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Zusammenfassung

Der Fortschritt in der Femtosekunden- und Attosekundenspektroskopie hdngt unter an-
derem von der Verfiigharkeit von ultrakurzen Pulsen mit hoher Spitzen- und Durch-
schnittsleistung ab, da hiermit die Bandbreite erweitert sowie die Detektionsempfind-
lichkeit verbessert werden kann. Dariiber hinaus sind Quellen mit hoher Wiederholrate
vorteilhaft, um das Signal-zu-Rausch Verhéltnis zu erhohen und die Zeit fiir die Datener-
fassung zu reduzieren. Heutzutage sind Yb:YAG basierte Laserquellen in der Lage, Pulse
mit hoher Spitzenleistung direkt aus einem Oszillator zu erzeugen, mit deutlich hoherer
Ausgangsleistung als beispielsweise in Ti:Saphir basierten Quellen. Demgegeniiber stehen
jedoch die schmalen Emissionsquerschnitte von Yb:YAG, welche den direkten Einsatz in
der ultraschnellen Spektroskopie begrenzen.

Diese Dissertation behandelt die Entwicklung und die Anwendung von effizienten, mehrstu-
figen, nichtlinearen Kompressions-Konzepten, mit welchen sub-10 fs Pulse aus einem Yb:YAG
Diinnscheiben basierten, Kerr-Linsen modengekoppelten Oszillator erzeugt werden.

Der verwendete Oszillator erzeugt Pulse mit einer Wiederholrate von 16 MHz, einer Puls-
dauer von 220 fs, einer zentralen Wellenlénge von 1030 nm sowie einer Energie von 6.3 j1J.
Eine nichtlineare Kompressionsstufe, basierend auf dem mehrfachen Durchgang durch
eine abbildende, Herriott-artige Anordnung, verkiirzt die Oszillatorpulse zunéchst auf
unter 20fs. Derartig kurze Pulse mit hoher Durchschnittsleistung sind vorteilhaft fiir
Experimente mit nichtlinearer Frequenzumwandlung. Dies wurde zum Beispiel durch die
Erzeugung von intensiver und breitbandiger Terahertzstrahlung mit Hilfe der optischen
Gleichrichtung in Galliumphosphid Kristallen demonstriert.

Des Weiteren wurden zwei verschiedene Ansétze untersucht, um die Pulsdauer auf unter
10fs zu verkiirzen. Der erste Ansatz nutzt eine gasgefiillte Einzelring, Hohlkern, pho-
totonische Kristallfaser, um Pulse mit einer Dauer von 9fs zu erzeugen. Aufgrund der
begrenzten Stabilitéit dieses ersten Ansatzes verfolgt der zweite Ansatz eine alternative
Kompressionsstufe, welche auf der Selbstfokussierung in diinnen Saphirscheiben als Quasi-
Wellenleiter basiert. Mit dieser vollstandig auf Festkorpern basierten Kompression wurden
Pulse mit hoher Leistung und einer Dauer von 8.5 fs erzeugt. Die Nutzbarkeit dieser inten-
siven Pulse und die Zuverlassigkeit der Kompression mittels Saphirscheiben wurde demon-
striert, indem ultra-breitbandige Strahlung im mittleren Infrarot mit Hilfe der Intra-Puls

Differenzfrequenzerzeugung in Lithiumjodat generiert wurde.




Zusammenfassung

Das entwickelte, kompakte und zuverlassige Lasersystem fiir ultrakurze Pulse mit hoher
Leistung, welches intensive Pulse iiber einen Bereich von der sichtbaren Strahlung bis
zur Terahertzstrahlung mit Megahertz Wiederholrate erzeugen kann, ist ideal fiir die

verschiedensten Anwendungen in der ultraschnellen Spektroskopie geeignet.
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Abstract

Advancements in femtosecond and attosecond spectroscopy benefit directly from the avail-
ability of ultrashort pulses at high peak and average power to extend the bandwidth cov-
erage and to enhance the detection sensitivity. Moreover, sources at high repetition rate
are desirable to increase the signal-to-noise ratio and reduce data acquisition time. Nowa-
days, Yb:YAG-based lasers sources are capable of delivering pulses at high peak power
directly from the oscillator, with much higher output power compared to Ti:Sapphire-
based sources. However, the narrowband emission cross-section of Yb:YAG limits their
direct applicability for ultrafast spectroscopy.

This thesis describes experimental work in the development and in the applications of
an efficient, multi-stage nonlinear compression scheme to reach sub-10 fs pulses from an
Yb:YAG, thin-disk, Kerr-lens mode-locked oscillator.

The oscillator, operating at 16 MHz, delivers 220 fs-long pulses with central wavelength
1030 nm and 6.3 11J energy. A nonlinear compression stage, based on multipass imaging
cells in Herriott type configuration, is used to efficiently reduce the pulse duration of the
source to sub-20fs. The high average power combined with the short pulse duration of
this frontend greatly benefits nonlinear frequency conversion, which was demonstrated by
the generation of intense and broadband terahertz radiation via optical rectification in
gallium phosphide crystals.

Additionally, two different approaches are investigated for the further compression towards
the sub-10 fs regime. Firstly, a gas-filled, single-ring, hollow-core photonic crystal fiber is
used to generate pulses with a pulse duration of 9fs. Secondly, due to the limited stability
of the previous approach an alternative compression stage based on self-focusing in a quasi-
waveguide of sapphire thin plates is developed. With this all-bulk based compression,
high-power, 8.5 fs-long pulses are obtained. The advantage of these intense pulses and the
reliability of the frontend with the thin-plate compression setup are demonstrated by the
generation of intense, ultra-broadband mid-infrared radiation via intra-pulse difference-
frequency generation in lithium iodate crystals.

The compact and reliable high-power ultrashort laser system able to generate intense
pulses from visible to terahertz range at megahertz repetition rate holds the promise to

pave the way towards many different ultrafast spectroscopic applications.
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1 Introduction

Since its first demonstration by Theodore Maiman in 1960 [1], laser sources became es-
sential tools for exploring the fundamental constituents of nature. Nowadays, the study
of light-matter interaction is a powerful way to explore the world around us: from the
study of the macroscopic universe, as in LIGO’s laser interferometer [2|, to the study of
microscopic bio-chemical processes in the human body [3, 4], even further to study the

motion of electrons and atomic nuclei, as in femtochemisty and attosecond metrology [5].

The invention of Kerr-lens mode-locking (KLM) [6] in combination with titanium-
doped sapphire (Ti:Sa) as gain medium [7] was a milestone for lasers in the femtosecond
regime. The Ti:Sa gain medium, with its uniquely broadband emission bandwidth in the
visible spectral region, is nowadays the working horse for many applications [8]. While
Ti:Sa-based laser systems routinely deliver pulse durations well below 100 fs, they are typ-
ically limited to few watts in average power. Chirped-pulse amplification opened the way
to increase the energy and, hence, the average power of these sources to an unprecedented
frontier. However, with this approach only a limited repetition rate, in the kilohertz

regime, can be achieved due to the damage threshold of the optical components [9].

Femtosecond and attosecond spectroscopy benefit directly from the availability
of ultrashort, high-power lasers at megahertz repetition rates [10]|. High repetition rates
allow decreasing the measurement’s acquisition time and thus enhancing the signal-to-
noise ratio. Moreover, efficient extension of the spectral bandwidth of those sources to
beyond one octave paves the way for novel broadband spectroscopy techniques, such as

molecular fingerprinting [3] or femtosecond fieldoscopy [11] or THz spectroscopy [12, 13].

Yb-based laser systems can reach many hundreds of watts in average power
at megahertz repetition rate [14-16|, but they are limited to pulse durations of several
hundreds of femtoseconds by their gain bandwidth [17]. However, highly nonlinear appli-

cations rely on ultrashort pulses durations and would benefit from the higher power and




1. Introduction

higher repetition rate, enabled by Yb-based laser systems [18]. This applications includes:
single-pass [19] or resonator-enhanced [20] high-harmonic generation [21], THz [12] and
MIR generation [3].

Among other Yb-based systems, a novel class of lasers able to deliver short,
high-peak power pulses in the MHz regime has gained importance in the recent years:
KLM ytterbium-doped yttrium aluminum garnet (Yb:YAG) thin-disk (TD) oscillators.
With this technology, pulses with average power above 100 W and pulse duration below
200 fs are obtained directly from oscillators without the involvement of any external am-
plification [22]. From this perspective, these lasers represent a unique class, combining
high peak and high average powers in a relatively compact setup [8]. However, the pulse
duration of KLM TD-oscillators is limited by the narrowband emission cross-section of
Yh:YAG [23].

For high-power laser systems employing Yb-doped gain medium, a route to
shorter pulse durations, which are not supported by the gain bandwidth, is nonlinear
pulse compression in a medium with y® nonlinearity [18]. Nonlinear pulse compression
setups suitable for high average power lasers can be distinguished by the nonlinear media:
dielectric materials and noble gases, which are suitable for different pulse energies and

peak power regimes |24].

For laser systems with low pulse energy, dielectric materials and especially fused
silica have been extensively used as nonlinear media for spectral broadening. For moderate
peak powers, in the order of few megawatts, exceptional results have been demonstrated
with fibers [25, 26| and passive waveguides [20, 27-29]. The main limitation for the peak
power scaling of these schemes is catastrophic self-focusing, which occurs at around 4 MW
in the case of fused silica. Pulses with higher pulse energies, typically above 100 1J, are
commonly compressed in gas-filled hollow-core capillaries [30]. Here, the medium is a
noble gas, which exhibits approximately three orders of magnitude higher threshold for
catastrophic self-focusing. For moderate pulse energies and high peak powers, in the range
between 511J to 100 nJ, with tens of megawatts peak power, compression with neither
scheme is possible. In recent years, much effort has been made to upscale dielectric-based

schemes and to downscale noble gas-based schemes [24].

To downscale pulse compression in noble gases, gas-filled hollow-core Kagome
and single-ring photonic crystal fibers (PCF) are promising approaches. These types of
fibers allow smaller core diameters than capillaries and have been used to demonstrate
nonlinear pulse compression in the aforementioned energy gap [31, 32]. Despite providing

efficient pulse compression with excellent beam quality, fiber-based spectral broadening is




alignment sensitive and couples pointing-drifts to laser power fluctuations [33|. Moreover,
photoionization in gas-filled hollow-core PCFs might limit their use in high-average power

systems at high repetition rates [34, 35].

For upscaling dielectric-based pulse compression schemes, different concepts have
been introduced. Firstly, splitting of the incident pulse, prior to the spectral broadening,
into several copies with peak powers below the threshold for catastrophic self-focusing.
After the nonlinear medium, all the copies are coherently re-combined [36]. However,
this approach can result in complex and cumbersome optical setups. Secondly, nonlinear
spectral broadening in a single bulk dielectric instead of waveguides has been demon-
strated [37]. In this technique, the length of the nonlinear medium, the input beam
diameter and divergence are precisely adjusted to avoid catastrophic self-focusing. How-
ever, this scheme suffers from beam quality degradation and spatially inhomogeneous
spectral broadening. Therefore, the necessitary of spatial filtering limits the achievable
optical efficiency. Thirdly, by passing through several nonlinear elements [38, 39]. In
this scheme, catastrophic self-focusing is avoided by reducing the nonlinear phase shift in
each element and carefully adjusting the input beam parameters. However, this scheme
commonly relies on strong self-focusing and slight ionization of the bulk elements [3§|
and this compromises the beam quality and the homogeneity of the broadening as for a

single-element approach [18§].

In the recent years, a nonlinear pulse compression scheme relying on a waveguide-
like periodic assembly consisting of focusing elements (concave dispersive mirrors) and
nonlinear media was demonstrated [12, 17, 24, 33, 40]. This scheme, commonly called
MPC mitigates the disadvantage of spatially inhomogeneous broadening by splitting the
nonlinear phase shift into many steps with linear re-compression in between. MPCs are
optically efficient compression schemes and are insensitive to fluctuations of the impinging
beam pointing or profile [18|. These characteristics make MPCs especially suited for high-
power operation and even for pulses with imperfect beam quality [41, 42]. Bulk- and
gas-filled MPCs were, both, successfully implemented for high average and peak power
regimes. Additionally, the robust design of this scheme allowed the rapid implementation
for different frontends [12, 40, 43-47|.

