispersion control was determined to be
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the limiting factor for realizing even shorter pulse durations towards the few-cycle regime
using an all-bulk multipass-cell based approach and alternatives are investigated in the
next chapter.



Nonlinear pulse compression
towards the few-cycle regime

4.1 Alternative all-bulk spectral broadening
techniques

In the preceding two chapters, the investigations on spectral broadening of short laser
pulses in Herriott-type multipass-cells have been presented in detail. In particular, the fo-
cus was placed on the dispersion management of multipass-cells containing a bulk nonlinear
medium. Unfortunately, as discussed in section 3.3, the nonlinear pulse compression using
this method is currently limited to pulse durations on the order of 15fs. This limitation is
mainly due to the available precision of the dispersive multipass-cell mirror coatings. More
specifically the residual uncompensated positive GDD of the nonlinear medium causes a
continuous temporal broadening of the laser pulse upon propagation through the quasi-
waveguide operated in a net-positive dispersion environment. As a result, the peak power
of the pulse steadily decreases with growing number of passes. In a properly mode-matched
Herriott-cell, the effective beam size is the same for each pass through the nonlinear medium
(cf. equation 2.31). Consequently, the peak intensity, which is directly related to the non-
linear phase via equation 2.26, decreases with each pass through the nonlinear medium.
This ultimately results in a saturation of the spectral broadening process. Since the influ-
ence of dispersion on the temporal pulse profile grows with decreasing pulse duration (cf.
section 1.1.3), this effect is even further enhanced for very short (7pwpy < 20fs) input
pulse durations where the saturation of the spectral broadening is expected to set in after
only a few passes through the nonlinear medium.

As described in the Herriott-cell spectral broadening fundamentals (section 2.2), a
homogeneous spectral broadening over the entire beam profile merely requires the accu-
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mulated nonlinear phase shift to be distributed over a sufficient amount of passes through
a nonlinear medium with intermediate refocusing of the beam. Herriott-cells can facili-
tate this and allow many passes to be folded in a compact manner However, if only low
temporal-compression factors — on the order of two to three — are targeted, the spec-
tral broadening can already be realized in only a few (< 5) passes through a nonlinear
medium, even if the per-pass nonlinear phase shift is required to stay below < 0.35rad (cf.
equation 1.110). For such a small number of passes, the effort and complexity of setting
up a Herriott-type multipass-cell appears disproportionate. Furthermore, the limited flex-
ibility in fine-tuning the per-pass dispersion and nonlinearity within the multipass-cell and
the, correspondingly, induced saturation of the spectral broadening already in the first few
passes through the nonlinear medium renders the multipass-cell approach inefffective for
reaching even shorter pulse durations than 15 fs.

Fortunately, various alternative techniques for all-bulk spectral broadening are avail-
able, which could help further reduce the pulse duration of the dual-stage multipass-cell
output. A few of these techniques will be presented and discussed in the following sections.
A more comprehensive review of pulse-compression techniques can for example be found
in reference [107] and references therein.

Single-plate spectral broadening

Already in the first publication on SPM-based all-bulk spectral broadening in the year
1987, C. Rolland and P. Corkum showed that spectral broadening towards sub-20 fs pulse
durations can be realized by simply focusing a short laser pulse into a single optically
transparent dielectric medium such as a fused silica plate [75]. However, for the rather
high temporal compression factor of approximately five which was realized in reference [75],
the large magnitude of spectral broadening was accompanied by a significant amount of
conical emission and strong spatio-spectral inhomogeneity which is caused by the intensity
variation across the beam profile (see sections 1.2.3 and 2.2.2). More specifically, the
authors of reference [75] state that only a fractional amount on the order of 4% of the
total pulse energy, corresponding to the very central part of the initially Gaussian beam
profile, was effectively compressed without large residual phase modulations after spatial
filtering using a pinhole. It should be emphasized that the experimental conditions in
reference [75] were chosen such that self-focusing of the laser beam inside the nonlinear
material was considered negligible by choosing a nonlinear medium much shorter than the
critical length for self-focusing.

In a more recent study on thin-disk oscillator driven spectral broadening by M. Seidel
et al. [76], the influence of self-focusing on the spectral broadening process was analysed in
further detail. By simulating the evolution of the beam caustic of laser pulses with a peak
power beyond the critical power for self focusing P,.., the authors of reference [76] found
that significantly higher broadening efficiencies can be obtained if the nonlinear medium
is placed in the divergent beam such that beam diffraction and self-focusing act together
to maintain a small beam diameter throughout the nonlinear medium. When compared
to reference [75], the homogeneously broadened fraction of the incident pulse energy could
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also be vastly improved to around 60 % in the experiment where an initially 250 fs long
pulse from an Yb:YAG thin-disk oscillator was compressed to 43 fs in a single crystal quartz
plate. A similar approach has been used in reference [108] to compress the 17 fs long pulses
of a fiber-broadened Yb:YAG thin-disk oscillator to the few cycle regime (< 10fs) in a
single crystal quartz plate. However, the efficiency in reference [108] was likewise limited
to < 60% by the emergence of spatio-temporal couplings, resulting in additional conical
emission which was subsequently filtered by inserting a circular aperture into the beam.

Cascaded thin-plate spectral broadening

A different method for the temporal compression of laser pulses into the few-cycle regime
which has gained a significant amount of interest over the recent years is based on the
successive cascading of nonlinearities in thin bulk media. The approach, which was origi-
nally proposed and demonstrated in the context of continuum generation by C.-H. Lu et
al. [109], is based on the following working principle: An intense laser pulse with a peak
power several times higher than the critical power for self-focusing is focused into a thin
(typically 50 pum to 2mm) bulk medium. Due to the nonlinear interaction inside the di-
electric medium, the beam is subject to strong spectral broadening and self-focusing. If
the intensity and the length of the nonlinear medium are properly matched, self-focussing
can overcome the natural beam diffraction and a new focus is created closely behind the
nonlinear medium. By placing an additional nonlinear medium in the thus created focus,
the process can continuously be repeated until the spectral broadening starts to saturate
due to accumulated dispersion [109]. It should be noted that extremely high intensities
are required in the bulk media in order to generate a sufficient amount of self-focusing
to overcome the natural beam diffraction. Consequently, the nonlinear interaction be-
comes very complex and the resulting spectral phase can be difficult to compensate for.
Specifically, for continuum generation, the formation of a weak but wide pedestal in the
shorter wavelength part of the spectrum is commonly observed [109, 110]. While contin-
uum generation can be used to rapidly broaden the pulse spectrum (see reference [107]),
equivalently to the previously introduced single-plate spectral broadening techniques, the
associated spectral broadening typically exhibits a strong spatial dependence in the form
of conical emission which impairs the compression quality as a result of strong space-time
couplings [110]. Therefore, the output of cascaded thin-plate broadening schemes often
requires appropriate filtering of the central part of the beam using a pinhole before further
use [109]. A more comprehensive introduction to the cascaded thin-plate technique can e.g.
be found in reference [111], which also provides basic criteria for optimum plate thickness,
peak intensity of the input pulse and position of the individual thin plates for the case of
broadband continuum generation which are based on numerical simulations.

To date, the cascaded thin-plate spectral broadening approach has successfully been
used for continuum generation and subsequent temporal compression with a variety of
different input pulse durations, peak power levels and pulse repetition rates [109, 112—
117]. While cascaded thin-plate spectral broadening in two stages has been shown to
facilitate pulse compression to the few-cycle regime [115-117], large compression factors —
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when realized using only few plates — commonly introduce strong space-time couplings
and conical emission which can reduce the efficiency to below 60 % [109]. Furthermore, the
compression quality is often sub-par with a significant amount of the pulse energy being
contained in satellite pulse [115]. Only recently, an in-depth investigation of the spatio-
temporal coupling effects in a cascaded thin-plate spectral broadening has been presented
by S. Zhang et al. in reference [118]. In their publication, pulse compression down to 22 fs
was achieved with high spatio-spectral homogeneity by distributing the nonlinearity over
15 individual fused silica plates forming a periodically-layered Kerr-medium.

It should be noted that, while the cascading of thin plates is a very active field of
research, the focus has so far almost exclusively been placed on the spectral broadening of
pulses with high pulse energy (typically hundreds of microjoules) and kilohertz repetition
rates. Only recently it has been shown by C.-L. Tsai et al. that the concept is likewise
applicable for spectral broadening at megahertz repetition rates with pulse energies in
the range of few tens of microjoules [105]. In reference [105], the output of a high-power
thin-disk oscillator was first compressed to a pulse duration of 88 fs using a Herriott-type
multipass-cell. The pre-compressed output was subsequently sent into a sequence of four
thin fused silica plates (1 to 3mm thickness) which spectrally broaden the pulse to a
bandwidth limited pulse duration of 27fs. While a good compression quality with pulse
duration close to the transform-limit is reported, the beam shows first signs of the typical
conical emission reducing the available peak power of the pulses. Nevertheless, since the
amount of conical emission is still well controlled, a high spatio-temporal homogeneity
of the beam is reported. In reference [105] it is further shown that spectral broadening
towards a bandwidth-limited pulse duration of 5fs can be achieved by adding one more
spectral broadening stage consisting of five additional fused silica plates. However, no
spatio-spectral analysis or compression results are reported to this point [105].

In a recent collaboration headed by G. Barbiero [119] it could be shown that spectral
broadening in cascaded thin sapphire plates can be used to efficiently generate pulses as
short as 8.5 fs when driving the multi-plate scheme with microjoule pulse energy and sub-
201fs pulse durations — parameters, which are closely comparable to the output of the
dual-stage multipass-cell arrangement presented in chapter 3. Despite the already realized
high quality pulse compression with more than 64 % of the energy in the main peak, a
high homogeneity of the thin-plate broadening scheme output has yet to be confirmed
experimentally. Furthermore, since the method relies on nonlinearly induced self-focusing
for creating the individual successive focii, high peak intensities and a precise positioning
of the individual plates are indispensable. This makes the approach susceptible to damages
as a result of catastrophic self-focusing caused by fluctuations in laser power. Moreover,
it complicates the systematic optimization and daily reproducibility of the system. In the
frame of this thesis it was therefore investigated whether the inherent limitations of the
multi-plate scheme can be overcome by utilizing a different approach named the distributed
quasi-waveguide (DQWG), which is presented in detail in the following sections.
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4.2 The distributed quasi-waveguide concept

The distributed quasi-waveguide (DQWG) concept is derived from the working principle of
Herriott-cells and is based on a simple re-focusing geometry constructed from concave mir-
rors with individual nonlinear media placed in between them and i schematically dpeicted
in Fig. 4.1. In detail, the DQWG is based on the following design principle: In analogy to
spectral broadening in Herriott-type multipass-cells, a concave mirror with large radius of
curvature is used to create a loose focus of an initially collimated input beam. In compari-
son to the Herriott-type multipass-cell, this process can be identified as the mode-matching
mechanism for the DQWG. By positioning a nonlinear medium in the focused beam, the
propagating pulses experience a nonlinear phase shift due to SPM which results in spectral
broadening of the input pulse. Similar to in a Herriott-cell, the nonlinear phase shift is
kept low to avoid spatial degradation due to self-focusing and aberrations of the induced
Kerr-lens [120]. In the experiment, the nonlinear phase shift can easily be adjusted, for
example by varying the length of the nonlinear material or its axial position along the
beam caustic (cf. equation 2.26). It is furthermore considered preferable to place the
nonlinear medium in the divergent beam after the beam waist (cf. Fig. 4.1), where the
residual effect of Kerr-lensing is counteracted by the natural beam diffraction, helping to
reduce the risk of beam collapse due to critical self-focusing [76].

Since a nonlinear phase shift that does not cause strong self-focusing will also be too
weak for significant spectral broadening, the process needs to be repeated multiple times to
reach the desired bandwidth. In analogy to spectral broadening in Herriott-cells, a spatio-
spectral homogenization is expected to occur during this process, if the beam is allowed to
intermittently propagate without being influenced by nonlinear spatial effects before being
refocused into an additional nonlinear medium by a focusing element [29]. In the DQWG,
in contrast to the thin-plate approach, this focusing element is realized in the form of a
second concave mirror that reflects the beam at a small horizontal angle to the incident
beam. The distance between focus and refocusing mirror for which a self-similar nature of
the beam caustic over many passes through the DQWG is obtained can be determined by
solving equation 2.10 for d. As a result, the propagating beam matches the eigenmode of
a stable resonantor if the second mirror is placed at exactly a distance d; to the initially

created focus given by
1 2mwd i\
dr = R+\IR2—<m;0’m> (4.1)

where R is the radius of curvature of the second focusing mirror, wy;, is the beam size
in the first focus and A is the central wavelength of the spectrum, a second focus with
identical waist as the first focus is generated at, again, a distance dy to the second focusing
mirror. By placing additional refocusing mirrors at a relative separation distance of 2dy to
each other, this process can be repeated for an arbitrary amount of passes. When placing
a separate nonlinear medium in each of these passes, a high total nonlinear phase YX¢ng,
can be accumulated while a low per-pass phase shift in the individual passes is maintained.
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Fig. 4.1: Schematic depiction of the distributed quasi-waveguide (DQWG) concept. A collimated
input beam is focused by a concave mirror Fi, which serves as the mode-matching element of
the DQWG. To spectrally broaden the pulse, a nonlinear medium M is placed in the divergent
beam in close vicinity to the created focus. The beam is subsequently refocused to the same waist
size by placing an additional concave mirror R; with smaller radius of curvature than Fj at a
distance of dy, which is given by equation 4.1, to the initial focus. The process can be repeated
multiple times by inserting additional focusing mirrors (Ry — Ry—1) with identical radius of
curvature spaced at a distance of 2 - dy to each other. Ultimately, the beam is collimated using
a final concave mirror F5. Since the position, material and thickness can be varied for each of
the individual nonlinear media M; — My, both nonlinearity and dispersion can be separately
optimized for each pass in the DQWG.
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After the spectrum has been broadened to the desired bandwidth, the beam can easily be
collimated to a suitable beam size with a collimation mirror.

A DQWG which is designed following the above principle therefore exhibits a modal
structure which is equivalent to that of a perfectly mode-matched Herriott-type multipass
cell consisting of two mirrors of radius of curvature R which are placed at a separation
distance of 2d;. Consequently, the spatio-spectral homogenization is expected to work
similarly for DQWGs and multipass-cells. This claim is further supported by early in-
vestigations on spectral broadening in quasi-waveguide assemblies which were performed
by J. Brons in the frame of his dissertation, where an efficient compression of initially
140 fs pulses to a pulse duration of 30 fs was achieved with high spatio-spectral homogene-
ity. In this experiment, two individual DQWGs consisting of 9 passes distributed over 5
seprate fused silica plates were cascaded with an intermediate re-collimation and temporal
re-compression between the first and second DQWG [121].

Since the DQWG is derived from the Herriott-cell concept, it can likewise be tuned
to operate in the different dispersion regimes introduced in section 2.2.2 by adjusting the
dispersion parameters of the utilized focusing mirrors. More specifically, the operation of
a DQWG in the net-positive dispersion regime is expected to yield the same linearization
of the accumulated positive chirp which has previously been shown to facilitate a high
temporal compression quality [40]. However, since the beam does not trace a closed path
between two mirrors but continuously propagates in a forward direction, the position of
the nonlinear medium can be optimized individually for each pass through the DQWG.
In contrast to Herriott-type multipass cell spectral broadening, the nonlinear phase shift
can therefore likewise be tailored in each individual pass through the separate nonlinear
media. This way, any reduction of peak power caused by temporal broadening during the
extended propagation can be counteracted by decreasing the beam size in the nonlinear
medium such that a fixed nonlinear phase shift is maintained during the propagation in
the DQWG — even for the dispersion-sensitive short input pulses.

4.3 Proof-of-concept experiment

4.3.1 Distributed quasi-waveguide parameters

In order to confirm the applicability of the DQWG approach to short input pulse dura-
tions and operation in the net-positive dispersion regime, a proof-of-concept experiment
was conceived. The experiment is aimed at further compressing the approximately 15 fs
long pulses generated by the dual-stage Herriott-type multipass-cell spectral broadening
experiment presented in chapter 3 to pulse durations on the order of 10 fs without introduc-
ing a significant degradation of the spatial beam quality or spatio-temporal homogeneity.

The experimental setup of the DQWG is shown in Fig. 4.2. Before the input of the
DQWG, a 3mm thick fused silica plate is inserted into the collimated beam at the com-
pressed output of the second broadening stage. This additional material is required to
introduce a slight positive pre-chirp to the incident pulse in order to avoid spectral nar-
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Multipass-cells
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Fig. 4.2: Left: Schematic of the DQWG spectral broadening setup. The beam enters the exper-
imental chamber from the output of the dual-stage multipass-cell system described in section 3.2
where the dispersive mirror Pj is the last components in the chirped-mirror compressor after the
second-stage. The DQWG follows the design principle described in section 4.2 and is described in
further detail in the text. The abbreviations are: M7, 3 mm-thick fused silica plate for additional
dispersion compensation; Ry, focusing mirror with a radius of curvature of 1000 mm (PC1711)
for creating the initial focus of the DQWG; R1-Ry, re-focusing mirrors with a radius of curvature
of 300mm (PC1711), Rs, collimating mirror with a radius of curvature of 900 mm (PC1711),
Py, highly-dispersive plane compressor mirror (PC1611); Ms-M;, 6.35 mm-thick, broadband AR-
coated fused silica plates; W, removable, uncoated fused-silica wedge; PM, power meter. Right:
Picture of the DQWG assembly. The beam bath is schematically depicted in blue. All com-
ponents were implemented in the most rugged way available to facilitate a high stability of the
setup.
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rowing in the first pass in the DQWG. The initial pass in the DQWG is then formed by
placing a concave mirror with 1000 mm radius of curvature into the collimated beam. The
subsequent concave focusing mirrors have a radius of curvature of 300 mm and are equipped
with the same broadband dispersive mirror coating which has previously been used for the
second Herriott-cell broadening stage and which was introduced in Fig. 3.12. For determin-
ing the separation distance of the subsequent DQWG mirrors according to equation 4.1,
knowledge over the waist size of the initial pass through the DQWG is required. Con-
sequently, the beam caustic around the focus was measured using a scanning-slit beam
profiler (Ophir NanoScan 2s Pyro/9/5um). For the measurement, one of the second-stage
compressor mirrors was temporarily replaced with an uncoated fused silica wedge to avoid
damage to the beam profiler while maintaining the propagation direction of the incident
beam. The measured D40 beam width in the focus is 267 mm (averaged over two orthog-
onal axes) which yields a waist size of 128 pm of the embedded Gaussian beam (compare
section 1.1.2) for an average M? value of 1.09 (cf. Fig. 3.14). Consequently, the first fo-
cusing mirror is placed at a distance of 291 mm to the initial focus while the subsequent
mirrors are positioned at a relative separation distance of 583 mm to each other (the values
were determined using equation 4.1). Ultimately, the beam is re-collimated using another
concave mirror with 900 mm radius of curvature placed at a distance of 450 mm to the last
focus. In total, four passes are thus realized in the DQWG.

Spectral broadening inside the DQWG is realized by inserting fused silica plates as
nonlinear media into each pass of the DQWG (cf. Fig 4.2). The individual plates have a
thickness of 6.35 & 0.2mm [103], corresponding to a GDD of 120 fs* specified at a central
wavelength of 1030nm. It is easily seen that for the 6.35mm long fused silica plates,
equation 2.29 does not hold for the short input pulse durations of approximately 15 fs.
Consequently, the pulses are expected to be temporally broadened even during a single
transition through a nonlinear medium. The comparatively long nonlinear interaction
length was purposefully chosen to maximize the linearisation of the accumulated chirp
during spectral broadening, since the nonlinear interaction thus takes place in a positive
dispersion environment similar to the propagation of pulses in single-mode silica fibers [40].

4.3.2 Spectral broadening in a distributed quasi-waveguide

Since, for short pulses, dispersive effects cannot be neglected even during the propagation
through one plate, the calculation of the per-pass nonlinear phase shift requires precise
knowledge over both the beam caustic and evolution of the temporal profile within the
nonlinear medium in order to solve equation 2.26. However, since the beam is at the same
time subject to diffraction, residual self-focusing effects and temporal broadening, this
knowledge can only be obtained by properly modelling the propagation and numerically
solving a spatially resolved version of the GNLSE given in equation 1.117. Unfortunately,
no suitable framework for performing these simulations was available at the time of the
experiment. Consequently, the a-priori calculation of the spectral broadening factor ac-
cording to equation 1.110 was omitted and the spectral broadening was optimized based
on an empirical experiment, instead.
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Spatio-spectral evolution

To achieve an even distribution of the spectral broadening over the four passes formed by
the DQWG, a reduction of the Fourier-transform limit of 10 % is targeted for each pass.
After inserting the first fused silica plate, its position was optimized by gradually reducing
its distance to the beam waist position while monitoring the spectrum in a low power
beam using an OSA. The low power beam was obtained by temporarily replacing the
first re-focusing mirror with 300 mm radius of curvature by a plano-concave mirror with
600 mm radius of curvature which approximately collimates the divergent beam after the
first focus. This collimating mirror is placed under a slightly different incident angle which
allows the beam to be coupled out of the DQWG. A small fraction of the power can thus
be split-off the main beam for diagnostics using the surface reflection off of an uncoated
fused silica wedge.

For the first pass, the corresponding amount of spectral broadening is reached when
the fused silica nonlinear medium is positioned at a distance of approximately 105 mm
to the waist position (cf. Fig. 4.3 a). The peak intensity incident on the fused silica
plate is approximately 270 GW cm~2. To obtain a first assessment of whether the spectral
broadening in the first plate adversely affects the beam quality, the M? value was measured.
It takes an average value of 1.13, measured over two orthogonal axes. The slight decrease
in beam quality when compared to the output of the dual-stage Herriott-cell spectral
broadening (M? = 1.09) can be attributed to the non-uniformity of the accumulated
nonlinear-phase across the beam profile [120].

The optimization process was repeated for the subsequent three passes where the opti-
mum distances from the beam waist to the fused silica plate was determined to be 80 mm
for both the second and third pass and 50 mm in the fourth pass through the DQWG. The
reduced optimum distances from beam waist to nonlinear medium when compared to the
first pass in the DQWG can be explained as follows: During each pass through one of the
nonlinear media, the pulse accumulates a positive chirp as a result of the nonlinear inter-
action and material dispersion which causes a temporal broadening of the pulse. After a
subsequent propagation through air, the beam is refocused by a concave mirror. However,
the dispersive mirror coating is designed such that the positive chirp which is accumulated
during the previous propagation through the fused silica plate is only partially removed
(cf. section 3.1). As a result of the residual temporal broadening, the pulse duration in
the next pass of the DQWG is slightly longer and the peak power is slightly lower, cor-
respondingly. To maintain a fixed peak intensity, the reduction in peak power therefore
needs to be counteracted by reducing the effective area inside the nonlinear medium which,
in the experiment, is realized by moving the subsequent fused silica plate slightly closer to
the focus than the previous one. It is interesting to note that in contrast to the expected
linear reduction of the distance, the position of the second and third medium with respect
to the corresponding beam waists is almost identical. While no further investigations were
undertaken to verify the exact cause, this behaviour is assumed to be due to the dispersive
focusing mirror after the second pass having a slightly larger negative GDD than the other
mirrors. This results in a peak power which is approximately similar in the second and
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Fig. 4.3: Spatio-spectral evolution in the distributed quasi-waveguide. a) Spectral measurement
at the DQWG output using an OSA for varying number of fused-silica plates. b) Correspond-
ing M? value. The measurements were performed using a scanning slit beam profiler (Ophir
NanoScan 2s Pyro/9/5pm). The data sets in subfigures a) and b) follow the same color coding
for easy mapping of spectrum and M? value.
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third pass in the DQWG.

The corresponding spectra for the collimated output after two, three and four passes
are shown in Fig. 4.3 a. For the second and third pass, the spectral broadening inside each
fused silica plate reduces the Fourier-transform limited pulse duration by 1.3fs. At the
same time, the M? factor increases slightly further to 1.14 and 1.17 after the second and
third pass, respectively. After four plates, a bandwidth limited pulse duration of 10.7 fs
is reached with a final M? factor of 1.17. It should be noted that the fourth pass of
the DQWG only reduces the Fourier-transform limited pulse duration by 0.5fs which is
significantly less than the target 10 % of the FTL. Shifting the fourth plate even closer
towards the beam waist did not yield a further enhancement of the broadening factor
but resulted in damage to the fused silica plate. A potential cause for the saturation
of the spectral broadening might lie in the dispersion environment of the DQWG. In
the preceding discussion, the accumulated effect of dispersion and nonlinear interaction
was assumed to cause a temporal broadening of the pulse which results in a reduction of
the peak power. However, as introduced in section 1.1.3, for a non-Gaussian temporal
pulse shape the effect of dispersion will not only affect the pulse duration but also the
temporal shape of the pulse. Especially in the case of strongly modulated spectra as they
are generated by SPM-based spectral broadening, the pulse shape can quickly deteriorate
under the influence of accumulated dispersion — forming strong temporal oscillations once
a sufficient amount of chirp is accumulated. This, in turn, can lead to a rapid reduction
of the peak power and, consequently, the amount of spectral broadening.

In the DQWG, the pulse accumulates a certain amount of positive dispersion during the
propagation through the first three plates, each followed by an incomplete chirp removal
by the subsequent focusing mirrors. Consequently, the pulses entering the fourth plate are
already positively pre-chirped. It is therefore likely that in the fourth fused silica plate, only
a small fraction of the total length of the material contributes to the spectral broadening
since the pulse shape is excessively distorted already within a short propagation through
the medium. As a result, the nonlinear phase shift which in the first plate is distributed
over the entire length of a 6.35 mm long fused silica plate, needs to be accumulated in only
a small fraction of the propagation distance. When compensating the reduced effective
interaction length by increasing the peak intensity (for example by moving the medium
closer to the focus), self-focusing becomes more pronounced as well, which correspondingly
reduces the focal length of the generated Kerr-lens. Once the focal length becomes too
short, the generated focus will lie within the fused silica plate and the beam can collapse
which ultimately causes damage of the nonlinear medium.