For KLM Yb:YAG TD oscillators many of these approaches have been employed
to further extend the spectral bandwidth and overcome the main limitation of these unique
class of frontends. Tab. 1.1 summarizes the achievements in nonlinear pulse compression
for KLM TD Yb:YAG oscillators.

Kagomeé PCF offered extreme temporal compression, to 3.5 fs Fourier-limit, in
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two subsequent stages [48]. Nevertheless, this nonlinear pulse compression scheme suffered
from the aforementioned instabilities already at moderate input peak power. The difficulty
in beam in-coupling and the low damage threshold made this compression scheme a very
challenging approach for power scaling at high repetition rate with KLM Ybh:YAG systems
[37].

Extreme efficiency was achieved in distributed waveguides [49]. In each pass
the pulse is nonlinearly broadened in a fused silica plate and then re-compressed and
re-collimated by a chirped curved mirror. Despite the high efficiency and the possibility
to control the broadening in each pass, to achieve sufficient pulse compression, two stages
each with 4 and 5 media, respectively, and intermediate re-compression were required.
Due to the large amount of optical elements implemented in this approach, problems as
errors in control of dispersion, degradation in the beam quality as well as sensitivity to
misalignment can be encountered. This approach was able to deliver 32 fs pulses but for

further compression a more versatile and compact scheme was required.

Broadening in multiple plates of bulk material [37, 50|, proved to be a valuable
alternative to reach 15fs. However, the aforementioned problem about beam quality and
the necessity of spatial filtering are present also in this approach with two stages each
formed by a single bulk element and a compressor [37]. On contrary, MPCs offered a
valid alternative and proved to be an efficient and robust compression scheme also for this
type of frontends [33, 40]. However, the damage threshold of the optical elements and
the control of linear dispersion limited this approach to the generation of 15 fs pulses. For

lower pulse durations an approach without dispersive optics is required.

A novel class of hybrid nonlinear compression schemes, mixing different ap-
proaches in different compression stages, can benefit from the advantages of different
techniques and also overcome their limitations. For this reason, and all the ones outlined
above, the work in this thesis relies on the implementation of an efficient hybrid-nonlinear
compression scheme to compress the over 200 fs-long pulses from a KLM Yh:YAG TD
oscillator to the sub-10fs regime. This allowed to use this novel source as reliable and
ultra-broadband frontend for spectroscopic applications that benefited from the high rep-

etition rate and the high intensity of the source.




Average Pulse Peak Number Optical

Scheme power [W] duration [fs] | power [MW] | of stages | efficiency [%]
In Out In Out In Out
Kagomé
PCF [48] 50 20.5 250 3.5 4.8 143 2 41
Distributed |51 y7 | 170 | o2 48 | 251 2% 95
waveguides [49]
Multiple 50 | 20 | 250 | 15 | 48 | 326 2 10
plates [37]
Multipass
cells [33, 40| 100 45 220 16 15 94 3 45
This 84 54 | 220 | 85 | 225 | 383.7 3 64
work

Table 1.1 Summary of different nonlinear compression schemes for Kerr-lens mode-locked
Yb:YAG thin-disk oscillators. * indicates two stages each with 4 and 5 media, respectively.

Thesis outline

In this thesis, the temporal compression of 220fs pulses from a 100 W Yh:YAG TD os-
cillator to sub-10fs in a hybrid-nonlinear pulse compression scheme is presented. In the
first broadening stage two consecutive MPCs are implemented to compress the pulse to
18fs. In order to further extend the spectral bandwidth towards the few-cycles regime,
two approaches are demonstrated. Firstly, a compression stage based on gas filled single-
ring hollow-core PCF is developed. Due to the limitations encountered on the long term
reliability of this particular broadening scheme, another compression scheme based on
sapphire thin plates and relying on an improved version of the first broadening stage, able

to reach sub-10fs is also developed.

To prove the reliability of this system as frontend for experimental applica-
tion, different studies are conducted. Firstly, broadband THz-radiation is generated and
detected employing the first generation of the multipass-cell-based broadening. The rel-
atively high power and the broad bandwidth of the generated THz pulses proved the
beneficial effects of using an high power, oscillator as well as an efficient broadening
scheme for spectroscopic applications. Consistently the high repetition rate of the source

allowed efficient detection of small signals.

Another demonstration of the applicability of the system, especially of the sta-
bility of the all-bulk based compression scheme including two improved MPCs and the
thin-plates frontend, was carried out. This novel frontend was able to efficiently generate

2-octave spanning pulses from LilOs.

The thesis is outlined among the chapters as following:
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Chapter 2: the Yb:YAG TD KLM that served as frontend is presented and

characterized.

Chapter 3: the development of the first generation of MPC-based frontend is
outlined. The optical and opto-mechanical improvement that made possible the devel-
opment of an improved generation of this compression scheme are also outlined and the

results are discussed.

Chapter 4: is devoted to the development of a hybrid nonlinear compression
scheme to reach the sub-10fs regime. Firstly, the results obtained with the single-ring
hollow-core PCF are presented. Secondly, the all-bulk based scheme relying on 4 sapphire

plates is discussed.

Chapter 5: presents the results obtained in the generation of THz-radiation in

gallium phosphide crystals and mid-infrared radiation in lithium iodate cystals.

Chapter 6: summarises the results and concludes the thesis with future devel-

opments and improvements.




2  Yb:YAG thin-disk fronted

In this chapter, a brief overview about the main properties of Yb:YAG TD KLM oscilla-
tors is outlined. Following, a detailed description and characterization of the experimental
setup is given. For further reading, several excellent classical textbooks and review articles
providing a thorough and insightful overview about solid-state lasers and their technolog-

ical evolution can be found, some examples are |51, 52].
2.1 Theory

The laser system used as frontend for the experiments outlined in this thesis is a Yb:YAG
TD KLM oscillator. As discussed in the introductory chapter 1, oscillators based on
TD geometry represent, nowadays, the state-of-the-art of solid-state oscillators. These
systems pose a valuable alternative to Ti:Sa lasers for spectroscopic applications thanks
to their ability of delivering pulses with a duration of hundreds of femtoseconds at energies
up to tens of microjoules with a repetition rate in the MHz range. The resulting peak
power, on the order of several tens of MW, enables the utilization of nonlinear effects
for extra-cavity spectral broadening, compensating the limited emission bandwidth of
Yh:YAG, without the need of further amplification [37, 40, 49].

In the following paragraphs brief descriptions of the Yb:YAG gain material, the
TD technology and the solitonic KLM are presented.

2.1.1 Yb:YAG gain material

The quantum defect, defined as the fractional difference of energy between absorbed pump
photons and emitted laser photons 1 — Eyump/Elaser, 1S the most influential parameter

for heat production in a lasing material. For Yb3" doped materials this parameter is




2. Yb:YAG thin-disk fronted

particularly low. As an example, the quantum defect for Yb:YAG is approximately 9 %
and for neodymium-doped yttrium aluminum garnet (Nd:YAQG) is approximately 24 %,

which makes them suitable candidates for high-power solid-state lasers.

Among Yb?**-doped materials, Yb:YAG is a quasi-three-level laser medium with
a long upper-state lifetime, approximately 1ms, and a maximum doping concentration
near 10 % [53|. As shown in Fig. 2.1, Yb:YAG has a predominant emission line at 1030 nm
with a bandwidth of approximately 8 nm corresponding to a Fourier transform limited
(FTL) pulse duration of 140 fs, ignoring the effects of gain narrowing [54]. Two possible
pumping lines are evident in the absorption spectrum of Ybh:YAG: a broad absorption
line at 940nm (quantum defect ~ 9%) with full-width-at-half-maximum (FWHM) ~
18 nm and a zero-phonon line at 969 nm (quantum defect ~ 6 %) with FWHM =~ 3 nm.
Although pumping the lasing material at a low quantum defect is desired for easier heat
management, as explained earlier, the narrow absorption cross-section at 969 nm would
require a costly laser diode with a stabilized emission wavelength. Instead, the absorption
band at 940 nm has a sufficient spectral bandwidth to pump the lasing material with

cost-effective industrial diode lasers [55].

For the mentioned reasons as well as the relatively broad bandwidth, the ex-
tremely low quantum defect, and the availability of cost-effective pump diodes, Yb:YAG
is currently the work-horse for the development of high-power oscillators and amplifiers
[56].
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Figure 2.1 a) Energy level diagram of Yb3T in yttrium aluminium garnet. b) Emission and
absorption cross section of Yb:YAG at room temperature. Adapted from [23].
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2.1.2 Thin-disk geometry

In the development and in the power scaling of solid-state lasers, thermal management
has one of the strongest impacts. For this reason, in addition to the choice of the material
itself, the geometry of the gain medium as well as the interaction with the cooling system
are of great importance in the development of solid-state lasers. Intuitively, an efficient
cooling geometry has a large ratio between cooling area and pumped volume. In this
way, effects such as deterioration of beam quality due to temperature gradients, ther-
mal lensing, thermal-dependent changes in the refractive index, depolarization caused by
thermal-induced birefringence and other thermally-induced effects can be largely reduced.
Numerous designs have been developed in this respect and Yb:YAG has been employed

as gain medium in different geometries such as rod, slab, fiber and TD [51].

In 1994 Giesen et al. [57| introduced the TD geometry for an efficient cooling
of the gain medium. This geometry relies on maximizing the ratio between surface and
volume of the laser medium by shaping it as a thin cylindrical plate, Fig. 2.1.2a. Typically
the thickness is 100 - 200 pm and the diameter is several mm. In order to minimize the
gain losses, the front and the back surfaces of the disk have anti-reflective (AR) and high-
reflective (HR) coating depositions for the spectral range of the seed and pump beams,
respectively, as shown in Fig. 2.2b. The TD geometry is intended for pumping on a large
area with inexpensive, high power laser diodes. To reach high pump absorption, the TD
is placed in a customized structure with a multi-pass arrangement. In this structure the
pump beam is re-imaged onto the disk by a combination of a parabolic mirror and prism

retro-reflectors, resulting in absorption efficiencies as high as 90 %.

Not every material has proven to be suitable for the TD geometry, due to the high
mechanical stress during high-power pumping and during the manufacturing of a thin but
comparably large disk. The performance of Yb:YAG as gain material in the TD geometry
is remarkable due to the efficient cooling of the gain medium and the high resistance to
mechanical and thermal stress. Consequently, the combination of TD technology with
the Yb:YAG material made possible the simultaneous scaling of average and peak power
in both oscillators and amplifiers. It allowed to reach energies and average powers up to
joule-level and kilowatt-level, respectively, while maintaining an almost diffraction-limited

beam quality via tens of multi-passes through one or two disks [52, 54, 58, 59|.

In terms of ultra-short pulse generation the thin-disk geometry has proven to
be very beneficial [60]. Power scaling generally demands for large mode areas in a thin

gain medium. These requirements also reduce nonlinear phase accumulation during the
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generation of intense, short pulses. As a consequence, the thin gain medium greatly
relaxes the demand on pre-chirping in regenerative amplifiers and enables more precise
nonlinear-phase control in soliton mode-locked oscillators. Together with the excellent
heat management, Yb:YAG thin-disk technology offers a particularly suited starting point

for the generation of ultra-short pulses with high peak and average power.

a) b) heatsink Yb:YAG
pump eatsin
disk | pump
laser laser
heatsink T
HR AR

Figure 2.2 Thin-disk concept (not to scale). a) The heat sink is water cooled from the backside.
The pump-light is folded and imaged several times onto the thin-disk to maximize the absorption.
The laser emission is perpendicular to the disk. b) The gain material, Yb:YAG, has a HR coating
on the back side and an AR coating on the front side to minimize the gain losses.

2.1.3 Soliton Kerr-lens mode-locking of resonating cavities

Laser pulses are formed inside the resonating cavity of an oscillator. In the simplest case it
consists of two mirrors that trap light and shape the longitudinal and transversal modes.
Between them a gain medium transfers power into the modes and replenishes losses, e.g.
due to an output-coupler that transmits a portion of the circulating light. This simple
scheme is suitable for the generation of continuous-wave laser radiation. Considerably
shorter pulses are obtained with mode-locking. During mode-locking the oscillator can
be forced to concentrate the energy of the circulating light into a short time window
by modulation of the intra-cavity losses. This modulation can occur in different time
scales. For a time scale longer than a round-trip time, g-switching methods are commonly
used, which allow to reach pulse durations in the order of ns to ps. On the time scale
of a round trip, switches and saturable absorbers are alternatively used to reach pulse
durations in the order of hundreds of fs. Electro- or acousto-optical switches are used in
active mode-locking techniques, saturable absorbers such as in semiconductor saturable

absorber mirrors (SESAM) or KLM are used in passive mode-locking techniques.

The first mode-locked Yb:YAG TD oscillator was demonstrated by Aus der Au
et al. in 2000 [61] with the aid of a SESAM. The same group, as well as other groups, ad-
vanced this technology during the next decade and reached unprecedented results in terms
of peak power, pulse energy and average power [15, 62|. An alternative implementation

of a passive saturable absorber for mode-locking of an oscillator cavity is based on the
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2.1 Theory

Kerr-effect. For intense laser beams, the refractive index of a material depends on the in-
tensity of the incident electric field. For example, a Gaussian intensity distribution causes
an increase of the refractive index in the central part of the beam relative to its outer
regions therefore forming a nonlinear lens. The higher the light intensity, the stronger
the action of such a lens becomes. For high-intensity pulsed laser beams, self focusing
occurs following the intensity distribution of the spatial beam profile. In other words, the
outer parts of the spatial beam profile experience less self-focusing in comparison to the
inner part. A hard aperture can be implement to block the propagation of lower intensity
parts of the beam, which experienced less self-focusing, see Fig. 2.3. In a resonator-cavity,
this mechanism initiates mode-locking and acts as an artificial saturable absorber [8]. The
discovery of the possibility to generate the shortest possible pulses from the compensation
of nonlinearities and dispersion to form so-called soliton pulses, preceded the invention
of KLM. For this reason a precise compensation of the induced Kerr-nonlinearity inside
the cavity can be obtained with the aid of chirped-mirrors [63]| (for more details about

self-focusing see section 4.2.1).

For power scaling of soliton mode-locked oscillators both the nonlinear and the
thermal instabilities are needed to be considered. A TD-shaped gain medium is, in both
cases, an ideal solution as explained in section 2.1.2. Although the key ingredients were
well known, the obvious merge of the solitonic KLM technique with the TD technology
was demonstrated only many years later than SESAM, by Pronin et al. in 2012 [64]. In
the years following its discovery, reproducing the advancement of SESAM-TD oscillators,
the limits of this new technology were investigated and many records in terms of pulse
duration, average power and energy were achieved also with KLM-TD oscillators |22, 54,
65]. A more detailed description about the evolution of both those technologies can be
found in (8, 60)].

A
Hard
Kerr medium aperture
°
z
=S
<
Q
M — s
L
Intensity

Figure 2.3 Basic principle of Kerr-lens mode-locking. The high intensity beam (dark red)
experiences stronger self-focusing than the low intensity beam (bright red). A reduction of the
cavity losses can be obtained via a hard aperture (represented in gray) blocking the low intensity
beam. This mechanism initiates mode-locking and acts as an artificial saturable absorber.
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2.2 Experimental setup

The following paragraphs describe the TD Yb:YAG KLM oscillator used as frontend for
the experiments in the later chapters. The design of this oscillator cavity is based on
[22, 33, 49]|. Minor modifications are performed to better suite the different experimental
setups for which this source is used as driving laser. These improvements include a water-
cooled custom-design housing for increased thermal stability and a different Kerr-medium
to allow, if required, carrier-envelope-phase-stabilization for future applications (for more

details, see [33]).

2.2.1 Cayvity design

The layout of the oscillator is depicted in Fig. 2.4. The standing waves are formed
in a linear cavity, confined between a wedge-shaped output coupler (Layertec GmbH)
with transmission of 19% (OC), and a highly reflective flat end-mirror (EM). The am-
plifying medium is a nearly flat Yb:YAG thin-disk (TRUMPF Scientific Lasers GmbH)
with a thickness of approximately 100 pm, which acts as an active mirror and is optically
pumped by fiber-coupled diodes (Laserline GmbH, LDM3000-100), in the broad absorp-
tion band at 940nm (as in Fig. 2.1b). Short pulses at a wavelength of 1030 nm are
obtained by balancing the nonlinear effects and the dispersion in the resonator (i.e. soli-
ton condition). Two 15nm-bandwidth, high-dispersive (HD) mirrors with a total group
delay dispersion (GDD) of —6000fs? per round trip are implemented in the cavity for

dispersion compensation [63].

The Kerr lensing occurs in two different plates of crystalline quartz in c-cut
with a total thickness of 6 mm placed at Brewster’s angle around the focus of a telescope
consisting of two concave HR mirrors (F; and Fy) with radius of curvature (ROC) =
—2000 mm. Spanning over 2m from mirror F; to mirror Fy this section of the cavity has
to be folded twice with plane HR mirrors [13, 33]. In order to enable KLM operation, the
cavity is adjusted to the edge of its stability zone [66]. For this purpose, a translation stage
is placed at the folding mirrors of the focusing cavity. This provides tunability along the
stability zone while keeping the optical axis aligned. For initiating the mode-locking, this
translation stage is manually perturbed. An additional low noise, 100-mm travel-range
translation stage allows to shift the Kerr medium along the optical axis. This is necessary
to find the mode-locking threshold and to allow power optimization of the Kerr-medium

position over the relatively long Rayleigh range of the focusing cavity [49].

12
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Figure 2.4 Schematic layout of the Kerr-lens mode-locked Yb:YAG thin-disk oscillator used as
frontend for the experimental work. The linear cavity of the oscillator consists of a 19 % trans-
mission output coupler, two high-dispersive mirrors with a group delay dispersion of —3000 fs?
each, two 3 mm c-cut crystalline quartz Kerr media, and a copper hard aperture. Output coupler
(OC), high-dispersive mirrors (HD;, HD3), Kerr medium (KM), hard aperture (HA), end mirror
(EM), focusing mirrors (Fy, Fg), thin-disk (TD), mode-locking stage (ML).

Figure 2.5 shows the calculated mode radius along the oscillator cavity, which
has a total length of approximately 10m. The software ReZonator2 [67| was used to
simulate the mode radius along the cavity and the stability regions of the oscillator [66].
The separation distance between the cavity components and their curvature values are

summarized in Table 2.1.

As evident from Fig. 2.5 and Tab. 2.1, the relatively large focal spot defined
by the mirrors F; and Fy is accomplished by a long Rayleigh range. This increases the
interaction length of the focused oscillator mode with atmospheric air. As a result the
contribution of air to the accumulated nonlinear phase shift in the oscillator becomes com-
parable to that of the Kerr medium. The evacuation of the oscillator housing to 160 mbar
residual air pressure enables the control of all the effects connected to the interaction with
atmospheric air. A detailed description of these effects and a discussion of their influence

on the cavity design can be found in [49].

Component |OC TD; TD, F; KM F, EM
ROC (mm) oo -27000 -27000 -2000 oo -2000 oo
Distance (mm) | 0 1865 2755 6203 7280 8353 9370

Table 2.1 Oscillator cavity fundamental elements with radius of curvature (ROC) and distance
from the first element (output coupler) in mm. Output coupler (OC), thin-disk first and second
pass (TD; and TD3), focusing mirrors (F; and Fg), Kerr medium (KM) and end mirror (EM).

13
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Figure 2.5 Mode radius along the oscillator cavity as function of the distance from the output
couples (OC), simulated with ReZonator2 software [67]. The dotted red vertical lines mark the
position of the fundamental cavity components: output coupler (OC), thin-disk first and second
pass (TD; and TDy), focusing mirrors (F; and Fy), Kerr medium (KM) and end mirror (EM).

2.2.2 Characterization

The oscillator routinely delivers pulses with approximately 6.3 1J energy, with an average
power of 100 W, at 16 MHz repetition rate.

For the characterization of the oscillator pulses a second-harmonic frequency-
resolved optical gating (SH-FROG) measurement is performed [68]. The measurement
is carried out with a home-built setup employing a 10 pm-thick beta barium borate (-
Ba(BO3)s (BBO) crystal. The measured spectrogram as well as the retrieved spectrogram,
spectrum and temporal profile can be seen in Fig. 2.6. The residual chirp, noticeable from
the spectral phase in Fig. 2.2.2c, arises from material dispersion. After the oscillator
chamber, several optical elements are used to optimally distribute the laser energy into
different experiments and diagnostic setups: after the vacuum window closing the laser
chamber a series of two attenuators, each formed by a half-wave plate and a thin-film po-
larizer (Layertec GmbH), are implemented. The retrieved pulse duration of the oscillator

is 215 fs, with an FTL pulse duration of 192 fs as reported in the related figures.

The oscillator shows root mean square (RMS) average power fluctuations below
0.2%, Fig. 2.7, and RMS beam-pointing deviations of approximately 2.3 yrad (without
active beam stabilization), Fig. 2.8, over a period of 1h. A drift of the beam can be

seen from the tangential beam pointing measurement. This drift is related to warming up
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of the optical components after the laser vacuum chamber. A beam stabilization system
(MRC Systeme GmbH) has been installed to overcome this instability. In addition to these
excellent stability performances, the spatial profile of the laser beam shows a remarkable
M? value of 1.174 and 1.126, in x and y axis, respectively (ISO 11146 measured with
M?2-200s, Ophir-Spiricon LLC). cf. Fig. 2.9.

The turn-key operation of the oscillator is obtained by the optimum heat man-
agement along all main components of the oscillator including the water-cooled laser hous-
ing, hard aperture and thin-disk heat-sink. The output parameters of the oscillator are

reproducible on a daily basis, without the need of additional alignment or optimization.
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Figure 2.6 a) Measured and b) retrieved SH-FROG spectrograms of the oscillator output
(G-error = 0.26 % |69]). ¢) Measured (solid blue line) and retrieved spectrum (dashed blue line).
The FTL reported in the graph is calculated from the FWHM of this spectrum and reported
in the graph. The red dashed line represents the spectral phase. d) Retrieved temporal profile.
The FWHM of this curve, corresponding to the effective pulse duration, is reported in the graph.
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Figure 2.7 Average power fluctuations and relative deviation from mean value of the oscillator

output over a time frame of 1h.
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Figure 2.8 Sagittal and tangential positional beam pointing fluctuations for oscillator output
measured over a time frame of 1h.
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Figure 2.9 M? measurement for the oscillator setup. The measurement is carried out with ISO
11146 norm (M2-200s, Ophir-Spiricon LLC). As reported in the graph, the values are 1.174 and
1.126, in = and y axis respectively.

2.3

Conclusion

To conclude, an Yb:YAG TD oscillator that served as frontend for the experiments and the

applications outlined in the following chapters is presented. This system delivers pulses

with 6.3 1J energy, 100 W average power, at 16 MHz repetition rate. A pulse duration of

2151s is achieved via KLM. In table 2.2 the relevant parameters for the characterization

of the oscillator pulses and stability are summarized.

Average power

Average power fluctuations (RMS)
Repetition rate

Pulse duration

Energy

M2,

Beam-pointing deviations (RMS)

100 W

0.18% (1h)

16 MHz

215fs (FTL ~ 192 fs)
6.31J

1.174, 1.126

11pm (1h)

Table 2.2 Summary of the most relevant oscillator parameters.