The suspected reason for the saturation of spectral broadening mentioned above could
potentially be verified by measuring the temporal shape of the pulse after each individual
pass in the DQWG or by simulating the evolution of the temporal pulse shape and beam
profile using a suitable numerical approach. If the saturation can be confirmed to originate
from the accumulated positive dispersion, countermeasures could include the optimization
of the mirror coating to suppress excessive distortions of the temporal beam shape. If the
mirror coating cannot be optimized further, an intermediate re-compression of the pulse
could help in removing the residual accumulated chirp to increase the effective interaction
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length in sbusequent nonlinear media. For lowering the susceptibility to damage, the use of
thinner nonlinear media could be advantageous since shorter focal-lengths of the generated
Kerr-lens could be tolerated without resulting in self-collapse of the beam.

4.3.3 Output characterization and compression results

To conclusively evaluate the performance of the presented DQWG, the spectrally broad-
ened output beam was thoroughly characterized. To do so, the beam is collimated by the
previously mentioned concave mirror with 900 mm radius of curvature which features the
same coating as the other focusing mirrors inside the DQWG. The pulses are subsequently
compressed using a plane dispersive mirror with a GDD of —150fs®> (PC 1611, see P; in
Fig. 4.2).

At a full input power of 101 W (measured after the compressor of the second broadening
stage, see section 3.2.3), an output power of 100.4 W could be measured at the output of the
DQWG, corresponding to a remarkable optical efficiency of > 99 %. The superb efficiency
of the DQWG can be attributed to the high quality AR-coating on the fused silica plates
as well as the low reflections losses of the focusing mirrors. The long-term stability of the
average power of the full setup was measured over one hour with a resolution of 10 Hz
and is shown in Fig. 4.4. A normalized RMS deviation of 0.134 % was recorded which is
equivalent to the stability of the driving oscillator itself. It should be emphasized that
the spectral broadening in the DQWG could equivalently be maintained over much longer
time-scales of up to several hours at a time. Additionally, a similar performance of the
DQWG was achieved for multiple successive days without any re-alignments except for the
daily optimization of the driving oscillator during its thermalization period.

By placing an uncoated fused silica wedge in the collimated beam, a small fraction of
the full beam power can be split off for further characterization. The relative intensity
noise (RIN) of the spectrally broadened DQWG was measured using a similar method
as described in reference [95, p. 49]. An integrated root-mean-square intensity noise of
0.092 % was measured in the range from 10Hz to 1.25 MHz, which is about three times
higher than the RIN of the driving oscillator. Closer evaluation of the recorded noise
traces revealed, that the additional noise is mostly added in the acoustic frequency range
between 10 Hz to 20 kHz as well as in a sharp noise peak centred at around 22 kHz which is
already visible in the noise spectrum of the driving oscillator. The additional noise likely
stems from an enhancement of the incident noise during the nonlinear interaction in the
three cascaded compression stages such as it has previously been observed for continuum
generation in fibers [122]. It should be emphasized that while the RIN of the broadened
spectrum is significantly higher than that of the driving oscillator, the absolute noise value
is still well comparable to other ultrafast systems [24, 72]. Further reduction of the RIN can
potentially be achieved by utilizing active noise suppression techniques such as presented
in reference [24] or by meticulously optimizing the noise-properties of the driving oscillator
e.g. via mechanical de-coupling from the ambient environment.

The spectral and temporal shape of the compressed pulses was characterized using
the SPIDER technique and is shown in Fig. 4.5. Both the spectral shape and Fourier-
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Fig. 4.4: Output average-power stability of the distributed quasi-waveguide and its root-mean-
square-deviation (rmsd) measured over one hour with 10 Hz sampling frequency. The measure-
ments was taken after a thermalization period of approximately 30 minutes.

transform limit of 10.7 fs retrieved from the SPIDER measurement are in good agreement
with an additional spectral measurement performed using an OSA. The spectrum exhibits
a similar shape to those obtained using the Heriott-type multipass-cell spectral-broadening
approach, indicating that the spectral broadening is governed mostly by the effect of SPM.
For the DQWG, compression to a pulse duration of 10.8fs is achieved which is close to
the bandwidth-limited pulse duration of 10.7fs. The temporal compression factor of the
DQWG is 1.44, which is slightly below the targeted factor of 1.5. Nevertheless, the DQWG
approach shown here facilitated compression of laser pulses into the few-cycle regime;
the output pulse duration of 10.8fs corresponds to approximately 3.2 optical cycles at
a center wavelength of 1030 nm. Most importantly, however, the compression quality is
not significantly impaired when compared to the results of the dual-stage Herriott-cell
broadening scheme (compare Fig. 3.13). By comparing the area under the main peak
(grey shaded area in Fig. 4.5 b) to the total area under the curve, the main pulse is found
to contain more than 75 % of the pulse energy which is well comparable to the input energy
fraction of 78 %. As a result of the high compression quality, a peak power of 0.64 GW is
reached, which is a factor of 1.38 higher than at the input of the DQWG. To the author’s
knowledge, this is the highest peak power that has to date been realized in any amplifier-
free thin-disk system and constitutes the first demonstration that thin-disk oscillators
can be compressed to gigawatt-scale peak powers without additional amplification. The
compression quality, which is calculated as the ratio of the calculated peak power to the
peak power of a bandwidth-limited pulse according to equation 2.27 is 87 %. This value
is identical to the compression quality of the dual-stage multipass-cell output and further
indicates a low amount of uncompensated spectral phase components — verifying the high
quality of the additional temporal compression.
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Fig. 4.5: Spectral and temporal characterization of the distributed quasi-waveguide output. a)
Retrieved spectral phase and intensity from the SPIDER measurement compared to reference
measurement from an OSA. b) Measured intensity profile compared with the bandwidth-limited
pulse shape determined by Fourier-transformation of the spectrum. The grey shaded area denotes
the main part of the beam; 75 % of the total energy are contained within it.

In the previous section, the spatial quality of a beam propagating through the DQWG
was observed to steadily decrease with the number of passes in the DQWG (see Fig. 4.3).
The M? measurement of the final compressed DQWG-output is shown in Fig. 4.6. The M?
factor of the beam is 1.16 in the transversal and 1.18 in the sagittal plane, respectively. As
indicated in the previous section, the decrease of beam quality is expected to originate from
aberrations of the Kerr-lens, which are imprinted on the incident beam during the extended
propagation through the nonlinear media [120]. Nevertheless, the overall beam quality is
still on a comparable level to the typical M? factor of approximately 1.15 obtained for
thin-disk oscillator spectral broadening in Herriott-type multipass cells [81, 105]. The good
quality of the output beam is further supported by the measurement of the beam-profile
in the collimated beam (inset in Fig. 4.6). Importantly, it shows no strong signs of conical
emission as often observed for bulk-spectral broadening with excessive per-pass nonlinear
phase shift. Consequently, this already indicated a high spatio-spectral homogeneity [76,
108].

To further assess whether the observed degradation of the beam quality factor is trans-
lated into spatio-spectral couplings, the beam homogeneity was measured using the method
described in section 2.3.2. However, in order to increase the resolution of the measurement,
the step-size of the homogeneity scan was reduced to 0.1 mm. Furthermore, the scanning
range was slightly extended to 15 mm per axis (corresponding to 2 x 150 spectra) to ensure
that no spectral components in the far wings of the beam remain undetected. The recorded
spectra as a function of the axial position for two orthogonal axes are shown in the left
panel of Fig. 4.7. In analogy to section 2.3.2, the overlap V with the spectrum on the
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Fig. 4.6: M?-measurement of the distributed quasi-waveguide output according to ISO 11146-
1 [31]. The measurement was performed using a scanning slit beam profiler (Ophir NanoScan 2s
Pyro/9/51um). Inset: beam profile of the collimated beam showing no strong signs of additional
conical emission (compare to last frame in Fig. 3.5). The beam profile was recorded using a
Cinogy CinCam CMOS-1203 beam profiler.

beam axis was calculated for each spectrum using equation 3.4. It is shown in the right
panel of Fig. 4.7 (blue curves) together with the normalized integrated spectral intensities
(green curves) for both the z- and y-axis of the beam. The retrieved overlap is V, > 90 %
and V, > 92% within the 1/e? intensity of the integrated spectrum as indicated by the
dashed black lines. The measured spectral overlap is very comparable to the result after
the dual-stage Herriott-type multipass-cell (V, > 94% and V, > 92%) and proofs that
the DQWG concept facilitates a good homogenization of the spectral broadening if the
nonlinear phase shift is distributed over a sufficient amount of passes through a nonlinear
medium. The intensity weighted overlap factor of the DQWG output is V.;; > 98.4 % for
both the z- and y-axis of the beam, which is slightly higher than that of the input beam.
While the reason for this was not systematically investigated further, the difference in the
intensity weighted overlap factor could originate from a re-shaping of the spatial beam
profile from a Gaussian-shape towards a Townes-like profile, as a result of accumulated
self-focusing in the DQWG as previously discussed for bulk media and hollow-waveguides
in reference [123]. Since the Townes-profile exhibits a steeper roll-off of the intensity to-
wards the wings of the beam, the homogeneously broadened central section of the beam
would gain a stronger impact for the calculation of the intensity-weighted overlap factor.
It should be emphasized that the DQWG approach is best suited if only low compres-
sion factors smaller than two to three are required, since the number of focusing optics
continuously grows with the necessary amount of spectral broadening, which in turn in-
creases the system size and complexity. Pulse compression using a DQWG consequently
provides a suitable means of reaching the few-cycle regime with pulses that have previously
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Fig. 4.7: Homogeneity measurement of the distributed quasi-waveguide output. Left panel:
recorded spectra vs. position. The spectra were recorded using a multi-mode fiber (400 pm core
diameter) with FC/PC tip coupled to an OSA. Right panel: calculated position dependent
spectral overlap V' (blue curves) and integrated spectral density (green curves). The dashed
black lines indicate the 1/e? level of the integrated spectral densities beyond which the accuracy
of the measurement degrades due to the reduction in signal-to-noise ratio. The spectral overlap
is > 90 % within the 1/e? intensity of the integrated spectra.
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been compressed to &~ 20fs, by, for example, using multipass-cell- or fiber-based spectral
broadening. Further compression to pulse duration close to the single-cycle regime appears
feasible by implementing additional DQWG stages.

4.4 Chapter summary

In this chapter, the concept of spectral broadening in distributed quasi-waveguides (DQWGs)
has been introduced. The DQWG represents a method for homogeneously broadening the
spectrum of a laser pulse over its entire beam profile by distributing the underlying effect of
SPM over a sufficient amount of passes through a nonlinear medium and with intermediate
re-focusing of the beam. By designing the DQWG to mimic a stable resonant structure,
a comparable homogenization to spectral broadening in Herriott-type multi-pass cells is
facilitated. However, in contrast to multipass-cell based spectral broadening, the use of
individual nonlinear media for each pass in the DQWG permits an optimization of the
individual per-pass nonlinear phase shifts. This property of DQWGs can be used to miti-
gate the stringent requirements on dispersion control which constitute a key limitation for
reaching the few-cycle regime in multipass-cell based spectral broadening techniques.

In a proof-of-concept experiment, spectral broadening in a DQWG has been utilized to
spectrally broaden the 15.6 fs long output pulses of the previously introduced dual-stage
multi-pass system (cf. chapter 3) to a Fourier-transform limit of 10.7 fs in a sequence of four
individual fused silica plates. Pulse compression to the few-cycle regime was achieved with
a chirped mirror compressor yielding an output pulse duration of 10.8fs. By operating
the DQWG deep in the positive dispersion regime, an excellent compression quality is
maintained with more than 75 % of the pulse energy being contained in the main peak and
a calculated compression efficiency of 87.6 % (cf. equation 2.27). Owing to an excellent
optical efficiency exceeding 99 % as well as the high compression quality, a peak power
of 0.64 GW is reached at the output of the DQWG. To the author’s knowledge, this
first demonstration of gigawatt-scale peak power constitutes the highest peak power that
has so far been realized in any amplifier-free thin-disk laser. By performing a thorough
characterization, the DQWG approach could further be shown to preserve the spatio-
spectral homogeneity of the beam while only marginally reducing the beam quality.

In the experiment, a saturation of the spectral broadening in the last pass of the DQWG
was observed, which inhibited the compression to even shorter pulse durations. While the
saturation is assumed to stem from accumulated dispersion causing a re-shaping of the
temporal pulse shape in the DQWG, further investigation of the exact reason remains to
be conducted. Pulse compression to shorter pulse durations approaching the single-cycle
regime appears feasible by cascading additional DQWG stages at the compressed output
or by resorting to single-plate or cascaded thin-plate spectral broadening techniques.

The availability of few-cycle laser pulses with gigawatt-scale peak powers represents a
milestone in the development of ultrafast thin-disk lasers. By utilizing frequency conversion
mechanisms such as IPDFG, these laser pulses are expected to facilitate the generation of
broadband mid-IR radiation with extended frequency cut-off at unprecedented power levels.
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A proof-of-principle study on the frequency conversion to the mid-IR using IPDFG as well
as a discussion of the benefits of an extended frequency cut-off for time-domain spectroscopy
applications is presented in the next chapter 5. In this thesis, only the frequency conversion
into the mid-IR spectral range was further investigated. However, the availability of few-
cycle laser pulses with gigawatt-scale peak powers is furthermore expected to facilitate the
realization of compact high photon-flux XUV-sources at megahertz repetition rates [124].
When combined with a suitable method of stabilizing the CEP of the pulses as further
described in chapter 6, even attosecond pulse generation at megahertz repetition rates can
be envisioned.