The high extra-cavity peak power and the short pulses directly from the oscil-

lator, achieved with the TD geometry in combination with Yb:YAG gain material and

solitonic KLLM, has proven to be an ideal starting point for efficient extra-cavity spec-

tral broadening [70]. Moreover, the remarkable stability and the high repetition rate,
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pose the basis for further spectroscopic applications [13], where reproducibility and high

signal-to-noise ratio within a reasonable measurement time are crucial.
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3 Compression to the sub-20 fs regime

with multipass cells

As explained in the introductory chapter, in the last years bulk-based MPCs became a
common extra-cavity pulse compression scheme to extend the bandwidth of Yb:YAG-
based laser systems. These cells involve, generally, self-phase modulation (SPM)-based
nonlinear broadening in combination with chirped mirrors (CM)-based linear temporal

re-compression.

In this chapter, initially, the theory of light propagation in dielectric media is
outlined followed by the description of the main nonlinear effects occurring in MPCs. The
emphasis lies on SPM. Other third-order effects as self-steepening and Raman effects are
also described. Afterwards, detailed illustration and characterization of the experiments
are given. Here, two generations of setups, each based on two subsequent MPCs, are
presented and compared. The first generation, proved the feasibility and the reliability
of broadening technique for spectroscopic applications [13] and as fronted for subsequent
compression stages [70]. The second generation, optically and opto-mechanically improved
in comparison to the precedent, served as reliable frontend for a subsequent compression
stage (section 4.2.2) used in the generation of ultra-broadband mid-infrared radiation
(section 5.2.2).

For further reading, several excellent textbooks and review articles providing a
thorough and insightful overview about nonlinear pulse propagation in dielectric media
and nonlinear effects can be consulted, some examples are |71-73|. Other very insightful

references about SPM-based broadening setups and MPCs are, for example, [24, 74].
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3.1 Theoretical description

Light-matter interaction can be described with many different theoretical approaches.
They range from a very simplified description, in which light is interpreted as rays obeying
geometrical constraints, to a very detailed description, in which perturbation theory is
used to account for quantum mechanical effects. For the experimental part of this work, a
simplified approach is used. In the following description, light is treated as electromagnetic
radiation and the interaction with a material is described as a function of the nonlinear

polarization response.

The nonlinear polarization response of a material to an intense electromagnetic
field can lead to the generation of polarization components at frequencies not present in
the incident radiation field. Maxwell’s equations describe the generation of these new
components of the field [71]. In the following, a detailed description of light propaga-
tion in dielectric media and nonlinear effects relevant for the broadening schemes in the

experimental setups is given.

3.1.1 Light propagation in dielectric media

Light can be described as an electromagnetic field using the electric field vector E and the
magnetic field vector B. The response of a dielectric medium to an applied light field can be
described using the electric flux density D and magnetic flux density H. The mentioned
quantities depend on the space vector r = (z,y,z) and on the time scalar variable ¢.
These dependencies are considered implicit and omitted in the following equation. The

propagation of light in a dielectric medium can be described by Maxwell’s equations

V-D=p (3.1a)
V-B=0 (3.1b)
0B
oD

where p is the charge density and J is the current density vector. For a dielectric medium
with no free charges and currents, as the crystals and the fibers which will be discussed
in this and the next chapters, these two densities vanish. Thus, J = 0 and p = 0. In

addition, the medium is assumed to be non-magnetic. Therefore, the relations between
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3.1 Theoretical description

field vectors and flux density can be re-written as

B = 11oH, (3.2a)
D=¢E+P, (3.2b)

where €, is the vacuum permittivity, pg is the vacuum permeability and P is the electric
polarization. Using equations 3.1 and 3.2, it is possible to derive the vector wave equation

for an isotropic, nonmagnetic, and source-free medium

2 2
VXVXE:—éaa—tE}—uOZ—tE (3.3)
where ¢ is the speed of light in vacuum, given by ¢ = \/E .
The mathematical identity
VxVxE=V-(V-E)-VE (3.4)

can be used to rewrite Eq. 3.3. If only the linear response of an isotropic source-free
medium is considered, the term V - E vanishes due to the Maxwell’s equation 3.1a. For
most cases we will consider in this paragraph, the nonlinear polarization is weak and the
approximation V-E = 0 is valid. For this reason, the vector wave equation can be written

as the simplified wave equation

1 0°E 1 0*P

V’E = — :
2 0t2  eyc? Ot?

(3.5)

The most common procedure for describing nonlinear optical phenomena is based
on expressing the polarization in terms of the applied field strength. The reason why the
polarization plays a key role in the description of nonlinear optical phenomena is that a
time-varying polarization can act as a source of new components of the electromagnetic
field. It is convenient, to begin with the generalization of Eq. 3.2b to include the different
contributions to P. The nonlinear response of a material system under an applied external

electromagnetic field can be described by a series expansion of the polarization

P=P"+P?+P® 4 (3.6a)
PQAL)
= coXVE 4+ coxPE? + eoxPE? + . .. (3.6b)

where (! is the linear electric susceptibility, x(® and x® are higher order susceptibilities

and similarly P®® and P® are higher order polarization responses. P® linearly depends
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on the electric field strength E and PNV depends nonlinearly on the electric field strength
E. As the polarization order increases, the number of the frequency components involved
in the nonlinear process increases. For example, in a second-order nonlinear process two
frequency components interact to create a new frequency. Consequently, a process in
which three frequency components interact to create a new frequency, is described by the

third-order polarization. A more detailed explanation can be found in [71].

The nonlinear propagation in dielectric media can be described, in first approx-
imation, considering only the linear polarization response P = eyxVE. As explained
previously, if only linear polarization is considered, the identity V - E = 0 is valid [73].

Therefore, Eq. 3.5 can be further simplified to

e, O°E

2
E=——-
v c? Ot?

(3.7)
where €,(w) = 1+ (w) is the frequency-dependant relative permittivity of the medium.

For simplicity, it is useful to write this expression in the frequency domain

2

VZE(r,w) = —€.(w)—=E(r,w) (3.8)

e
where E(r,w) is the Fourier transform of E(r,t). When an intense laser pulse is used as
light source, it is necessary to include the nonlinear effects in Eq. 3.8. Following the same
procedure as before, the Fourier transform of Eq. 3.6 is applied. Thus, it is possible to

write the wave equation for a nonlinear medium as
VZE(r,w) + € (w)k*B(r,w) = —puow* PN (r, w) (3.9)
where k = w/c is the wave number [72].

To solve the previous equation it is necessary to computationally model the fast
oscillating electric field. However, this approach can be computationally very demand-
ing as very high temporal resolution is needed to sample the rapidly oscillating carrier
wave. Alternatively, it is possible to express the electric field as the product of the slowly

oscillating envelope A and the fast-oscillating carrier field e™0+% as
E (r,t) = F(z,y)A (2,1) 0+ (3.10)

here, F(x,y) is the transverse field profile and ¢ is the time-dependent phase. If the peak
of the pulse envelope is at t = 0, as the gray curve in Fig. 3.1a, ¢ corresponds to the
phase of the carrier field with respect to the envelope peak, also called carrier-envelope

phase (CEP) or absolute phase. If ¢ = 0, a maximum of the carrier field corresponds to
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the peak of the envelope, red curve in Fig. 3.1a. If ¢ = 7/2, the carrier field at the peak
of envelope is zero, blue curve in Fig. 3.1a. Femtosecond laser sources typically generate
pulse trains in which the CEP varies from pulse to pulse. Therefore, the generation of
light pulse with pre-determined and reproducible electric field profile, otherwise named
CEP-stable pulses, is of great interest nowadays. This capability, has paved the way to
the synthesis of optical waveforms for strong-field physics applications as high harmonic

generation [75].

For the scope of this chapter, it is sufficient to employ an envelope model, in
which the slowly oscillating envelope is decoupled from the fast-oscillating carrier field.
Thus, only the envelope needs to be sampled and the computational costs are greatly
reduced. This approximation is called slowly varying envelope approximation (SVEA).
This approximation is valid when the duration of the envelope functions in time should

be significantly greater than the optical period

82A
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Figure 3.1 Depiction of the slowly-varying envelope (grey) and of the fast-oscillating carrier
fields with different absolute phases (red and blue) for a) multi-cycle pulses and for b) few-cycle
pulses.

This approximation has proven to be valid over a remarkably broad range of
conditions in ultrafast nonlinear optics. Especially when the nonlinearities remain within
the limits of a perturbative treatment and the width of the incident and generated pulses
exceed several optical periods [72]. Fig. 3.1 shows the carrier field (red and blue) and

the envelope (dashed gray) of multi-cycle pulses on the left and of few-cycle pulses on the
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3. Compression to the sub-20 fs regime with multipass cells

right. The SVEA approximation lacks of accuracy once the few-cycle regime is reached.
For the multi-cycle pulse the envelope gives a sufficient approximation of the pulse, while
for the few-cycle pulse this description is not sufficient anymore and the CEP should take
into account. A small variation in the CEP phase of a few-cycle pulse can drastically
change the solution of the wave equation for nonlinear phenomena, while this effect is

mitigate for multi-cycle pulses.

Eq.3.10 can be further simplified by applying the following assumptions. Firstly,
as mentioned above, in this thesis all the broadening media are crystals or single mode
fibers supporting only the fundamental mode. For this reason F'(z,y) can be approximated

by a Gaussian distribution
Flz,y) e w2 (3.12)

with the width parameter w depending on the guiding structure. Secondly, in most
cases an exact functional form of the wave number £ is not known and the Taylor series

expansion is used

1 1
R(w) = ko + kr(w = wo) + Sha(w —wo)” + ha(w = wp)® + -+ - (3.13)

where different orders of k are related to different physical phenomena. For example, kg
describes the phase shift between the envelope of the pulse and the rapidly oscillating
electric field. In other words, it is connected to CEP, Fig. 3.1. k; describes the group

dw
faster than higher frequencies and accumulate at the leading edge of the pulse. This is

velocity v, = kil ko describes the GDD, ky = ié. If ky > 0, lower frequencies travel

known as normal GDD regime and the resulting pulse is called positively chirped. The
opposite case, where ky < 0, is referred to as anomalous GDD regime and the pulses as
negatively chirped pulses. k3 is relevant for third order phenomena, which causes satellite
pulses in the temporal domain. For most experiments, it is favorable to concentrate all the
energy in a single peak and avoid side features.|72|. For this reason, high order dispersion

effects should be avoided. A practical example can be found in paragraph 3.2.1.

At this point, it is possible to write the propagation equation for the pulse
envelope A(z,t). Higher order terms such as 9*A/02% can be neglected by applying the
SVEA. Assuming no Kerr-nonlinearities (see Section 3.1.2) k is only expanded till the
second order. The resulting equation is the nonlinear Schrédinger equation (NLSE)

0A OA  khO*A  «

Oh 28 T D Y AR A 14
5: TR T e T i]Al (3.14)
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3.1 Theoretical description

where « is the loss parameter and ~ is the nonlinear parameter, defined as

NaWo
’}/ e
CAeff

(3.15)

where no is the nonlinear refractive index. A.g is the local effective area, which is defined
as Ao = mw?(z) for a Gaussian beam [74]. It is worth mentioning here, that in practice it
is difficult to strictly satisfy the plane-wave approximation, which allowed us to eliminate
any transverse spatial derivatives in the wave equation. For example, the usual Gaussian
spatial profile of a propagating beam leads to a Gaussian nonlinear refractive index profile,
which acts as a nonlinear lens. This leads to self focusing (SF). For ultrashort pulses,
the time dependence of this nonlinear lens couples the temporal and spatial coordinates.
Further details about SF can be found in Chapter 4.

Using Eq. 3.14 it is possible to describe the light propagation in a single-mode
fiber or in a crystal by studying the compensation effects between linear dispersion de-

scribed by k and nonlinear effects described by 7.
3.1.1.1 Computational approach

Although in some cases an exact solution of the NL.SE is possible, in most cases a numerical
analysis of the nonlinear propagation is required. One of the most popular computational
approaches is the split-step Fourier method |72]. In this method linear and nonlinear
contributions to the propagation equation are handled separately, with nonlinear terms
computed in the time domain and linear terms in the frequency domain. Because the fast
Fourier transform algorithm is used to convert between time and frequency domain, this

method is computationally efficient.

A basic description of the split-step Fourier method is given in the following.
The propagation equation, Eq. 3.14, is evaluated along a step of size Az. These steps are
the discrete lengths in which the nonlinear medium is divided for calculation. Firstly, the
electric field amplitude is Fourier-transformed to the frequency domain and the dispersion
effects along Az are calculated. Secondly, the resulting amplitude is Fourier-transformed
back into the time domain and the nonlinearity is taken into account for the same distance
Az. For the subsequent interval Az, the initial amplitude is replaced by the result of the
first iteration. Thus, the output amplitude after nAz can be calculated by repeating this

procedure.

Some errors can occur due to the simplification introduced by this computational

method. To reduce these errors to an acceptable amount, a sufficiently small step size Az
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3. Compression to the sub-20 fs regime with multipass cells

must be selected. As a rough guide, it should be small compared to both Lp and Lyi,.
Lp is the characteristic dispersion length scale describing the distance at which dispersion
will significantly broaden a bandwidth-limited input pulse in the absence of nonlinearity.
Ly, gives the distance at which the nonlinearity will significantly broaden the spectrum
of a bandwidth-limited input pulse in the absence of dispersion. Another problem can
arise when time and frequency vectors are not sampled adequately. To avoid inadequate
sampling, the pulse and its spectrum must be completely represented within the time and
frequency vectors used for the computation otherwise numerical instabilities can occur.
Such instabilities are linked to the periodicity introduced by the discrete Fourier transform
modellization of a pulse. For example, a portion of a pulse extending further than the

latest time extreme reappears at the earliest times [72, 73].

For this thesis, the Python [76] distribution and in particular the package pyNLO
is used for simulations. This open-source package employs the split-step Fourier method
to simulate nonlinear pulse propagation in different materials with focus on single-mode
fibers and, in general, in wave-guiding structures. With a few changes, this package can
be easily extended to the bulk-based qausi-waveguides described in the experimental part
of this thesis [77|. Possible errors arising from the simplifications explained above are
avoided by accurately choosing the step-size and the time-window for the computation.
Due to the high efficiency of the fast Fourier transform algorithm, the interaction of 250 fs-
long pulses with 6.35 mm of material could be simulated in less than 4 seconds, using a

windows of up to 8 ps and a step size smaller than 10 pm.

3.1.2 Relevant nonlinear effects

In the previous paragraphs, a general approach to describe propagation of a light pulse
in a dielectric material was introduced. For high electric field strengths the polarization
response is nonlinear and can be described by Eq. 3.6. For a material with spatial inver-
sion symmetry, such as liquids, gases and amorphous solids, the second order nonlinear
susceptibility x?, as all even order susceptibilities, vanishes [71]. Thus, second order
effects can not occur in such materials. All of the noble gases and crystals, in the work
presented in this chapter and in the following, exhibit inversion symmetry. Therefore, the

most important nonlinear effects result from third order polarization response.

The contribution of third-order effects to the nonlinear polarization response in

an isotropic medium is given by

P® = 3¢y® |EPE. (3.16)
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3.1 Theoretical description

In the spectral region in which the majority of optical materials are transparent, x® can
be approximated by its real part. Therefore, the nonlinear polarization results in an index

of refraction which depends nonlinearly on the electric field

n = ng + 2, (E?) (3.17a)

where ng is the weak-field refractive index or simply linear refractive index, (E*) is the
time averaged electric field and Ty = mongegc is the second order index of refraction.
The quantity ny describes the strength of the relation between the electric field and the
refractive index or, in other words, gives the rate at which the refractive index increases
with increasing the optical intensity. The change in refractive index is called optical
Kerr effect. The optical Kerr effect occurs in gases, liquids, and solids regardless of their
symmetry. The magnitude of the nonlinear refractive index depends on the material, e.g.

fused silica exhibits 1o = 3 x 1070 cm? W1

The total polarization for linear and third order interactions, as for the experi-

ments described later in this chapter, can be written as
P = ¢ox'VE + 3¢0xY |EPE. (3.18)
Introducing the effective susceptibility
Xett = X + 3eox | E|%. (3.19)

it is possible to relate the third-order nonlinear susceptibility x® to the nonlinear refrac-
tive index by
ng =1+ Xeff - (3.20)

inserting Eq. 3.17a on the left side, Eq. 3.19 on the right side and using the relation

between ny and ns, the following equivalences are found

no = /14 X (3.21a)

3x®
Ty = 3.21b
12 4n0 ( )
ny = 5 x®. (3.21c)
4nZeoc

In general the intensity dependence of the refractive index implies its variation in time and
space. The temporal variation leads to pulse chirp and the (transverse) spatial variation

leads to lensing effects. These processes are called SPM and SF, respectively.
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3. Compression to the sub-20 fs regime with multipass cells

3.1.2.1 Self-phase modulation

SPM is the phenomenon in which an intense pulse transiently modifies the refractive index
through the optical Kerr effect. This modification in turn affects the temporal phase of

the pulse and is the origin of spectral broadening.

It is possible to begin the description of SPM considering the propagation of an
optical pulse
E(z,t) = A(z,t)elker=e0t) ¢ ¢, (3.22)

through a medium characterized by a nonlinear refractive index n(t) = ng + nol(t) where
I(t) = 2ngeoc|A(z,t)|*. The assumptions made for the description of this phenomenon are:
(i) the SVEA is valid; (ii) the medium responds instantaneously to the pulse intensity;
(iii) the length of the medium is sufficiently small so that no reshaping of the optical pulse
can occur within the medium. Propagation of the pulse inside the medium results in a

phase change equal to
(JJ()LTLQ

Pyp(t) = — I(t). (3.23)

c
Thus, the spectrum of the transmitted pulse is broader than the incident pulse spectrum.
To describe the effect on the spectral content, it is useful to introduce the instantaneous
frequency

w(t) = wo + dw(t) (3.24)

where dw(t) = 4@y (t) denotes the temporal variation of the instantaneous phase. The
instantaneous frequency is modulated according to the time derivative of the intensity.
Thus, the magnitude of the frequency modulation scales with the magnitude of the peak
nonlinear phase shift. For a Kerr-medium with ny > 0, at the leading edge of the pulse
the change in phase is negative (dl/dt > 0) and the spectrum is red shifted. At the
trailing edge the change in phase is positive (d//dt < 0) and the spectrum is blue shifted
[72]|. This is illustrated in Fig. 3.2, which depicts a Gaussian input pulse on the left and
the corresponding phase shift on the right.

Either SPM or normal dispersion acting on a pulse lead to a frequency chirp.
For sufficiently intense input pulses, SPM lead to spectral broadening in the form of a
positive chirp. If the material dispersion in the medium is significant, besides the pulse
spectrum also the temporal profile is modified. A dispersive delay line can be used to
compress the pulse and synchronize its frequency components, as explained in Fig. 3.3.
Normally, a waveguide geometry is used to obtain the SPM necessary for pulse broadening.
Waveguiding prevents self-focusing and ensures that the nonlinear phase shift and the

spectral broadening are uniform across the transverse spatial beam profile.
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00 1 1 I

Figure 3.2 Self-phase modulation of a pulse with Gaussian intensity profile. a) Time dependant
intensity of a Gaussian pulse and b) corresponding change in instantaneous frequency. The
leading edge is shifted to lower frequencies while the trailing edge is shifted to higher frequencies.

Similarly to fiber waveguides, bulk-based quasi-waveguides can be used. Sim-
ilar to laser cavities and regenerative amplifiers, the nonlinearity in bulk-based quasi-
waveguides is distributed over a large number of passes. Each pass in the MPC arrange-
ment comprises transmission through a bulk-medium for SPM followed by a reflection off
a curved dispersive mirror. The nonlinear phase shift accumulated by SPM in the medium
is compensated by the negative GDD of the dispersive mirror after each pass [72]. The
curvature of the dispersive mirror leads to periodic refocusing such that the confocal pa-
rameter remains unchanged. The propagation in the MPC cavity plays the same spatial
homogenizing role, as a series of successive lenses or as a waveguide. A high number of
passes is accomplished by mode matching the input beam and injecting it along a specific
off-axis path of the cell. This scheme was first described for stable symmetric resonator
configurations by Herriott et al. 1964 [78]. Through careful a priori calculations and op-
tical alignment, a circular pattern of equally spaced spots on each mirror is assured. The
Herriott geometry also requires that the beam pattern close on itself after an even number
of passes, which guarantees optimum utilization of the MPC volume [79]. Figs. 3.7 and
3.11 show four examples of MPC in Herriott geometry. This concept, and in general a
MPC, offers additional robustness compared to hollow waveguides: it is less sensitive to
beam pointing instabilities; it offers additional control on the nonlinear pulse propagation
through the medium; its only limitations are related to the optical damage threshold of

the mirrors, bulk media and coatings, which can be engineered by cavity design [74].
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3. Compression to the sub-20 fs regime with multipass cells
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Figure 3.3 Graphical depiction of a pulse compression scheme. For intense input pulses, self-
phase modulation in a bulk material leads to a spectral broadening in the frequency domain. If
the material dispersion is significant, the pulse is typically positively chirped in the time domain.
A dispersive delay line can be used to achieve pulse compression and synchronize different optical
frequency components.

As explained above, dispersive mirrors can be used in pulse compression schemes.
Chirped mirrors are a dielectric multi-layer system consisting of a sequence of films char-
acterized by a certain refractive index n; and thickness d;. A defined sequence of (n;, d;)
combinations representing individual films can closely reproduce a predefined reflection
and phase behavior in a certain spectral range. This idea was first pursued by Szipocs
et al. in 1994 [80]. As the amplitude and phase responses become more and more com-
plicated, this technology gained importance. In many cases, a constant reflectivity and
certain dispersive behavior in a defined spectral region is desired for chirped mirrors, i.e.
a constant amount of GDD within a predefined spectral range or to compensate a cer-
tain amount of material dispersion [81]. In this thesis chirped mirror compressor were
extensively used, not only for the case of MPCs, where they play a major role, but also
for compression to sub-10 fs regime (chapter 4) and as already mentioned in the previous

chapter for solitonic Kerr-lens mode locking |63, 82|, (see Section 2.1.3).

Substrate

=
\ (n;,d;)

Figure 3.4 Graphical depiction of a chirped mirror. A dielectric multi-layer system is deposited
on a substrate. The multi-layer consist of a sequence of films, each of them characterized by
a certain refractive index n; and thickness d;. Each layer reflects different wavelengths of the
incident beam, such that each wavelength, as A1 and Ao, experiences different optical path lengths.
A defined sequence of (n;,d;) combinations representing individual films can closely reproduce a
predefined reflection and phase behavior in a certain spectral range.
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3.1 Theoretical description

3.1.2.2 Self-steepening

From the time derivative term in the NLSE, Eq. 3.14, an effect distorting the pulse
amplitude during propagation can be calculated. This effect is termed self-steepening. In
the following, only a qualitative description will be outlined. For further reading a detailed
mathematical derivation can be found in most classical nonlinear optics textbooks and

references, as [71-73, 83].

Physically, the distortion arises from an intensity-dependent group velocity

1Ok _ 2r0n(I(1))

vy (%) dw Ny Ow

(3.25)

v,(t) creates an asymmetry in the temporal pulse shape with a steepening of the trailing
edge, cf. Fig. 3.5a. This asymmetry, in combination with self-phase modulation, causes
the generation of an asymmetric spectrum. This can be clarified considering the generated
frequencies w(t) of an asymmetric temporal pulse shape, cf. Fig. 3.5b. Correspondingly
in the frequency domain, the broadened spectrum exhibits a stronger peak shifted towards

longer wavelengths and a weaker blue shifted pedestal.