Generation of broadband
mid-infrared radiation

5.1 Waveform-stable mid-IR generation

As briefly stated in the introduction, most biologically relevant molecules exhibit funda-
mental vibrational modes in the spectral range between 2 pm and 20 pm. As a result, mid-
IR spectroscopy can, for example, be used for a wide variety of medical applications [12].
For many of these applications, a broad spectral bandwidth of the utilized radiation source
is highly beneficial since it enables the simultaneous detection of resonances from a multi-
tude of different molecules. Until now, the most commonly utilized devices for investigating
the mid-IR spectral response of biological samples are Fourier-transform infrared (FTIR)
spectrometers employing thermal- or laser-based- radiation sources (cf. references [6] and
[125] and references therein). While these spectrometers can readily cover the entire mid-
IR spectral range, the detection of weak molecular responses is, due the limited dynamic
range of the measurement instruments, typically restricted to concentrations above a few
micrograms per millilitre [126, 127]. Only recently, a novel type of spectrometers based on
the field-resolved detection of IR transients has been proposed and demonstrated to en-
able the vibrational spectroscopy of biological samples with unprecedented sub-microgram
per millilitre sensitivity [6, 128, 129]. However, in contrast to FTIR spectroscopy, field-
resolving measurement techniques further require a high temporal coherence of the utilized
mid-IR radiation, prohibiting the use of thermal radiation sources.

As an alternative, frequency down-conversion in nonlinear crystals driven by NIR lasers
has been shown an excellent method for generating the required broadband coherent mid-IR
radiation as it facilitates octave spanning spectra from table-top sized setups at brightness
levels exceeding those of synchrotron facilities by orders of magnitude [20, 130]. Specifi-
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cally, the generation of mid-IR radiation via IPDFG in a suitable crystal exhibits several
advantages when compared to alternative techniques such as optical parametric ampli-
fication (OPA) [131] or Raman-induced soliton self-frecuency shifting [132]: Since both
frequency components which participate in the generation of the mid-IR radiation are con-
tained within the same driver pulse, spatial as well as temporal overlap of the individual
frequency components can inherently be ensured. The result are much simpler and compact
setups then typically required for OPA-based approaches. Furthermore, the CEP of the
resulting pulse is inherently stabilized in the IPDFG process [133]. Therefore, the stable
waveform of the mid-IR pulses can directly be measured using methods like electro-optical
sampling (EOS). This is a pre-requisite for time-resolved spectroscopic applications such
as the field-resolved spectroscopy (FRS) of biological tissues, which promises significant
improvements in measurement sensitivity and dynamic range when compared to existing
techniques based on FTIR spectrometers (cf. introductory chapter) [6].

While the technique of IPDFG can provide many advantages for the generation of co-
herent mid-IR radiation, the low efficiency of the frequency conversion when driven by
laser pulses in the NIR dictates the use of driving lasers with high peak powers (see equa-
tion 1.90). Additionally, the upper frequency cut-off of the conversion process scales linearly
with the bandwidth of the incident pulse spectrum (cf. equation 1.88). Consequently, the
generation of short-wavelength mid-IR radiation via IPDFG requires the availability of
broadband, ultra-short input pulses and is thus increasingly difficult to achieve. It should
be emphasized that the spectral responses of various of important functional groups are
located in the spectral region below 6.5 um [134]. Importantly, it contains the amide I and
amid IT bands (& 5.8 to 6.6 um) which are the two major bands of protein IR spectra as well
as the spectral response of several molecular stretching vibrations found in various lipids
(~ 3.1 to 3.6 pm) [125] — both of which are important biological markers. As a result of
the scarcity of ultra-short laser pulses at sufficiently high peak power levels, IPDFG driven
by NIR laser pulses has so far mostly been limited to the generation of mid-IR radiation
in the spectral range above 6 um [6, 20, 135]. To date, the field-resolved spectroscopy of
biological tissues has hence only been demonstrated within the molecular fingerprint region
(= 6.5 to 20 um). However, it would be highly desirable to further extend the applicability
range of field-resolved spectrometers by increasing the bandwidth of the utilized mid-IR
spectra generated via IPDFG towards even shorter wavelengths. To evaluate whether the
high power few-cycle laser pulses at the output of the DQWG described in chapter 4 can
benefit the generation of short-wavelength mid-IR radiation via IPDFG, a simple proof-
of-principle frequency conversion experiment was conducted which will be described in the
following sections.
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5.2 Few-cycle-laser based intra-pulse
difference-frequency generation

5.2.1 Generation of tunable mid-infrared radiation below 6.5 pm

For the experiment, LiGaS,; was chosen as a nonlinear crystal for the frequency conversion.
LGS is a non-centrosymmetric bi-axial crystal that features a high second-order nonlin-
earity and allows for broadband phase matching of the DFG process. Furthermore, LGS
offers a wide transparency range up to 11.6 pm and exhibits a high laser-induced damage
threshold of approximately 1 TW /cm? for femtosecond pulse durations [20]. The crystal
which was used in the experiment has a length of 0.75 mm, which provides a good trade-
off between broadband phase matching and conversion efficiency. It is uncoated and cut
at ¢ = 0° and § = 48° to facilitate broadband type I phase-matching (see reference [25,
p. 1030] for further details on phase-matching types).

The experimental setup for the mid-IR generation experiment is schematically depicted
in Fig. 5.1. As previously stated in section 3.2.3, no non-dispersive dielectric mirrors with
a high reflectivity over the entire spectral bandwidth of the DQWG output are currently
available. The compressed pulses from the output of the DQWG are hence reflected from a
dispersive mirror and subsequently focused using a likewise dispersive concave mirror with
600 mm radius of curvature. The coating for these two mirrors is the same as utilized for
the mirrors in the DQWG shown in Fig. 3.12. Two fused silica plates with a thickness of
6.35 mm each are placed in the collimated beam before the focusing mirror to compensate
the dispersion introduced by the additional mirrors. A small radius of curvature of the
focusing mirror was deliberately chosen to be able to avoid the need for adding additional
dispersive folding mirrors to the beam path. However, the peak intensity of the incident
laser pulses in the thus created waist exceeds the aforementioned damage threshold of the
LGS crystal. Consequently, the nonlinear crystal had to be placed in the divergent beam
where the intensity is reduced enough to avoid crystal damage (cf. Fig. 5.1).

In the experiment, the crystal was placed at a distance of 510 mm to the focusing mirror.
The peak power on the uncoated front surface of the LGS crystal was calculated to be on the
order of 100 GW /cm?, which is a factor of ten below the expected damage threshold. Whilst
higher peak-intensities are expected to facilitate a significant enhancement of the conversion
efficiency, the low value was deliberately chosen here to minimize crystal degradation and
facilitate long-term operation. To be able to optimize the phase-matching for different
spectral components, the crystal was mounted such that the orientation of ¢ and 0 as well
as the tilt of the crystal with respect to the vertical axis could be smoothly adjusted. The
crystal is initially rotated such that the incident power is distributed evenly among the
ordinary and extraordinary axis of the LGS crystal.

After IPDFG, the NIR-beam is separated from the newly created mid-IR radiation
using a dichroic mirror. The mirrors is based on a ZnSe-substrate with a highly reflective
coating for the NIR on the front surface and an AR-coating for the mid-IR radiation
on the back surface. Since the residual NIR transmission through the dichroic mirror is
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Fig. 5.1: Schematic of the mid-IR generation setup. The DQWG output is focused into the
LGS crystal using a highly dispersive (HD) concave mirror M; with a radius of curvature of
600 mm. Two additional fused-ilica plates (FS) are placed in the input beam for dispersion
compensation. The beam path for the NIR and mid-IR spectral components are described in
detail in the text. The abbreviations are: Ms, NIR collimating mirror; DM, dichroic mirror on
zinc selenide (ZnSe) substrate; L, ZnSe mid-IR collimating lens with a focal length of 500 mm;
AU, bare gold folding mirrors; LPF, long-pass filter that can be replaced by a germanium plate
(Ge) for the measurement of spectral components below 4.5 pm; PM, power meter, Lo, focusing
lens with a focal length of 200 mm.
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still on the order of several hundreds of milliwatts for the 100 W-level incident beam, a
second dichroic mirror is added. The mid-IR radiation is subsequently collimated using
a broadband AR-coated spherical ZnSe lens with 500 mm focal length (Thorlabs LA7270-
E4). It should be noted that using a spherical lens for the collimation worked well in the
proof-of-principle experiment where only the spectrum of the generated mid-IR radiation
was further analysed. However, collimation of the broadband radiation should ideally
be performed with optical elements that do not exhibit chromatic aberrations. Doing so
reduces space-time coupling and minimizes spectral inhomogeneity across the beam profile,
and thus ensures a good compression of the pulse for subsequent experiments [136, 137].
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Fig. 5.2: Generated mid-IR for different phase-matching tuning angles. The spectra were mea-
sured using a Czerny-Turner monochromator (Newport, Cornerstone 260) equipped with multiple
diffraction gratings. Each spectrum is stitched together from three individual measurements at
wavelengths of 5.1 pm and 7.6 pm without additional amplitude normalization. The correspond-
ing average power levels for each spectrum are given in the legend.

Once collimated, the mid-IR beam is guided towards a Czerny-Turner monochromator
(Newport, Cornerstone 260) equipped with multiple diffraction gratings for characteriza-
tion of the generated spectrum. The collimated mid-IR beam is modulated using a chopper
wheel to enable lock-in detection of the signal at the monochromator output (cf. Fig 5.1).
To match the input numerical aperture of the monochromator and further enhance the
signal-to-noise ratio of the spectral measurement, the mid-IR is loosely focused onto the
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entrance slit of the monochromator using another AR-coated ZnSe lens with a focal length
of 200mm (Thorlabs LA7228-E4). The resulting spectra for different phase-matching an-
gles of the LGS crystal are shown in Fig. 5.2. Fach spectrum is stitched together from
three individual measurements corresponding to a different combination of longpass filter
(to filter out second-order diffraction peaks) and gratings. The measurements were stitched
at wavelengths of 5.1 pm and 7.6 pm without additional amplitude normalization.

For each crystal angle, the resultant average power of the generated mid-IR radiation
was measured using a low-noise thermal power sensor. The average power for each phase-
matching configuration are given in the legend of Fig. 5.2. Since a significant amount
(several tens of milliwatts) of second-harmonic radiation was generated inside the LGS
crystal which was mostly transmitted through the dichroic mirrors (see Fig. 5.3), a long-
pass filter with a cut-on wavelength of 4.5 pm was placed in front of the power sensor for the
average power measurements. As the mid-IR spectrum corresponding to the black curve in
Fig. 5.2 contains a significant amount of spectral components below 4.5 yum, the long-pass
filter was replaced for this measurement by an uncoated 5 mm long germanium plate which
only transmits spectral components beyond 1.7 um. The corresponding average output
power was retrospectively corrected for the transmission 7" of the utilized germanium plate,
which is approximately T = 48 % and mostly flat over the range of the measured spectrum.

Fig. 5.3: Left: Second-harmonic radiation generated inside the LGS crystal, which is placed
in a electrically controlled rotation mount. Right: Picture of the emitted green light impinging
on the dichroic mirror used for separation of NIR and mid-IR radiation. The green light of the
second-harmonic is partially transmitted through the dichroic mirror and the transmitted fraction
is visible as a faint green glow at the bottom of the image.

The highest conversion efficiency was found for the phase-matching condition resulting
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in the green spectrum shown in Fig. 5.2, which is centred at around a wavelength of 8.5 pm
and where a maximum average power of the mid-IR radiation of 48.3 mW was measured on
the thermal power sensor. This corresponds to an optical-to-optical efficiency of just below
0.05%. Despite the high peak power of the input pulses exceeding 0.6 GW, the power
level of the generated mid-IR radiation is slightly below that of previous implementations
of IPDFG in LGS (reported values are for example 0.21 % in reference [20] or 0.13 % in
reference [138]). The main reasons for the rather low achieved conversion efficiency are the
conservative choice of the peak intensity of the NIR pulse on the incident surface of the
LGS crystal, which is about a factor of two to three lower than in references [20] and [138],
as well as the short length of the LGS crystal of only 0.75 mm chosen to facilitate broader
band phase-matching of the IPDFG process. A significant improvement in the mid-IR
power is expected to be achievable by optimizing the incident pulses peak intensity. This
could for example be realized by carefully translating the LGS crystal along the optical
axis towards the beam waist.

As stated in the previous paragraphs, the spectrum and power level of the generated
mid-IR radiation can be adjusted by varying the orientation of the ¢ and 6 angle of the
nonlinear crystal. Some of the possible spectra for different phase-matching configurations
of the LGS crystal are shown in Fig. 5.2. It is easily seen that for the few-cycle input
pulses from the output of the DQWG presented in chapter 4, the cut-off wavelength of the
generated mid-IR spectrum can be extended to wavelengths significantly below 6 pm. More
specifically, it is possible to adjust the crystal angle such that the output spectrum covers
the entire amide band spectral range (5.8 to 6.6 pm) at the —10dB level (orange spectrum
in Fig. 5.2), which validates the advantage of using few-cycle laser pulses for IPDFG-based
mid-IR generation for spectroscopic applications beyond the molecular fingerprint region.
By optimizing the phase-matching for the generation of spectral components with even
shorter wavelengths, a cut-off wavelength of 3.6 pm was achieved at —30dB level (black
curve in Fig. 5.2). While the IPDFG-based generation of mid-IR radiation spanning the
wavelength range below 3.6 pm appears feasible, it would require the further broadening of
the spectral bandwidth of the driving NIR pulses (cf. equation 1.88), which is equivalent
to compressing the pulse to even shorter pulse durations. This could be carried out using
one of the methods presented in chapter 4.

It should be noted that the average power of the generated mid-IR radiation is con-
tinuously reduced when optimizing the phase-matching configuration for the generation of
spectral components with ever shorter wavelength — reaching an average power of 7.6 mW
for the phase-matching condition corresponding to the black curve in Fig. 5.2. This reduc-
tion in average power can be understood by taking a closer look at the spectral shape of
the pulse at the DQWG output. It is easily seen in Fig. 4.5 that for the SPM-broadened
pulses at the output of the DQWG, the spectral power density drops rapidly near the
spectral wings which are responsible for the generation of short-wavelength components
in the frequency mixing process (cf. equation 1.88). A further spectral broadening of the
incident NIR laser pulses could therefore not only facilitate the generation of radiation
containing even shorter wavelength components but additionally enhance the available en-
ergy content in the already demonstrated short-wavelength mid-IR spectral ranges due to
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a further redistribution of energy into the wings of the NIR spectrum.

5.2.2 Optimized broadband operation

In the previous section, the generation of tunable mid-IR radiation with a low-wavelength
cut-off below 6.5 pm was presented. For the resulting spectra presented in Fig. 5.3, the
phase-matching inside the LGS crystal had deliberately been chosen to maximize the energy
content in narrow spectral ranges around a peak-wavelength which was continuously tuned
towards ever shorter wavelengths. By doing so, a spectrum that covers the entire amide
band spectral region (5.8 to 6.6 pm) at —10dB-level could be generated (orange curve in
Fig. 5.3). It is, however, important to emphasize that especially for medical applications
the generated mid-IR spectrum should preferably allow the simultaneous coverage of both
the functional group- and molecular fingerprint spectral regions — corresponding to the
wavelength range of 3.5 to 20pm — to facilitate monitoring and characterization of as
many molecules as possible concurrently.

Time-domain spectroscopic applications such as FRS of biological tissues further de-
pend not only on the spectral range of the mid-IR radiation to cover the molecular ex-
citation frequency, but require the radiation to be delivered in a coherent short pulse to
enhance the signal-to-noise ratios beyond those of classical FTIR-spectroscopy [6]. More
specifically, in reference [6] it is pointed out that further improvement of the detection
limit depends critically on the availability of a steeper decay of the exciting mid-IR radia-
tion — corresponding to a tight temporal confinement of the generated mid-IR radiation
into a short pulse. According to Fourier-transform, the generation of short pulses likewise
requires broadband spectra with a well controlled spectral phase over the entire spectral
bandwidth (c.f. section 1.1.3). In the frame of this thesis it was hence briefly investigated,
whether the generation of broadband mid-IR spectra is feasible via IPDFG within the same
optical arrangement and LGS crystal described in the previous section 5.2.1.

The resultant bandwidth optimized spectrum which was achieved by optimizing the
orientation of the ¢ and 6 angles of the LGS crystal as well as the crystal tilt is shown
in Fig. 5.4. To facilitate the measurement of spectral components up to 16 pm, four in-
dividual monochromator measurements with different combinations of diffraction grating
and long-pass filter were stitched together during post-processing at wavelengths of 5.1 pm,
8.6 pm and 12.2 pm without additional amplitude normalization. The broadband spectrum
extends from approximately 5 to 12 pm at the —20dB level (indicated by the dashed blue
line in Fig. 5.4) covering both the spectral region of the amide bands as well as a signifi-
cant fraction of the molecular fingerprint region at the same time. The Fourier-transform
limited pulse duration corresponding to the measured spectrum is 33 fs — or merely 1.2
optical cycles at a center wavelength of 8.5 um. A detailed measurement of the temporal
profile of the generated mid-IR waveform via EOS as well as further temporal compression
by tailored chirped mirrors will lead to the desired short excitation pulses for FRS.

The achieved spectral coverage is already well comparable to the latest generation of
FRS measurement instruments [138]. In contrast to reference [138], the lower wavelength
extension of the generated mid-IR spectrum in the broadband experiment presented here
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Fig. 5.4: Generated mid-IR spectrum when optimized for broadband operation (green). The
measurement noise floor is depicted by the grey line. The dashed blue line marks the —20dB-
level. For both measurements, four individual monochromator traces were stitched together
during post-processing at wavelengths of 5.1 pm, 8.6 pm and 12.2 pm without additional amplitude
normalization. Inset: Beam profile of the collimated mid-IR radiation.

is so far not limited by the bandwidth of the few-cycle driving NIR laser pulse and can
thus likely be extended further to at least 3.6 pm by utilizing a thinner LGS crystal with
larger phase-matching bandwidth at the expense of a reduced conversion efficiency. For
the proof-of-principle experiment presented in this section, the average output power of
the generated mid-IR radiation is on the order of 26 mW (measured after two dichroic
beamsplitters and a 4.5um longpass filter). Further enhancement of the output power
appears to be feasible by utilizing the methods discussed in the previous section 5.2.1. It
should further be pointed out that the generated mid-IR radiation is emitted in a clean
spatial profile which appears to be of Gaussian shape (cf. inset to Fig. 5.4) and was
characterized to be linearly polarized with a polarization extinction ratio exceeding 100:1.

5.3 Chapter summary

In this chapter, the results of a proof-of-principle frequency conversion experiment driven
by the high-power few-cycle laser pulses generated using the spectral broadening methods
described in chapters 3 and 4 have been presented. The frequency conversion experiment
aimed at investigating whether the increased bandwidth of the aforementioned few-cycle
laser pulses, when compared to previous implementations, can benefit the generation of
broadband, coherent mid-IR radiation via IPDFG in a nonlinear crystal. More specifically,
it was evaluated whether the extended bandwidth of the NIR driver pulses can help in
extending the lower cut-off wavelength of the generated mid-IR radiation to below 6.5 pm
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— a pre-requisite for enabling mid-IR spectroscopy on for example amides and lipids, which
feature various important resonances in this spectral region [125].

By focusing the few-cycle NIR laser pulses into a thin (0.75mm) LGS crystal, the
generation of narrow-band mid-IR radiation was achieved. The peak wavelength of the
mid-IR radiation is tunable from approximately 8.5 to 4.7pm by adjusting the phase-
matching conditions inside the nonlinear crystal. For the case optimized for the generation
of short-wavelength components, the spectrum extends down to 3.6 ym at —30dB-level
at an average output power of 7.6 mW. Further optimization of the mid-IR power can
potentially be achieved by utilizing a dichroic half-wave plate for selectively adjusting the
input polarization of the short wavelength components of the incident NIR pulses with
respect to the polarization of the long wavelength components to enhance the efficiency of
the type I phase matching process. Importantly, however, the experiment already confirms
that the cut-off wavelength of the generated mid-IR radiation can be significantly reduced
if sufficiently short (and thus broadband) NIR driver pulses are used for the frequency
conversion.

For the efficient implementation of time-domain spectroscopic applications such as FRS,
the generated mid-IR radiation should preferably be broadband to allow the simultaneous
coverage of a multitude of resonances from various biologically important molecules. The
frequency conversion inside the LGS crystal was therefore additionally optimized for the
generation of broadband coherent mid-IR radiation — spanning from approximately 5
to 12um at the —20dB level with an average output power of 26 mW. The achieved
spectral coverage of this first demonstration is already on par with the latest generation of
FRS measurement instruments (compare references [6, 138]), with ample room for further
improvement. Importantly, the results from the narrow-bandwidth tuning experiment
suggest that the low-wavelength cut-off of the generated broadband radiation is not yet
limited by the bandwidth of the NIR driver pulse and can thus be extended further by
utilizing thinner nonlinear crystals allowing for a more wide-band phase-matching of the
IPDFG process. Alternatively, a dielectric notch-filter with a stopband at around the center
wavelength of the incident NIR pulses could be used to enhance the relative power density of
their spectral wings. Doing so while maintaining the peak intensity inside the LGS crystal
can result in a strong enhancement of the short-wavelength components of the generated
mid-IR spectrum, and a significantly increase in usable bandwidth, correspondingly. The
extension of the mid-IR spectrum towards shorter wavelength is expected to result in even
shorter compressed mid-IR pulses, facilitating a significant improvement in the effective
dynamic range of the targeted FRS of biological tissues and unprecedentedly low detection
limits of the chemical compounds under investigation [6].



Waveform control of high-power
thin-disk lasers

6.1 Frequency comb spectroscopy in the extreme ul-
traviolet

In the preceding chapter 5, it has briefly been introduced how spectroscopic applications
in the mid-IR spectral range, such as the laser-based FRS of biological tissues, can benefit
from the availability of high-power few-cycle laser pulses for driving the required frequency
down-conversion process with high photon flux. However, the same pulses, especially
at megahertz repetition rates, similarly open up new perspectives for the frequency up-
conversion of the NIR laser radiation. The generation of coherent, high-brightness and
CEO-stable radiation in the XUV spectral range is of special importance for the further
development of precision spectroscopy techniques such as photoemission spectroscopy or
XUV frequency comb spectroscopy [5, 7, 8, 139]. As an example, XUV frequency comb
spectroscopy could facilitate the direct detection of the 1S-2S atomic transition in singly
ionized helium ions using coherent radiation at around a wavelength of 61 nm, which is
expected to provide valuable insights into the higher-order corrections of bound-state quan-
tum electro-dynamics (QED) [11]. A slightly more mundane example for the utility of XUV
frequency comb spectroscopy is the development of novel, optical clocks based on nuclear
transitions in Thorium atoms, which are expected to provide an unprecedented fractional
inaccuracy on the order of 1 x 10719 [10]. The feasibility of performing time measurements
with such low error will benefit a manifold of applications, including the improvement
in accuracy of satellite-based navigation, or even setting a new primary standard in the
definition of the second [9].

To date, the required coherent radiation in the XUV spectral range is commonly gen-
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erated via HHG in noble gases driven by laser pulses in the NIR spectral range [140, 141].
However, the effectiveness of this approach is often impaired by the inherently low effi-
ciency of the frequency conversion process (typically < 107%), even if the conversion is
driven by pulses as short as 20 fs [142, 143]. While the conversion efficiency into single har-
monic peaks can in principle be increased, for example, by improving the phase-matching
of the conversion process using hollow capillary tubes [144], the low conversion efficiencies
are more commonly counteracted by enhancing the average- and peak power of the driver
laser. Since laser oscillators with sufficiently high power to directly drive the HHG process
are hardly available, extra-cavity amplification or passive enhancement cavities are usually
employed for these purposes (cf. reference [145] and references therein). Unfortunately,
such systems are typically bulky and complex in design. Furthermore, specifically fiber
amplifier-based systems can suffer from significant high frequency (> 100kHz) intensity
noise [146]. Owing to amplitude-to-phase coupling in nonlinear media, this intensity noise
can be coupled to the noise of the CEO frequency [147], which is expected to be fur-
ther enhanced during the frequency conversion process [148] — constituting an additional
limitation to high-precision spectroscopic applications in the XUV spectral range.

The aforementioned limitation of excessive high-frequency noise can be mitigated by
utilizing femtosecond thin-disk lasers for driving the nonlinear frequency conversion into
the XUV spectral range [19]. This class of lasers has previously been demonstrated to
exhibit excellent noise characteristics where shot-noise limited performance can easily be
obtained at frequencies above &~ 100kHz [24]. The recent advances in high-power, few-
cycle thin-disk laser sources with megahertz repetition rates, such as developed in the frame
of this thesis, are expected to allow for efficient frequency conversion even in single-pass
geometries such as presented in reference [124] — significantly reducing the complexity of
the required frequency conversion setup when compared to passive enhancement cavities.