In the extreme case, self steepening results in the formation of an optical shock
wave, the effects of which are similar to an acoustic shock wave. At the shock point,
the intensity-dependent slope of the trailing edge approaches infinity and the intensity

changes instantaneously [83].

b) e
a) 1of ) 2
1_
= 0.5F 3 0
_1—
)) 1 1 1 1 1 _ 1 1 1 1 1 1 1
O =—="——T 0 1 2 3 273 2 -1 0 1 2 3
£ £

Figure 3.5 Graphical depiction of self-steepening for a Gaussian pulse. a) For positive values of
the nonlinear refractive index, the peak of the intensity profile of a Gaussian pulse is progressively
delayed during propagation. b) The corresponding change in instantaneous frequency lead to a
spectrum that exhibits a stronger peak shifted towards to longer wavelengths.
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3. Compression to the sub-20 fs regime with multipass cells

It is important to mention that as long as the pulse duration is much greater
than an optical cycle (SVEA is valid), the self-steepening is weak compared to self-phase
modulation. In the experiments, direct observation of self-steepening is difficult since
its effect is usually strongly intermixed with group velocity dispersion. However, it was
shown numerically and experimentally that the self-steepening process has an important
influence on experiments in nonlinear fiber optics, white light continuum generation in

bulk transparent media and especially on soliton formation and propagation [71].

3.1.2.3 Raman effect

Raman scattering results from the interaction of light with the vibrational modes of the
molecules constituting the medium. The energy diagram for a generic Raman transition is
shown in Fig. 3.6. An incident photon at frequency w,, named pump photon, is absorbed
by the molecules in the medium to transition into a virtual state. If the molecule does
not transition back to its ground state, but to a vibrational state, a photon with lower
frequency wg, named Stokes photon, is emitted. Similar to laser emission, the transition
to a vibrational state can be amplified by the presence of an optical field with frequency

ws. This effect is called stimulated Raman scattering [71].

r Virtual state

(Dp g

Vibrational states

Ground state

Figure 3.6 Energy diagram for Raman scattering. An incident photon at frequency wy,, named
pump photon, is absorbed by the molecules in the medium to transition into a virtual state. If
the molecules does not transition back to its ground state, but to a vibrational state, a photon
with lower frequency w,, named Stokes photon, is emitted.

For sufficiently-intense and broadband beams, intra-pulse stimulated Raman
scattering results in a self-frequency shift. The high frequency components of the pulse
act as pump to amplify lower frequencies, leading to a red shift in the spectrum. For the
bulk-based broadening described in this thesis, the propagation length is too short for the
Raman effect to have a significant influence on the pulse. Additionally, the noble gases
used for the fiber-based compression are monoatomic, they do not exhibit vibrational
states. Therefore, the Raman effect can be neglected for the presented simulations and
experiments but can be mentioned as effect relevant for SPM-based broadening schemes

[84]. Detailed descriptions of the Raman scattering can be found in [71, 85, 86].
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3.2 Experimental setups

3.2 Experimental setups

The home-built Yb:YAG TD KLM oscillator described in Chapter 2, is used as direct
source for the first stage in the nonlinear pulse compression scheme. To achieve sub-20 fs
pulses with high optical efficiency, two external nonlinear compression stages based on
MPCs, in Herriott geometry, are used. Two generations of setups are presented and com-
pared. The first generation, allowed important initial investigations about THz generation
[13] and about subsequent compression stages |70]. The second generation is optically and
opto-mechanically improved in comparison to the precedent. This upgraded setup is em-
ployed as reliable frontend for a subsequent compression stage (section 4.2.2) used for the

generation of ultra-broadband mid-infrared radiation (section 5.2.2).

3.2.1 First generation

For the first generation of nonlinear compression scheme for the generation of sub-20fs
pulse durations, two consecutive MPCs are used. Each of them is followed by a chirp-
mirrors compressor to compensate the accumulated phase. The schematic of the setup is

shown in Fig. 3.7.

KPCIE&ZI
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Figure 3.7 Schematic layout of the first generation of compression scheme based on multipass
cells in Herriott type geometry. The output of the oscillator is coupled into a first MPCs contain-
ing 6.35 mm fused silica (FS) as nonlinear medium and two curved dispersive mirrors (PC1691).
The mode matching is achieved via a beam expander (BE), a focusing mirror and a scraper (S).
After 38 passes through the medium the beam is coupled out and re-collimated. The broad-
ened output is temporally re-compressed by a chirped mirror compressor containing 7 mirrors
(PC1611). After the first cell, the beam is mode-matched into a second MPCs also containing
6.35 mm fused silica as nonlinear medium (FS) and two curved dispersive mirrors (PC1821). The
beam is coupled out after 6 passed through the medium and re-collimated. The broadened output
is temporally re-compressed by a chirped mirror compressor containing 3 mirrors (PC1611).
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Figure 3.8 Group delay dispersion curves (red) and relative average (gray) for the different
dispersive mirrors used in the first generation of MPCs-based compression: the coating named
PC1691 is used in the first cell, the coating PC1611 is used for the compressor after the first and
the second cell, the coating PC1821 is used in the second cell. The dispersive coating PC1821
is a complementary-pair type of chirped mirrors, the oscillations of the dispersion curve of one
mirror have opposite phase in comparison to the complementary mirror. Therefore, the average
dispersion curve can better approximate the design. In the figure only the average dispersion is
reported for clarity.

In the first stage, the 6.3 1J pulses from the oscillator are first sent to a mode-
matching setup. The mode-matching setup includes a zoom beam expander (165-1181,
EKSMA Optics UAB) and a focusing HR concave mirror with ROC = 1500 mm. With
the aid of a scraper mirror, the beam is couple into and focused in the middle of a
MPC containing two curved dispersive mirrors with ROC = 300 mm and average GDD
= —100fs? for 350 nm spectral bandwidth centered at 1030 nm. The dispersion curve of
these mirrors, named PC1691, is reported in Fig. 3.8. A 6.35 mm-thick, anti-reflection
coated fused-silica plate is used as the nonlinear medium. An additional curved dispersive
mirror is used to re-collimate the beam reflected back to the scraper after 38 passes
through the medium. The output spectrum after this initial stage is shown in Fig. 3.9c.
The optical efficiency in this stage is 82 %. Increasing the number of passes does not lead
to a higher factor of spectral broadening, due to the accumulated uncompensated linear
and nonlinear phase at each round trip. The output pulses of the first stage are coupled
out and compressed to 46fs by using 7 additional dispersive mirrors, PC1611 in Fig.
3.8, compensating the total residual dispersion of approximately 840 fs? around 1030 nm.

A home-built, SH-FROG employing a 10 pm BBO crystal was used to characterize the
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pulses. The spectrograms are shown in Figs. 3.9a and 3.9b, the G-error is 1.5 % [69]. For
this cell, it is clear from the spectral phase, Fig. 3.9¢ (red), and from the satellite pulses
in the retrieved temporal profile of the pulse, Fig. 3.9d, that uncompensated third order
dispersion effects are dominant. This arises not only from the limitations of the chirped
mirrors PC1691 used in the cell but also from the high nonlinear-phase-shift in each pass

of the cell, which cannot be compensated by the GDD of the dispersive mirrors.
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Figure 3.9 a) Measured and b) retrieved SH-FROG spectrograms of the first generation, first
multipass cell output (G-error = 1.5%). c¢) Measured spectrum (blue) and retrieved spectral
phase (dashed red). The FTL reported in the graph is calculated from the FWHM of this
spectrum. d) Retrieved temporal profile. The FWHM of this curve, corresponding to the
effective pulse duration, is reported in the graph.

After the first MPC, the compressed pulses are sent to a second mode-matching
setup with similar configuration: a beam expander, (165-1181, EKSMA Optics UAB) and
a focusing concave mirror with ROC = 1200 mm. The setup of this second cell is similar
to the first one. With the aid of a scraper mirror, the beam is coupled into and focused in
the middle of a MPC containing two curved dispersive mirrors with ROC = 250 mm and
a 6.35 mm-thick, anti-reflection coated, fused-silica plate as the nonlinear medium. The
concave mirrors in this stage, PC1821 in Fig. 3.8, have an average GDD of —150 fs? over
450 nm spectral bandwidth. A curved dispersive chirped mirror is used to re-collimate

the beam reflected back to the scraper. The output spectrum after 6 passes through
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3. Compression to the sub-20 fs regime with multipass cells

the nonlinear medium is shown in Fig. 3.10c. At this stage the accumulated linear and
nonlinear phases are negligible as the number of passes is small compared to the previous
cell. The output pulses are sent to a chirped mirror compressor containing only 3 mirrors

with the same dispersive design as the previous compressor, PC1611 reported in Fig. 3.8.

The characterization of the output pulses is carried out via SH-FROG. The
spectrograms of the output pulses are shown in Fig. 3.10a and 3.10b. The G-error
is 1.3%. In Fig. 3.10d, a single satellite pulse is noticeable in the time domain. Thus,
the uncompensated third order dispersion effects from the first cell are drastically reduced
after the second cell. Nevertheless, the spectral bandwidth is comparable with the previous
stage. Stated otherwise, this second cell is mainly employed to re-compression stage to

mitigate the uncompensated nonlinear dispersion from the previous stage.
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Figure 3.10 a) Measured and b) retrieved SH-FROG spectrograms of the first generation,
second multipass cell output (G-error = 1.3%). ¢) Measured (solid blue line) and retrieved
spectrum (dashed blue line). The FTL reported in the graph is calculated from the FWHM
of this spectrum and reported in the graph. The red dashed line shows the spectral phase.
d) Retrieved temporal profile. The FWHM of this curve, corresponding to the effective pulse
duration, is reported in the graph.
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In summary, the described compression scheme delivers 18 fs pulses with a total
energy of 3.8 nJ, corresponding to 60 % optical efficiency. The temporal domain shows
a not-optimal compression but the high intensity and the large spectral bandwidth al-
lowed already important investigations, in particular regarding further compression [70)|

(Chapter 4) and spectroscopic applications [13| (Chapter 5).

3.2.2 Second generation

Although, the first generation of MPCs-based compression scheme was used for some im-
portant investigations [13, 70|, the stability of the system and the temporal re-compression
were not optimal. Substantial improvements were made in order to employ this compres-
sion stage as stable and reliable frontend for the generation of ultrashort pulses and for the

final achievement of spectroscopic applications, as can be seen in the following chapters.

Fig. 3.11 shows the layout of the improved nonlinear compression scheme for
the generation of sub-20fs pulse durations based on two consecutive MPCs in Herriott

geometry.
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Figure 3.11 Schematic layout of the second generation of compression scheme based on mul-
tipass cells in Herriott type geometry. The 5.2 1J beam from the oscillator is coupled into a first
MPCs containing 6.35 mm fused silica medium (FS) and two curved dispersive mirrors (PC1841).
The mode matching is achieved via two lenses (L; and Lg), a focusing mirror and a scraper (S).
After 34 passes through the medium the beam is coupled out and re-collimated. The broadened
output is compressed via 8 passes on a chirped mirrors (PC162). After the first cell, the beam
is mode-matched into a a second MPCs containing 3mm fused silica medium (FS) and two
curved dispersive mirrors (PC1843). It is coupled out after 22 passes. The broadened output is
compressed via 2 bounces on a chirped mirror compressor (PC1611).

Before the first MPC, 5.2p1J, 84 W pulses of the oscillator are first sent to a
mode-matching setup. The remaining available power from the oscillator is employed for
other experiments and a small portion for diagnostics of the oscillator. For this setup,
the mode matching scheme includes two plano-convex lenses (NIR-II, Edmund Optics

Inc) and a focusing concave mirror with ROC = 1500 mm. This new scheme for mode-
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3. Compression to the sub-20 fs regime with multipass cells
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Figure 3.12 Group delay dispersion curves (red) and relative average (gray) for the chirped
mirror used in the second generation of MPCs-based compression: the coating named PC1841 is
used in the first cell, the coating PC162 is used for the compressor after the first cell, the coating
PC1843 is used in the second cell. For compressor after the second cell, mirror with coating
PC1611 are used.

matching avoids possible beam distortions due to the fixed and closed geometry of the
beam expander. Generally, the beam expander allows for an easier and faster tunability.
However, the closed structure and the limited aperture of the lenses inside the beam ex-
pander can cause spatial distortion of the beam profile. An impeccable beam profile is a
fundamental prerequisite for imaging systems, especially for MPCs where the beam path
extends for almost 20 m. In the previous generation of the multipass cell-based compres-
sion scheme, a careful positioning of the beam expander was required. This, however,
could still result in imperfections in the output beam. Thus, for the new generation a
two-lens system was preferred. The longer time required for adjustment was compensated
with an always impeccable output beam profile. This can be seen from a comparison of

the M? parameters for the two generations of compression schemes, Figs. 3.13 and 3.14.

After the mode-matching setup, the beam is coupled into the MPC. The coupling
is achieved with a scraper mirror as for the other cells. This cell contains two curved
dispersive mirrors with ROC = 300 mm, and average GDD = —110fs? for 200 nm spectral
bandwidth centered at 1030 nm. This GDD curve of the dispersive coating, PC1841, is
shown in Fig. 3.12. A 6.35 mm-thick, anti-reflection coated, fused-silica plate is used as
the nonlinear medium. After 34 passes through the medium, the beam is coupled out
by the scraper and re-collimated by a dispersive curved mirror. The output of this stage

is shown in Fig. 3.15c. In contrast to the first generation setup, the first MPC here
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Figure 3.13 M? measurement for the first generation of multipass-cells based braodening.

As reported in the graph, the values are 1.414 and 1.532, in x and y axis respectively. The
measurements are performed after the second cell.
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Figure 3.14 M? measurement for the second generation of multipass-cells based broadening.

As reported in the graph, the values are 1.236 and 1.104, in x and y axis respectively. The
measurements are performed after the second cell.

carries out just a partial broadening of the input pulses. As in the previous generation,

at this point increasing the number of passes in this stage does not lead to higher spectral
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3. Compression to the sub-20 fs regime with multipass cells

broadening, due to the accumulation of uncompensated linear and nonlinear phase at each
round trip. The output pulses of this first stage are coupled out and compressed to 49 fs
by using 8 additional dispersive mirrors (PC162, cf. Fig. 3.12) compensating the total
residual dispersion of 2400 fs? around 1030 nm. The characterization of the output pulses
is performed via SH-FROG. Figs. 3.15a and 3.15b show the measured and retrieved
spectrograms, with G-error of 0.4 %. The lower shift-per-pass and the improved design
of the dispersion curve for the mirrors PC1841 in the cell ensured a much more accurate
re-compression of the output pulse in temporal domain. This can be seen from the pulse
profile in the temporal domain, Fig. 3.15d. Additionally the flat, smooth phase in the
spectral domain, Fig. 3.15c, shows the perfect compensation of the residual chirp from
the compressor after the cell. Moreover, the limited bandwidth of the chirped mirrors
provided a higher throughput in this stage. This is a direct consequence of the lower
numbers of layers used to fabricate the chirped mirrors for the cell. The optical efficiency
in this stage is 84 %.
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Figure 3.15 a) Measured and b) retrieved SH-FROG spectrograms of the second generation,
first multipass cell output (G-error = 0.4 %). ¢) Measured spectrum (blue) and retrieved spectral
phase (red). The FTL reported in the graph is calculated from the FWHM of this spectrum and
reported in the graph. d) Retrieved temporal profile. The FWHM of this curve, corresponding
to the effective pulse duration, is reported in the graph.
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In contrast to the previous generation, the compressed pulses from the first cell
are focused into the second cell with the aid of only a dispersive concave mirror with ROC
= 1200 mm. This was possibile because the re-collimation beam after the first MPC has
a beam waist equal to the one for correct mode-matching. As discussed before the mode-
matching can degrade the output beam, especially in this case where also the second MPC
has a long propagation length. With the aid of a scraper mirror, the beam is coupled
into and focused in the middle of a MPC containing two curved chirped mirrors PC1843
with ROC = 300mm, and an average GDD of —60fs? for 350 nm spectral bandwidth,
Fig. 3.12. A 3mm-thick, anti-reflection coated fused-silica plate is used as the nonlinear
medium. The beam is reflected back to the scraper and re-collimated after 22 passes
through the medium.The output spectrum is shown in Fig. 3.16c. The output pulses are
sent to a compressor containing 2 dispersive chirped mirrors, PC1611 in Fig. 3.8, with
—110fs?> GDD per bounce. Fig. 3.16d shows the temporal profile of the re-compressed

pulses, measured via SH-FROG. The measured and retrieved spectrograms are shown
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Figure 3.16 a) Measured and b) retrieved SH-FROG spectrograms of the second generation,
second multipass cell output (G-error = 0.5%). ¢) Measured (solid blue line) and retrieved
spectrum (dashed blue line). The FTL reported in the graph is calculated from the FWHM of
this spectrum and reported in the graph. The red dashed line represents the spectral phase.
d) Retrieved temporal profile. The FWHM of this curve, corresponding to the effective pulse
duration, is reported in the graph.
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3. Compression to the sub-20 fs regime with multipass cells

in Figs. 3.16a and 3.16b, respectively. The G-error is 0.5 %. From the comparison with
the output pulses of the previous generation, it can be stated that the total bandwidth is
maintained while the quality of the compression is drastically improved. The total optical

efficiency is also improved to above 80 %.

In summary, the described frontend delivers 17 fs pulses with the total energy of
4.51J, and a total average power of 72 W corresponding to 80 % optical efficiency. The
compression is optimized and served to improve the reliability of the following stage of

pulse compression scheme for the generation of sub-10fs pulses (see Chapter 4).

3.2.3 Comparison

For the second generation of MPC-based spectral broadening and pulse compression sub-
stantial optimizations has been made. The improvements are both optical and opto-

mechanical.

Among the optical upgrades, the major improvement can be understood from
the output temporal profile comparing Figs. 3.10d and Fig. 3.16d. An optimized design of
the linear, from the chirped mirrors design, and nonlinear phase along the MPCs is the key
of this improvement. To obtain the dispersion curve for the design of the chirped mirrors,
the measured temporal profile of the oscillator, Fig. 2.6d, has been used as input for
simulations based on the split-step Fourier method developed from the PyNLO package
described earlier (see section 3.1.1.1). The output temporal profile as well as the output
spectrum for each cell in the second generation is a priori simulated using theoretical
curves for the GDD of the chirped mirrors. After mirrors, with suitable design, had been
fabricated and characterized [77]|, the simulations are repeated with the measured GDD
curve. A comparison of simulated and measured output can be seen in Fig. 3.17 for the
second cell of the new generation. The figure as well as the calculated pulse durations
show excellent agreement between experimental data and simulations. This proves that
this simulation algorithm is a valid tool for the design of efficient extra-cavity nonlinear
broadening based on MPCs.

Furthermore, the second MPC of the second generation setup is designed to have
a reduced nonlinear-phase-shift in each pass through the medium. This is obtained by
reducing the thickness of the medium from 6.35mm to 3mm. Taking into account the
higher intensity in the second cell, which has an input pulse duration almost 5 times
shorter than the first one, the reduction of the shift per pass leads to an easier pulse re-

compression after the cell, a more robust setup against self-focusing effects and avoided
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3.2 Experimental setups

frequent damages of the medium.

In addition, a better distribution of the broadening between two cells is achieved.
For the first generation, the majority of the spectral broadening was achieved in the first
cell and the main function of the second cell was to mitigate uncompensated third order
phase effects. In the second generation, both cells broaden the pulses and compress them.
This advancement also made possible a reduction in required bandwidth of the chirped
mirrors used in the MPCs. Not all the mirrors are required to have a GDD and reflectivity
curve as broad as the final output pulses. This greatly reduced the demands on the multi-
layer structure of the chirped mirror and for this reason a curve closer to desired design
is achieved. This also significantly improved the reflectivity of the mirrors, where the

optical throughput was increased from 60 % to 80 %.
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Figure 3.17 a) Measured (blue) and simulated (red) spectrum of the second MPC output
for the second generation of sub-20fs pulses. The FTL is calculated from the FWHM of this
spectrum and reported in the graph. b) Measured (blue) and simulated (red) temporal profile.
The FWHM of this curve, corresponding to the effective pulse duration, is reported in the graph.

About the optomechanical improvements two major changes were made. Firstly,
a custom air-tight chamber is employed. A better long-term stability and a reduction of
air fluctuations are ensured by this chamber. Additionally, the possibility to water-cool
the breadboard of the chamber and the medium of each MPC drastically reduces the ther-
mal drifts. Secondly, two different beam pointing stabilization systems (MRC Systems
GmbH) have been used. In the first generation only a simple setup, after the second cell,

was implemented (MRC Systems GmbH). The pronounced and continuous thermal drift
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Figure 3.18 Sagittal and tangential position beam pointing deviations for the first generation

of multipass cells-based compression scheme output measured over a time frame of approximately
1h.
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Figure 3.19 Sagittal and tangential position beam pointing deviations for the second generation

of multipass cells-based compression scheme output measured over a time frame of approximately
1h.

could not be compensated within the range of that beam stabilization system. For the

second generation, two independent beam stabilization systems are used. The first beam
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stabilization system is placed at the oscillator output, i.e. before the first cell. The sec-
ond beam stabilization systems is placed after the chamber, i.e. after the second cell. In
combination, these two stabilization systems and the better cooling drastically improved
the beam pointing stability of the second generation of MPCs [84]. This improvement
is shown by the comparison of the positional beam pointing fluctuations, in both gen-
erations, for approximately one hour, cf. Figs. 3.18 and 3.19. In the first generation a
pronounced and uncompensated drift, especially along the tangential axis, not present in
the second generation can be seen. Moreover, considering a longer time scale, the day-
to-day performances and stability are more reproducible and less damages occurs, so less

frequently realignment of the system is required for the second generation.

3.3 Conclusion

In conclusion, two different generations of MPC-based spectral broadening and pulse
compression setups were presented. A summary of the most relevant parameters of each
generation can be found in Tab. 3.1. Both of these frontends could routinely deliver
sub-20fs pulses at high power. For the first generation an optical efficiency of 60 %,
corresponding to 3.8 1J per pulse, and with durations reaching 18 fs was achieved. The
second generation was optically and opto-mechanically improved to reach 80 % optical
efficiency, corresponding to 4.5 nJ per pulse, and with durations reaching 17fs. Another
remarkable improvement of the second generation is the pulse compression quality. The
pulses after the second cell are re-compressed at almost the FTL pulse duration, making
this new generation the perfect input for a second nonlinear compression stage to reach

into the sub-10fs regime.

First generation | Second generation
Average power 60.5 W 72W
Pulse duration 18fs 171s
Energy 3.811J 4.5
ijvy 1.414, 1.532 1.236, 1.104
Beam-pointing deviations (RMS) | 356 um (1h) 9.3pm (1h)

Table 3.1 Summary of the most relevant parameters for each generation of multipass cells-based
broadenings.

Although this type of broadening requires long beam paths and high intensities,
both generations of pulse compression schemes show high stability and reliability. This
efficient extra-cavity broadening based on pulse compression schemes in bulk material,
proved once more, in the experiments outlined here, to be suitable for extending the

bandwidth of Yb:YAG-based laser systems while maintaining high optical efficiency. The
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3. Compression to the sub-20 fs regime with multipass cells

limitations in manufacturing multi-layer optics remain the main restrictions for extend-
ing the bandwidth of this broadening scheme. For further pulse compression, different

techniques can be used to overcome these limitations, as can be seen in the next chapter.
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4 Compression to the sub-10 fs regime

with different schemes

In the previous chapter, the generation of sub-20 fs pulses with a high optical efficiency in a
MPC-based compression scheme is presented. The limitations in manufacturing dispersive
optics are the main restrictions for extending the bandwidth of this type of compression.
To overcome these restrictions and reach the few- and even single-cycle regime, different

techniques can be used.