It is important to note that in contrast to IPDFG, the waveform of the generated XUV
radiation is not inherently stabilized in the HHG process. Consequently, the generation of
XUV frequency combs by means of laser-based HHG requires the utilized NIR driver laser
to itself form a frequency comb. Since Kerr-lens mode-locked oscillators commonly emit a
train of short pulses, the associated spectrum already consists of a discrete set of equally
spaced lines with frequencies f,, (see red lines in Fig. 6.1), given by [5]

fn:n'frep+fCEO (61)

where n is a large integer number corresponding to the longitudinal mode order of the
oscillator cavity, f.., is the pulse repetition rate of the laser and fogro is the CEO fre-
quency. This offset frequency fopo is directly connected to the change in CEP (A¢cgp,
cf. section 1.1.3) the pulse experiences during one roundtrip through the oscillator and can
be written as [34, p. 350] A
PcEp
5 Jren (6.2)
It is instructive to first take a closer look at the physical origin of the CEO frequency. In
section 1.1.3, the change in CEP has been introduced as the result of a discrepancy between

fCEO =
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phase- and group velocity of a light pulse propagating through a dispersive medium. In an
ideal laser oscillator in steady-state operation, the roundtrip dispersion is invariant over
time resulting in a constant change in CEP and hence, also a constant CEO frequency.
However, in real world laser oscillators, both the repetition rate and the CEO frequency
often fluctuate significantly as a result of variations in the optical path length and intra-
cavity dispersion — caused by, for example, nonlinearly induced refractive index changes,
thermal effects or even mechanical vibrations. Consequently, to form a stable frequency
comb, the pulse repetition rate as well as the CEO frequency of the driving oscillator
typically need to be actively stabilized [149].

Since the repetition rate of most thin-disk lasers lies in the range from 1 to 100 MHz
it can be measured directly using sufficiently fast photodetectors. Fluctuations of the rep-
etition rate can then be reduced for example by mounting one of the intra-cavity mirrors
to a piezo-transducer that stabilizes the optical length of the laser resonator [149]. As
the CEO frequency is directly related to the optical phase fluctuations of the carrier wave
(cf. equation 6.2) it is significantly more complicated to be assessed directly. To date, the
CEO frequency is most commonly measured utilizing interferometric f-2f self-referencing
schemes [150, 151]. In such schemes, an octave-spanning spectrum is first generated from
the driver laser by means of SPM-based spectral broadening or continuum-generation.
After frequency doubling the octave-spanning spectrum, the residual, unconverted fun-
damental spectrum is interfered with the newly generated second-harmonic components
on a sufficiently fast photodetector. As a result, a beating between adjacent lines of the
fundamental- and second-harmonic spectrum can be observed (cf. Fig 6.1) [152].

Since the SHG is driven by the initial frequency spectrum, the frequency of the resulting
beat note is given by

FHG _ flund — 0 (- frep + fopo) — (20 frep + forO) = feBO (6:3)

which is the CEO frequency. This beat note can subsequently be mixed with a stable
radio frequency (RF)-reference to generate an error signal. The reference could be derived
from a frequency generator or even from the laser itself. Importantly, the error signal can
subsequently be minimized via controlling the CEO frequency of the laser oscillator for
example by providing negative feedback in a phase-locked loop (PLL).

The following section 6.2 provides a brief overview over the various commonly employed
techniques for controlling the CEO frequency of laser pulses in high-power laser systems.
Furthermore, a novel method for stabilizing the CEO frequency of Kerr-lens mode-locked
laser oscillators is introduced. It is based on intra-cavity loss modulation using an AOM
which at the same time serves as the nonlinear medium inside the laser oscillator. This novel
concept is applied to a high-power Kerr-lens mode-locked thin-disk oscillator, resulting in
a stabilization of the CEO frequency with a residual in-loop phase noise below 90 mrad
measured from 1Hz to 500kHz at an unprecedented average power of more than 105 W
and intra-cavity peak power exceeding 200 MW.
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Fig. 6.1: Schematic depiction of the CEO-frequency beating. A fundamental line spectrum
(red columns), corresponding to a regular pulse train, is shown. The individual lines are equally
spaced by the repetition rate f,¢, and the entire line spectrum is offset from zero by the carrier-
envelope offset (CEO)-frequency foro (green inset, cf. equation 6.1). The frequency doubled
line spectrum (blue columns) consists of individual lines which are spaced by 2 f,¢, and is offset
by 2 fepo. If the fundamental line spectrum is octave spanning it overlaps with the second-
harmonic spectrum and a beating between adjacent lines of the two spectra can be observed at
the CEO-frequency (orange inset).
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6.2 Carrier-envelope offset frequency stabilization

6.2.1 State-of-the-art stabilization techniques

The most commonly employed techniques for stabilizing the CEO frequency of high-power
laser systems can be separated into two groups: feed-forward stabilization methods which
are used to directly stabilize the CEO frequency at the output of a free-running oscillator,
and feedback schemes in which the CEO frequency stabilization is achieved inside the laser
oscillator by modifying the intra-cavity dispersion or nonlinearity.

Feed-forward CEO frequency stabilization

In feed-forward stabilization schemes, the CEO frequency of the free-running mode-locked
laser oscillator output is retroactively stabilized by utilizing the diffraction of the laser beam
from an acousto-optic frequency shifter (AOFS) [153]. To date, the feed-forward approach
has successfully been demonstrated for low-power seed lasers (e.g. based on Ti:sapphire
or Yb:CYA gain materials) which can be followed by extra-cavity amplification chains to
obtain higher powers [153, 154]. The direct application of the feed-forward stabilization
approach to high-power lasers remains challenging due to multiple reasons: The concept
typically introduces significant linear losses since it relies on using the first diffraction or-
der beam from the AOFS where efficiencies are typically below 80 % [155]. In addition to
power losses, utilization of the first diffraction order can introduce beam-pointing instabil-
ities as well as angular and spatial chirp of the laser pulses that subsequently need to be
corrected. This can significantly increase the system complexity [155-157]. For high-power
driving lasers, the beam size incident on the AOFS furthermore needs to be large, and
the propagation length inside the AOFS crystal should be restricted to only a few mil-
limeters. This is to avoid excessive nonlinear phase shifts and therefore self-focusing and
uncontrolled spectral broadening, cf. section 1.1.3, and thermal lensing inside the AOFS
material. These requirements in turn impose severe constraints on the achievable diffrac-
tion efficiency as well as the accessible modulation bandwidth of the AOFS — critically
impairing the applicability of this approach for high power thin-disk lasers.

Stabilization schemes based on negative feedback

The aforementioned limitations of feed-forward stabilization approaches can mostly be
mitigated by utilizing stabilization schemes where the CEO frequency is stabilized directly
inside the oscillator cavity. Over the past decades, a manifold of techniques for directly
manipulating the CEO frequency of mode-locked oscillators has been developed. In the
early days of frequency combs, the CEO frequency was often controlled via translating
transmissive intra-cavity wedges or tilting of the resonator end mirror close to an intra-
cavity prism in order to vary the group delay accumulated by the circulating laser pulse
during one resonator round-trip [151, 158, 159]. However, these approaches are hardly
applicable to modern-day high power thin-disk oscillators which almost exclusively rely
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on chirped mirror technology for controlling the intra-cavity dispersion. Furthermore, the
achievable control bandwidths of such approaches are often insufficiently small for achieving
CEO frequency stabilization with low residual phase noise levels.

Significantly wider control bandwidths can be obtained by modulating the intensity of
the laser pulse circulating inside the cavity which induces a variation of the CEO frequency
as a result of refractive index changes and amplitude-to-phase coupling inside nonlinear
media by the optical Kerr-effect [147]. Typical approaches for manipulating the intra-
cavity pulse intensity previously used with high power thin-disk oscillators include the
modulation of the pump power, gain depletion, or intra-cavity loss. In the first type of
CEO frequency control schemes, the pump power of the thin-disk oscillator is modulated
directly by controlling the current of the utilized pump laser diode [19, 65, 160]. Alter-
natively, a dual-wavelength pumping scheme has been presented in reference [161] where
a second, low-power pump diode at a different wavelength was utilized to facilitate a fast
modulation of the laser gain without requiring direct modulation of the high power pump
diode at high frequencies. Unfortunately, for the case of Yb:based thin-disk oscillators, the
achievable bandwidth of the pump control stabilization schemes is commonly restricted
to several kilohertz by the cavity dynamics of the laser oscillator [19]. Specifically, the
millisecond-scale upper-state lifetime of the Yb:doped gain material significantly dampens
the oscillator’s sensitivity to externally applied power modulations with frequency beyond
the inverse upper-state lifetime. While wider control bandwidths could be achieved by
utilizing phase lead filters in the PLL [161, 162], tight CEO frequency locking of a thin-
disk oscillator with a residual phase noise < 100 mrad using pump power control schemes
remains to be demonstrated to this day. Additionally, no further improvement of the
achievable modulation bandwidth could so far be realized by directly modulating the gain
depletion of the thin-disk gain medium [163].

The bandwidth limitation of the aforementioned pump control schemes can for example
be overcome by modulating the intra-cavity loss of the thin-disk oscillator using an AOM,
which likewise enables control over the CEO frequency via amplitude-to-phase coupling
as a result of the Kerr-nonlinearity. This has previously been reported to facilitate a
promising stabilization with a residual phase noise down to 180 mrad [108]. In contrast to
the aforementioned feed-forward schemes using the first order diffraction from an AOFS,
the zero-order transmission from the AOM is used in the loss-modulation approach. This
results in a high transmission efficiency through the AOM and no additionally added beam-
pointing instabilities. As a result, the can readily be used even in high-average-power laser
oscillators. In the implementation in reference [108], the AOM was placed in the collimated
arm of a Kerr-lens mode-locked oscillator with an intra-cavity peak power below 30 MW.
The specific placement of the AOM into a region of the laser resonator where the peak
intensity of the beam is low is required to avoid self-focusing inside the AOM material since
the occurrence of additional Kerr-lensing is expected to detrimentally impact the mode-
locking performance of the laser oscillator. The additional nonlinear interaction inside the
AOM material consequently constitutes the key limitation to the power scalability of the
approach presented in reference [108]. More specifically, adapting the concept to thin-
disk oscillators with significantly higher peak-power levels would necessitate an increase
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of the beam size inside the AOM in order to maintain a low nonlinear response from the
AOM material. However, increasing the beam size inside the AOM is expected to result
in a significant reduction of the attainable modulation bandwidth and compromise the
achievable phase stability [164].

Acousto-optic modulator as Kerr-medium

It is easily seen that none of the aforementioned techniques for controlling the CEO fre-
quency can provide the desirable features; namely a large control bandwidth facilitating
sub-100 mrad phase noise levels, and simultaneously being power scalable to the intra-cavity
peak powers of several hundred megawatts commonly observed in the latest generation of
Kerr-lens mode-locked thin-disk oscillators [22]. Consequently, a novel, power-scalable
stabilization scheme which addresses these limitations was developed.

It should be emphasized that for Kerr-lens mode-locked oscillators, the key limita-
tion to power scalability of the previously described intra-cavity loss-modulation approach
originates from a potential unfavourable distribution of the nonlinear contributions inside
the laser oscillator. More specifically, the AOM required to modulate the intensity of the
intra-cavity laser pulses can introduce non-negligible self-focusing if the peak intensity of
the laser pulses passing through the AOM material is sufficiently large (cf. section 1.2.3).
Depending on the position of the AOM inside the resonator, the generated Kerr-lens can
in turn detrimentally affect the resonator beam caustic, which can significantly weaken
the self-amplitude modulation (SAM) required for forming and stabilizing the pulse train
during Kerr-lens mode-locking [165].

In Kerr-lens mode-locked oscillators based on thin-disk gain materials, the required
nonlinearity for achieving a sufficient amount of SAM for initiating and stabilizing pulsed
operation is commonly provided by placing a Kerr-medium (typically a bulk dielectric
medium such as a thin sapphire or quartz plate) into a focal region of the laser resonator (see
Fig. 2.6 or references [21-23]). Since AOMs effectively consist of a bulk dielectric medium,
a suitable AOM can equivalently be used as the Kerr-medium when placed in the focal
region of the oscillator, while still serving its other role of loss-modulation. Importantly, in
this case, the self-focusing inside the AOM material due to high peak-intensities is explicitly
desired since it facilitates mode-locked operation of the oscillator via introducing a sufficient
amount of SAM. Furthermore, the achievable control bandwidth when positioning the
AOM in a focal region is expected to be significantly improved when compared to placing
the AOM in the collimated arm of the oscillator, since the modulation bandwidth of AOMs
is known to scale inversely with the beam diameter [164]. Most importantly, however, using
the AOM as the Kerr-medium inside the thin-disk oscillator resolves the power-scaling
limitation of the intra-cavity loss-modulation approach presented in reference [108], since
the laser oscillator can be designed to contain only a single nonlinear medium — inherently
circumventing the unfavourable interplay between multiple nonlinear contributions in the
laser resonator.
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6.2.2 Stabilization results of a 100 W-level femtosecond thin-disk
oscillator

The performance of the novel CEO frequency control scheme introduced in the previous
section was experimentally assessed. For testing the scalability of the approach to high
intra-cavity peak power levels, the experiment was based on a state-of-the-art high power
Kerr-lens mode-locked thin-disk oscillator developed and built by Jonathan Brons, and
described in further detail in reference [22]. For the stabilization experiment, the thin-disk
oscillator was configured to emit a continuous pulse train with an average output power
of 105 W at a pulse duration of 190fs and a pulse repetition rate of 15.6 MHz. Since the
thin-disk oscillator is operated with an output coupler with only 15% transmission, the
intra-cavity peak power is estimated to be approximately 210 MW. The output power
of the oscillator was intendedly reduced when compared to reference [22] to optimize the
passive stability of the CEO frequency. A schematic of the oscillator and the experimental
setup is shown in Fig. 6.2.

‘HHR HlHD’ e

Oscillator

Fig. 6.2: Schematic of the CEO-frequency stabilization setup. The AOM is placed inside the
focusing telescope as additional Kerr-medium. AP, hard aperture; KM, Kerr-medium; Fj-Fy,
focusing mirrors; HD, highly dispersive mirror; 7D, thin-disk; OC output coupler; M, fused
silica plate, CMC, chirped-mirror compressor. At the output of the chirped-mirror compressor,
a small fraction of the power is extracted using an uncoated ZnSe wedge W and sent into a
photonic crystal fiber (PCF) followed by a f-2f-interferometer. The interferometer components
are: DM o, dichroic mirrors; LP, longpass filter at 1250 nm; PPLN, periodically poled lithium
niobate crystal (Covesion SHG1375-1455-1); BP, bandpass filter (Thorlabs FP 690-10) and APD,
avalanche photodetector (MenloSystems APD210).

Originally, the required Kerr-nonlinearity for mode-locking the thin-disk oscillator was
provided by a 5 mm thick sapphire plate positioned at Brewster’s angle inside the focusing
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telescope of the resonator cavity [22]. This sapphire plate is replaced by a 3mm long
AOM (Gooch & Housego MQS080-6C10R10-3) made of crystal quartz. The utilized AOM
operates in the Raman-Nath diffraction regime and features a diffraction efficiency into
the higher orders of approximately 0.9 %. To match the total amount of Kerr-nonlinearity
of the original configuration, an additional 3 mm thick crystal quartz plate is placed in the
same focus in close vicinity (= 1.5 cm) to the AOM (cf. Fig. 6.2). It is important to note
that due to the high intra-cavity peak power of the oscillator, the beam is only loosely
focussed to a waist diameter of approximately 600 pm inside the AOM and the additional
quartz plate. Since the associated Rayleigh-length is on the order of tens of centimetres,
the exact distance between the AOM and the additional crystal quartz plate was found
to be uncritical in the experiment. Due to the small distance between the AOM and the
crystal quartz plate, and the large Rayleigh-length of the incident beam, the combination of
the two individual optical elements can essentially be treated as a compound Kerr-medium
assembly with similar properties to those of a single Kerr-medium.

To facilitate measurement of the CEO frequency, about 80 W of the oscillator output
are coupled into a nonlinear compression stage which was likewise designed and built
by Jonathan Brons. The compression stage is based on a Herriott-type multipass-cell
for SPM-based spectral broadening and subsequent chirp removal using a chirped-mirror
compressor. It reduces the pulse duration to around 40 fs while increasing the peak power
to 67 MW. The limitation in input power of the Herriott-cell to around 80 W was due to
imperfections in the mode-matching (cf. section 2.2.2). Using higher input powers led to
white-light generation and damage inside the 6.35 mm thick fused silica plate serving as the
nonlinear medium in the multipass-cell. The achieved spectral coverage of approximately
100 nm around a center wavelength of 1030 nm (at —20dB, see blue curve in Fig. 6.3) is
still significantly too narrow to facilitate detection of the CEO frequency using the self-
referencing method described in section 6.1. However, the compressed laser pulses can now
be used to drive continuum generation in a highly nonlinear fiber, where a loss of temporal
coherence has previously been observed during the generation of octave-spanning spectra
driven by >100 fs long pulses owing to the high required soliton orders for sufficient spectral
broadening [92].

In order to generate an octave spanning spectrum, a small fraction of the main beam
(approximately 130 mW) is split off at the compressor output using an uncoated ZnSe
wedge and coupled into a highly nonlinear photonic crystal fiber (NKT Photonics SC-3.7-
975) with a core diameter of 3.7 pm for continuum generation. After re-collimation of the
fiber output, the laser pulses with an octave-spanning spectrum are sent into a home-built
f-2f-interferometer (see schematic in Fig. 6.2). For the interferometer, a Mach-Zehnder
layout was chosen over a common path geometry despite the slightly higher susceptibility
to parasitic noise contributions. As a key advantage, the Mach-Zehnder interferometer
geometry facilitates the filtering of specific frequency components inside the individual
interferometer arms, providing an additional degree of freedom for optimizing the SNR
in the subsequent detection of the beat signal. In the f-2f-interferometer, the red part
of the octave spanning spectrum (cf. Fig. 6.3) is separated from the main beam using a
dichroic mirror and is longpass-filtered at 1250 nm before being recombined with the blue
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Fig. 6.3: Spectral evolution in the CEO-frequency stabilization setup showing the oscillator
spectrum, the SPM-broadened spectrum after the multipass-cell and the continuum after the
highly nonlinear photonic crystal fiber, from which the CEO beat signal was obtained. The
red shaded area indicates the wavelength range for which the second-harmonic generation inside
the periodically-poled lithium niobate crystal was optimized. The shaded blue area at around a
wavelength of 690 nm indicates the passband of the utilized spectral filter for which an optimum
signal-to-noise ratio of the generated beat signal could be observed.

part using a second dichroic mirror. While the additional longpass filter is not strictly
required for the stabilization scheme, it greatly helps in optimizing the phase-matching of
the subsequent SHG-stage for the correct input spectral range. The beam path for the blue
part of the spectrum contains a variable delay that can be adjusted to achieve a temporal
overlap of the f and 2f frequency components at the position of the photodetector. The
collinearly propagating red and blue spectral components after recombination are focused
into a periodically-poled lithium niobate crystal which enables an efficient frequency dou-
bling of the red part of the spectrum. Ultimately, a beat signal at the CEO frequency
can be detected using an avalanche photodetector (APD) after spectral filtering of the
fundamental and second harmonic beams using a narrow (AApw gy = 10nm) bandpass
filter centered at 690 nm (cf. blue shaded area in Fig. 6.3) for an optimal SNR.

Characterization of the modulation bandwidth

To assess its potential for achieving a tight lock of the CEO frequency to an externally
applied RF reference, the control bandwidth of the CEO frequency stabilization scheme
where the AOM is used as the Kerr-medium of the mode-locked oscillator was quantified
empirically. For this, a RF-power of approximatelyl.6 W was applied to the AOM-driver.
The phase- and amplitude response of the oscillator output power with respect to the
AOM-induced intra-cavity loss modulation was subsequently measured using a photode-
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tector coupled to a commercially available lock-in amplifier (Zurich Instruments UHF'). The
resulting transfer function is shown in Fig. 6.4 a. A phase lag of 90° is reached at a cor-
ner frequency of approximately 230 kHz. This constitutes a significant improvement when
compared to pump modulation schemes (a cutoff frequency of 10 kHz has been reported in
reference [161]) and allows for control of the CEO frequency over a wide frequency range.
The weak, wideband phase-shift of 25° centred at around a frequency of 2kHz (see blue
curve in Fig. 6.4 a) presumably originates from resonance close to the relaxation oscillation
frequency of the laser.
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Fig. 6.4: a) Phase- and amplitude transfer function of the oscillator output power in response
to the AOM modulation measured with a Zurich Instruments UHF lock-in amplifier. The dashed
black line indicates the frequency at which a phase shift of 90° is accumulated. b) integrated phase
noise (IPN) of the free-running CEO beat signal. The dotted black line indicates the frequency
at which an IPN of 100 mrad is reached.

In contrast to the nearly flat phase response, the amplitude transfer function of the
oscillator (green curve in Fig. 6.4 a) has a significantly more complex shape and exhibits
a strong high-pass filtering effect. The specific shape of the amplitude transfer function
is likely due to a dynamic gain-saturation of the laser medium: At frequencies below
the inverse upper-state lifetime of the gain medium (& 1kHz for an upper-state lifetime of
approximately 1 ms in Yb:YAG), the slow modulation of the cavity loss is partially negated
by the laser gain which reduces the effective modulation amplitude [166]. At frequencies
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exceeding 1kHz, the power oscillations caused by the loss-modulator are too fast to be
followed by the upper-state population of the gain medium. Consequently, the modulation
amplitude at frequencies > 1kHz is only slightly reduced. It should be emphasized that
the observed reduction of the modulation amplitude at low frequencies only corresponds
to a dampening of about —7dB. This can easily be compensated for by adjusting the
frequency-dependent electronic gain of the feedback in the servo loop.

Measurement and stabilization of the CEO frequency

To evaluate the passive CEO frequency stability of the mode-locked high-power thin-disk
oscillator, the noise characteristics of the free-running beat signal — obtained at the output
of the previously described f-2f interferometer — was analysed using the numerical method
described in reference [161]. The integrated phase noise (IPN) of the free-running beat
signal is shown in Fig. 6.4 b. A closer evaluation reveals that the major contribution to
the IPN comes from noise components in the acoustic frequency band (< 20kHz). This
observation is in good agreement with previous studies which indicate a strong coupling
of amplitude-to-phase noise in Kerr-lens mode-locked oscillators at frequencies below the
inverse upper state lifetime [167]. A sharp increase of the IPN at 26.4 kHz presumably stems
from the oscillator dynamics and was not investigated in further detail. The analysis of the
free-running IPN indicates that a residual phase noise of below 100 mrad can be reached if
the bandwidth of the CEO-frequency control mechanism extends from the low frequencies
to 17kHz at least, which is readily provided by the utilized AOM.

To stabilize the CEO frequency of the mode-locked thin-disk oscillator, the free-running
CEO beat signal was shifted to the intended locking frequency by adjusting the current
of the utilized pump diodes. A locking frequency of 10.7 MHz was chosen for this experi-
ment to maximize the difference between the beat signals and the fundamental repetition
frequency since of 15.6 MHz. Furthermore, high quality and sufficiently narrow electronic
bandpass filters with 10.7 MHz center frequency are readily available. The beat signal
obtained from the APD in the f-2f interferometer was subsequently bandpass-filtered to
remove the much stronger RF-signal at the pulse repetition frequency and amplified by
60 dB before being compared to an externally applied RF signal (10.7 MHz, from a Mar-
coni 2022D Signal Generator) in a home built £167 digital phase detector (DPD). The
error signal obtained from the DPD was subsequently split, sending half of the power to-
wards a commercially available proportional-integral-derivative (PID) controller (Vescent-
Photonics D2-125) while using the other half for monitoring the locking performance on
a digital oscilloscope. To close the phase-locked loop, the servo signal which is generated
inside the PID controller is applied to the modulation input of the AOM driver.

The locking performance of the CEO frequency stabilization scheme was optimized by
iteratively varying the corner frequencies of the integral- and derivative parts and the pro-
portional gain of the PID controller. A tight lock of the CEO frequency could be achieved
by setting the corner frequency of the first integrator to 50 kHz, the second integrator to
5kHz and the derivative part to 20kHz. The single-sided power spectral density (PSD)
and corresponding IPN of the detected error signal are shown in Fig. 6.5. A minimum
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Fig. 6.5: Residual phase noise of the detected error signal. The green curve shows the phase
noise power spectral density (PSD) of the CEO-beat assessed from the recorded error signal. The
integrated phase noise (IPN) from 500 kHz to 1 Hz is displayed in red. The noise floor power
spectral density of the oscilloscope (without digital phase detector) is shown in grey.

residual in-loop phase noise of 87.5 mrad was determined by integrating the PSD in the
range from 500kHz to 1Hz. The PSD exhibits a distinctive spike at 26.4kHz which is
already visible in the noise spectrum of the free-running beat note (cf. Fig. 6.4 b) and
presumably stems from the oscillator dynamics. A second, narrow spike at a frequency
of 62.5kHz as well as excessive high frequency noise (> 100kHz), which is responsible for
approximately half of the residual IPN, could be identified to originate from the utilized
DPD. This noise could potentially be reduced by optimizing the DPD electronics or using
a different phase detector with intrinsically lower noise floor.

Limitations of the stabilization method and outlook

It should be emphasized that the noise levels specified above were only measured in-loop
due to the lack of a second f-2f interferometer and are therefore not identical to the noise
level at the thin-disk oscillator output. Out-of-loop noise measurements were performed
for example in reference [108] where a comparable interferometer type had been used for
the detection of the CEO frequency. The results presented in reference [108] suggest that
the out-of-loop noise of the stabilization scheme presented here can be expected to be a
factor of two to three higher than the measured in-loop noise. The additional noise in
the out-of-loop measurement has previously been observed to originate mainly from beam
pointing fluctuations which are converted to phase noise by amplitude-to-phase coupling
in the highly nonlinear fiber, as well as a general amplification of the noise during the
continuum generation process [122].

It should further be noted that in the presented experiment, thermal drifts inside the
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oscillator were observed when applying the required 1.6 W of RF-power to the piezoelec-
tric transducer of the AOM. The associated variation in beam pointing of the oscillator
output caused a reduction in the coupling efficiency into the photonic crystal fiber which
ultimately prohibited the lock from being maintained for more than a few minutes at a
time. The observed drift originated from the warming up of the AOM due to absorption
of the applied RF-power where a thermal equilibrium was reached after approximately 1h
of operation. An extended duration of the lock could likely be achieved by allowing the
AOM to fully thermalize before closing the PLL. Unfortunately, the source of the thermal
drift inside the oscillator only became known after the f-2f interferometer had been dis-
assembled, prohibiting further quantitative studies on the long-term locking potential of
the presented stabilization scheme. In an alternative approach, the photonic crystal fiber
would be omitted and the octave spanning spectrum could directly be generated using
SPM-based all-bulk spectral broadening schemes. This approach would circumvent the
general alignment sensitivity of small core fibers and at the same time facilitate a more
realistic estimate of the residual phase noise of the compressed output since it avoids the er-
roneous inclusion of additional noise contributions from the continuum generation process.
In this thesis, all-bulk spectral broadening using cascaded multipass-cells and a DQWG
has already been demonstrated to facilitate the generation of few-cycle laser pulses with
a spectral coverage of more than 350 nm at a central wavelength of 1030 nm (measured at
—30dB level, cf. Fig 4.5). Further spectral broadening using the techniques outlined in
chapter 4 is expected to enable the generation of octave-spanning spectra from an all-bulk
laser system within the near future.

6.3 Chapter summary

In this chapter, a novel technique for stabilizing the CEO frequency of high power Kerr-lens
mode-locked thin-disk oscillators has been introduced and characterized for the first time.
In the presented approach, an AOM is intentionally positioned in the focal region of the
oscillator, significantly enhancing the nonlinear response inside the AOM material. As a
result, the AOM can be used to modulate the intra-cavity loss of the oscillator in a wide
frequency band, while at the same time serving as a nonlinear Kerr-medium which enables
the initiation and stabilization of mode-locked operation. This design is in stark contrast to
previously demonstrated intra-cavity loss-modulation schemes where the nonlinear phase
shift from inside the AOM is minimized to avoid a potential unfavourable distribution of
the nonlinear contributions inside the laser oscillator. The novel approach enables CEO
frequency stabilization with a large control bandwidth of 230 kHz which is comparable to
the bandwidths achievable in state-of-the art feed-forward schemes commonly used in the
phase-stabilization of Ti:sapphire-based laser systems [153]. Importantly, the control band-
width is increased by about a factor of ten when compared to the previously demonstrated
CEO frequency control schemes for thin-disk oscillators based on pump power modulation
which are inherently limited by the gain dynamics in the thin-disk oscillator [19].

Using the novel control mechanism, CEO frequency stabilization with a residual in-loop
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phase noise of below 90 mrad was achieved at an unprecedented intra-cavity peak power
exceeding 200 MW and an average output power of 105 W. The achieved results constitute
an improvement of the CEO frequency stabilized intra-cavity peak power by more than a
factor of seven when compared to previous state-of-the-art demonstrations [108]. To the
authors knowledge, the presented oscillator further represents the highest average power
CEO frequency-stable laser available today. At the same time, the residual in-loop phase
noise was improved by a factor of two, demonstrating that even high-power thin-disk
oscillators can be stabilized to the sub-100 mrad level.

As briefly discussed in section 6.1, CEO-frequency-stabilized high-power Kerr-lens mode-
locked thin-disk oscillators are expected to play a key role in the development of compact,
coherent XUV sources for precision spectroscopy applications. In reference [124], it has
been shown that the achievable photon flux in the XUV can tremendously benefit from
the availability of high-power ultrashort (< 30fs) laser pulses at megahertz repetition
rates. By implementing a Herriott-type multipass-cell pulse compression scheme with,
CEO frequency-stable pulses with a pulse duration of 40fs and peak power of 67 MW
was already demonstrated at a pulse repetition rate of 15.6 MHz — output parameters
approaching those reported in reference [124] (30fs and 140 MW). A significant further
improvement of the available pulse parameters is expected from the combination of the
novel CEO frequency stabilization scheme presented here with the all-bulk spectral broad-
ening techniques presented earlier in this thesis (chapter 3 and 4). The Yb:YAG thin-disk
oscillator used for the spectral broadening experiments in this thesis (cf. section 2.3.1)
has an intra-cavity peak power of around 80 MW and uses a 3mm long sapphire crystal
as Kerr-medium [23]. Based on the results presented in this chapter, the replacement of
the sapphire Kerr-medium by an appropriate AOM should be feasible without necessi-
tating further changes to the oscillator. The reduced waist size of around 150 pm in the
Kerr-medium of the oscillator even indicates a potential for the further extension of the
available control bandwidth to higher frequencies, allowing for a similar or even lower resid-
ual phase noise level when compared to the first experimental demonstration presented in
this chapter. Importantly, however, a successful stabilization of the oscillator presented in
section 2.3.1 would facilitate the generation of CEO-frequency-stable few-cycle laser pulses
with gigawatt-scale peak powers and megahertz repetition rates. These steps are expected
to pave the way for the development of a new generation of compact, low noise XUV
frequency combs with high photon flux that can be utilized for XUV frequency comb spec-
troscopy and the investigation of various other phase-sensitive effects in the XUV spectral
range.

The results of the CEO-frequency-stabilization experiment presented in this chapter
were published in a peer-reviewed journal article [168]. A patent application for simulta-
neously using an intra-cavity loss-modulator as the Kerr-medium of a laser oscillator has
been filed [169].






Conclusions

The availability of high-brightness, broadband and waveform-controlled radiation sources
is of vital importance to a variety of state-of-the-art precision spectroscopy techniques such
as field-resolved infrared spectroscopy and direct frequency comb spectroscopy. These tech-
niques find numerous applications ranging from basic research to medical sciences, which
promise to enhance our understanding of fundamental correlations in physics as well as pro-
viding deeper insights into the human physiology when applied in medical settings. Specif-
ically, sources in the XUV or mid-IR spectral region can be used to perform spectroscopy
on atoms and molecules by exploiting their electronic transitions or their vibrational and
rotational modes. Lacking suitable direct sources in these regions, high-power near-IR
lasers are often employed to drive nonlinear frequency conversion into the aforementioned
spectral ranges. However, the output properties of even one of the most promising near-
IR laser sources — Kerr-lens mode-locked Yb:YAG lasers — are still sub-optimal for the
conversion processes.

The research presented in this thesis was driven by the goal of extending the bound-
aries of thin-disk oscillator-based laser technology. The focus is on generating waveform-
controlled ultra-short pulses with unprecedented peak and average power levels — pulse
parameters that enable the efficient generation of ultra-broadband, coherent and waveform
controlled radiation in the mid-IR and XUV spectral ranges.

Summary and Outlook

In chapter 2, the fundamentals of spectral broadening in all-bulk Herriott-type multipass-
cells were reviewed, and the influence of various parameters such as the dispersion environ-
ment were discussed. Experimentally, spectral broadening in a Herriott-type multipass-cell
tuned to operate in the net-negative dispersion regime and driven at around 1pm wave-
length has been demonstrated for the first time. Specifically, a state-of-the-art Kerr-lens
mode-locked Yb:YAG thin-disk oscillator delivering 290 fs long pulses at a repetition rate of
15.6 MHz with 150 W-scale average power was used for the experiments. As a result of the
negative dispersion, the output pulses were self-compressed to a FWHM pulse duration of
31fs, which corresponds to a temporal compression factor of almost ten — unprecedented
for a multipass-cell featuring a single nonlinear medium. However, the soliton dynamics
underlying the nonlinear pulse propagation caused an energy transfer of > 55 % into satel-
lite pulse structures. Thus, despite the high transmission of 88 %, the peak power was only
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increased by approximately a factor of three, reaching a maximum value of 140 MW at the
output of the Herriott-cell.

Significantly higher peak powers were achieved by utilizing Herriott-cells with net-
positive dispersion, the results of which were discussed in chapter 3. By cascading two
Herriott-cells with chirp-compensation in between, an output pulse duration of 15.6 fs was
realized at an average output power of 101 W. This corresponds to an excellent optical ef-
ficiency of 84 % for the entire system. The high temporal compression factor of 18.5 for the
two-cell system, combined with a substantial reduction in temporal pedestal, yielded an
output peak power of 463 MW. Importantly, the short pulse duration and high peak power
were achieved with minimal spatio-temporal couplings — confirmed by a low M? value of
1.11 and an intensity-weighted spectral overlap exceeding 97.5% for two perpendicular
axes. The near-diffraction-limited focusability and superb spectral homogeneity distin-
guishes this compression method from other techniques. These pulses are also amongst
the shortest that have so far been generated using all-bulk multipass-cell-based spectral
broadening [119], but with more than two times higher peak power. The maximum tem-
poral compression factor from the dual-stage system was found to be limited ultimately
by the achievable precision in the dispersion control within the multipass-cell.

An alternative method for generating even shorter pulses down to only a few optical
cycles was presented in chapter 4. It introduced the distributed quasi-waveguide (DQWG)
concept, which is a simple and robust way for realizing homogeneous spectral broadening
in multiple passes through a dielectric bulk medium. Importantly, the use of a dedicated
nonlinear medium for each pass of the DQWG permits a flexible optimization of the indi-
vidual passes. In a proof-of-concept experiment, the 15.6 fs pulses from the output of the
previously presented dual-stage multipass-cell system were compressed to a pulse duration
of 10.8fs — equivalent to 3.2 optical cycles. Operation of the DQWG deep in the posi-
tive dispersion regime facilitated a high compression quality which, in combination with
the excellent optical efficiency of 99 %, resulted in an output peak of 0.64 GW. To the
author’s knowledge, this gigawatt-level of peak power is the highest so far realized in an
amplifier-free ultrafast laser system. At few-cycle pulse duration and at megahertz repe-
tition rate, the output represents an important milestone for thin-disk technology and is
expected to facilitate a significant enhancement of the efficiency for broadband frequency
conversion into the mid-IR and XUV spectral ranges. By constructing additional DQWG
stages, further pulse compression towards the single-cycle regime could also be realized.

Chapter 5 investigated whether the increased bandwidth of the aforementioned few-
cycle laser pulses can indeed benefit frequency conversion, specifically the generation of
waveform-stable mid-IR radiation via intra-pulse difference-frequency generation (IPDFG)
with wavelengths below 6.5 pm. This spectral range contains the vibrational resonances
of various important functional groups such as amides in lipids, and has previously been
inaccessible to thin-disk-oscillator-driven nonlinear conversion. By focusing the few-cycle
NIR-pulses into a thin LiGaSs (LGS) crystal, and optimizing the phase-matching condition
generating short-wavelength components, the resulting spectrum extended down to 3.6 pm
(at —30dB level) at an average output power of 7.6 mW. This showcased the tremendous
advantage of using few-cycle laser pulses for IPDFG. Adjusting the phase-matching con-
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ditions for the broadest simultaneous coverage, a super-octave mid-IR radiation spanning
from 5 to 12 pm at the —20 dB level was generated with an average output power of 26 mW.
Even broader mid-IR spectra are expected if thinner LGS crystals are used, or if the driver
laser spectrum is pre-shaped to enhance the relative contribution of the spectral wings in
the IPDFG process.

The advantages of using low-noise, ultrashort NIR laser pulses with high peak- and av-
erage powers are not restricted to frequency conversion into the mid-IR region. If combined
with active waveform stabilization, such pulses will open the door for the development of a
new generation of compact, low-noise sources of XUV frequency combs at megahertz repe-
tition rates. In chapter 6, a novel method for controlling the carrier-envelope offset (CEO)
frequency of high power Kerr-lens mode-locked oscillators was introduced. The peak- and
average-power-scalable approach is based on intra-cavity loss modulation using an AOM
which at the same time serves as the nonlinear Kerr-medium inside the laser resonator.
The concept was successfully implemented in a high-power Kerr-lens mode-locked thin-
disk oscillator, yielding CEO frequency stabilization with a residual in-loop phase noise
of below 90 mrad. Crucially, this is achieved at an unprecedented intra-cavity peak power
exceeding 200 MW and an average output power of 105 W. To the author’s knowledge,
the presented oscillator is the highest average power CEO-frequency-stable laser demon-
strated to date. Subsequent pulse compression of the stabilized oscillator output based
on a Herriott-type multipass-cell scheme further generated CEO-frequency-stable pulses
with a pulse duration of 40 fs and peak power of 67 MW, at a repetition rate of 15.6 MHz.
The combination of the novel approach for CEO frequency stabilization with the improved
spectral broadening techniques presented in the earlier chapters will further facilitate the
generation of waveform-controlled, gigawatt-scale and few-cycle laser pulses from a com-
pact, amplifier-free laser system in the near future.

In conclusion, the results presented here constitute a notable progress in the ongoing
development of high-power ultrafast laser sources, showcasing pulses with unparalleled
qualities whether in terms of pulse duration, peak and average power, spatio-temporal
homogeneity or waveform-control. These unique parameters will open up new perspec-
tives for, amongst others, the generation of coherent radiation in the mid-IR and XUV
spectral ranges. These will extend the boundaries of the latest high-precision spectroscopy
techniques, providing valuable new insights into fundamental physics and the human phys-
iology.






Data archiving

The experimental raw data, the corresponding evaluation files and the resulting figures
are saved on the data archive server of the Laboratory for Attosecond Physics at the Max
Planck Institute of Quantum Optics and can be found in the following directory:

/afs/ipp-garching.mpg.de/mpq/lap /publication__ archive/Theses/2021/Groebmeyer, Sebas-
tian (PhD)

The files are organized in accordance with the structure of the thesis. For each figure,
there is a separate folder that contains the associated data. If necessary, a readme.txt file
provides further explanations and instructions about the folder’s contents. The modified
python module used for the simulation in the thesis is likewise archived in a separated
folder in the same path.
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