One promising approach to generate few-cycle pulses from femtosecond lasers at
microjoule energy level is nonlinear pulse compression in gas-filled PCF's [31, 87]. The key
feature of nonlinear fibers, is the possibility to generate and propagate a soliton, by the
simultaneous occurrence of nonlinearity and anomalous dispersion. Although, fiber-based
techniques can reach the few cycle regime, they come with several disadvantages. In case
of small core diameters, ionization can easily occur and damage the fiber tip. In case
of a fiber damage, replacement and coupling can be time consuming [84]. Additionally,
fibers are very sensitive to incoupling and misalignments. If the final pulse parameters can
only be reached after several compression stages, insensitivity to alignment becomes a key
requirement. Alternatively, bulk-based compression schemes have some major advantages

such as simple operation, high reproducibility and compact design [49].

Different bulk-based compression schemes can be used to overcome the limita-
tions of dispersive optics [36, 38]. Among them, the compression based on SF in thin
plates pose several advantages. The compact and relatively simple setup required gives
great adaptability to this compression scheme. Additionally, the simple operation and
high reproducibility are key advantages for day-to-day use of the setup. Moreover, beam
quality degradation and spatially inhomogeneous spectral broadening can be overcome
with a precise adjustment of the length of the nonlinear medium and the input beam

diameter and divergence.
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4. Compression to the sub-10 fs regime with different schemes

This chapter discusses two compression schemes, which are capable of generating
few-cycle pulses from the frontend presented previously. In the first part, optical fiber
technology is used to generate sub-5fs pulses by soliton self-compression. In the second
part, self-focusing is exploited to generate sub-10 fs pulses in bulk-based quasi-waveguides.
In the following, both compression schemes are presented after a brief theoretical intro-

duction.

4.1 Fiber-based compression

In the last decades, many developments in nonlinear optics have strongly benefited from
the use of fibers. Optical fibers can be fabricated in a great variety of designs: they can
be made from silica glass, soft glass, a combination of them or even polymers; they can

be step-index or microstructured; the core can be solid or hollow [8§].

Optical fibers which provide guidance for broadband pulses and weak dispersion,
are of great interest in nonlinear optics [89]. Fibers with a hollow core can be filled with
different media to tailor their linear and nonlinear characteristics [90]. The dispersion
control is possible through the waveguide dispersion imposed by the geometry of the fiber
and the material dispersion imposed by the material in which the light propagates [88].
Relevant for this work are gas-filled hollow-core fibers. Two main categories of hollow-
core fiber with their main characteristics and limitation will be briefly and qualitatively

summarized in the following.

Hollow-core capillaries. In the last decades, capillaries, whose structure is
shown in Fig. 4.1a, have been vastly used in the field of nonlinear optics. They are mainly
used in combination with millijoule-level femtosecond pulses [91|. The light guidance in
capillaries is due to grazing incidence reflection [91]. Thus, in capillaries, the loss of the
fundamental mode scales as the inverse cube of the core diameter [92], becoming high
for diameters smaller than 150 pm. Typically core diameters around 250 pm are used
for light at ~1pm wavelength. The loss for these capillaries is approximately 1dBm™!.
Whereas for capillaries with core diameter of 50 m the loss is 120dBm™" [93]. This
limitation has an important consequence for the application in this work: because of the
large core, equivalent to loose focusing of the input beam, high energy, above 100 1J, is
needed to achieve significant intensity (hence significant nonlinearities). At the same time,
the large core allows the capillaries to handle very high energy pulses [88]. Femtosecond
pulses at multi-mJ level are commonly used without inducing damage. This feature makes
capillaries suitable for applications like spectral broadening of highly energetic pulses [94],

high-harmonic generation [91] and laser plasma acceleration [95]. Nevertheless, this type
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4.1 Fiber-based compression

of fibers are not suited for the relatively low pulse-energy of the frontend used in this

work.

Photonic crystal fibers. Gas-filled hollow-core PCFs are a promising ap-
proach to overcome the limitations imposed by hollow-core capillaries for pulses at lower
energy. This type of fibers allows smaller core diameters than capillaries and has been
used to demonstrate nonlinear pulse compression at tens of microjoules [31, 32]. Widely
used examples of PCF are hollow-core Kagomé and single-ring PCF. Their structures are
shown in Fig. 4.1b and 4.1c, respectively. Despite their different structure, Kagomé and
single-ring PCF's have the same guidance mechanism based on anti-resonant reflection and
similar dispersion properties [96]. In contrast to capillaries, PCFs can provide low-loss
guidance for broadband pulses for smaller core size. Their core diameter is typically in
the range between 20 pm to 100 pm [32]. In both designs, the hollow core is surrounded
by a periodic cladding structure formed by thin silica elements. In the Kagomé PCF, the
cladding is formed by a star-of-David pattern, while in the single-ring PCF, it is formed
by thin-walled capillaries. In both fibers, mechanical stability is provided by a thick outer
glass tube, called jacket [88]. Kagomé PCF was the first hollow-core PCF reported for
guidance of broadband pulses [31]. Single-ring PCFs [97| have gained popularity in the
recent years, due to their excellent guidance properties and simple structure. The linear
and nonlinear response of these fibers can be altered by filling its hollow-core with vari-
ous types of gas at different pressures. This design decreases the required pump energies
to the microjoule level, which means that megahertz repetition rates can be employed
at moderate average power. These versatile structure make them an ideal platform for

ultrafast nonlinear optics at megahertz repetition rate [98].

Figure 4.1 Geometrical depiction of different types of hollow-core fibers (not to scale). a)
Capillary. b) Kagomé photonic crystal fiber. ¢) Single-ring photonic crystal fiber. Adapted
from [88].
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4. Compression to the sub-10 fs regime with different schemes

4.1.1 Soliton formation

The key feature of nonlinear fibers, as PCFs;, is the simultaneous occurrence of nonlinear-
ity (section 3.1.2) and anomalous dispersion (section 3.1.1) along the pulse propagation.
These two effects are generally separated: in a solid core capillary or in a bulk medium, for
example, the nonlinear effects in the medium broaden the spectrum of the incident pulse
and the dispersion is compensated afterwards with additional optics, as chirped mirrors

or gratings 38, 91].

If dispersion and nonlinearties compensate each other throughout the pulse prop-
agation, the pulse does not change along its propagation direction or it exhibits a periodi-
cal behaviour. In this case, the pulse is called soliton. For simplicity, in what follows, only
one-dimensional Schrédinger solitons, which are solutions of the one-dimensional NLSE,
Eq. 3.14, will be discussed [93|. To explain the soliton formation, it is expedient to first

describe dispersion and nonlinearity separately.

From the NLSE in absence of nonlinearities, it is possible to derive the dispersion
length. This is the distance at which the envelope of a bandwidth-limited input pulse of

duration 7 is broadened by a factor v/2 in absence of nonlinearities. It is defined by
Lp=— (4.1)

where k, describes the GDD. The nonlinear effects are described in a similar fashion.
From the solution of the NLSE in absence of dispersion (ks = 0), it is possible to define

the nonlinear interaction length

1
7Ppeak

LNL = (42)

where Ppeax denotes the peak power of the input pulse and « is the nonlinear parameter,
Eq. 3.15. Similarly to the dispersion length, the nonlinear interaction length describes

the distance at which the input pulse is broadened in absence of dispersion |72, 73].

The evolution of a soliton is governed by the relative strength of dispersion and

nonlinearity. The soliton order is defined by

LD PeakTO
N = — P . 4.3
Lo\ Ikl (4:3)

Depending on the soliton order, linear pulses (N < 1), fundamental solitons (N = 1) and

higher-order solitons (N > 2) can be distinguished. The peak power required to excite

an Nth-order soliton is N? times the power for a fundamental soliton. For fundamental
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4.1 Fiber-based compression

solitons (N = 1), the nonlinear phase coming from SPM and the GDD exactly cancel
each other and the soliton is propagation invariant |73]. Thus, the temporal pulse shape
and spectrum do not change upon propagation. Higher-order solitons (N > 2) have a
periodic evolution upon propagation. A remarkable feature of higher-order solitons is self-
compression. This can be explained as follows: during the initial part of their propagation,
the nonlinear phase coming from SPM is only partially compensated by the GDD coming
from the anomalous dispersion. Therefore, the spectrum broadens. In the anomalous
dispersion region, the low-frequency components generated by SPM at the leading edge
of the pulse have a lower group velocity than the center of the pulse. Similarly, the high-
frequency components generated at the trailing edge have a higher group velocity than
the center of the pulse. As a result, both get shifted towards the center of the pulse,
leading to temporal self-compression [88]. Soliton self-compression is a powerful process

that allows direct generation of single-cycle pulses with octave spanning spectra [99].

4.1.2 Experimental setup

The experimental setup for the fiber-based compression scheme is shown in Fig. 4.2. The
fiber is placed in a custom-made aluminium chamber formed by two connected parts. To
adapt the length of the chamber to the fiber, the length of aluminium tube that connects

the two parts of the chamber can be changed.

Beam stabilization

system Vacuum / Gas t
connections —*
from MPCs — Output
window
:ll
Parabolic
Fiber mirror

Figure 4.2 Schematic layout of the fiber-broadening setup. The beam from the multipass
cells-based broadening is actively stabilized against beam pointing fluctuations and coupled into
a two-part aluminium chamber. The chamber is connected to a vacuum pump and a gas inlet.
After the chamber the beam is re-collimated by a parabolic mirror. An achromatic lens (L), on
a three-axes manual translational stage, is used to focus the beam at the entrance of the fiber.
The fiber used in this experiment is a single-ring hollow-core photonic crystal fiber with a core
diameter of approximately 55 pm. The gas pressure used for this experiment is 10 bar of krypton.

The output of the first generation of MPCs-based compression, delivering 18 fs
pulses with 60.5 W of average power, described in section 3.2.1, serves as input of this
fiber-based broadening stage. The input beam is electronically stabilized against beam-
pointing fluctuations (MRC Systems GmbH). The mirrors mounted in the actuators of

the stabilization setup are chirped mirrors with —110fs?> GDD per bounce. In this way,
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4. Compression to the sub-10 fs regime with different schemes

the GDD of the focusing lens and of the chamber window are pre-compensated and the

MPCs pulses are compressed at the fiber entrance.

To focus the input beam at the entrance of the fiber an achromatic lens, f =
100 mm (AC254-100-B-ML Thorlabs Inc.), is used. The lens is mounted on a three di-
mensional stage (Elliot Scientific Ltd.) to adjust the alignment into the entrance of fiber.
The entrance of the chamber is formed by an AR-coated 1-mm-thick fused silica window.
The risk of damaging the window is minimized by placing the chamber close to the lens

to reduce the peak intensity of the input pulses at the window position.

The second half of chamber has a system of connectors for gas and vacuum.
This allows to control the gas pressure and to evacuate the chamber. The evacuation
of the chamber prior to the gas filling, is especially relevant for operation at low gas
pressures. The control of the nonlinear broadening effects in the fiber is strictly related to
the nonlinear refractive index of the gas. Thus, the purity of the gas is a crucial parameter

especially at lower pressures.

The output window of the chamber is an uncoated 0.5-mm-thick calcium fluoride
(CaFy) plate. After the fiber, the beam is divergent. To re-collimate the output beam
without introducing additional GDD, an aluminium-coated parabolic mirror with a focal

length of 200 mm is placed after the chamber.

In this broadening stage, the 75 % of the power from the first generation of MPCs
is coupled to a 15 cm-long single-ring PCF (with a core diameter of ~55pum), filled with
10bar of krypton for soliton self-compression [87]. The broadened spectrum is shown
in Fig. 4.3c, it supports a FTL pulse duration of 4.5fs. The optical efficiency has a
remarkable value of 95%. This corresponds to broadband pulses with energy as high as
3nd.

After the fiber, the re-collimated beam is coupled into a paired chirped mirrors
compressor containing 4 mirror with an average GDD of —150 fs? per pair. This compres-
sor is compensating the dispersion along the beam path after the fiber output, including
the output window and 1 m of beam path in air before the characterization setup. The
temporal characterization of the broadened pulses is shown in Figs. 4.3a and 4.3b. It
is performed by a SH-FROG with a 10 pm BBO. The G-error is 1.1 %. The retrieved
temporal profile 4.3d shows a pulse duration of 9.6fs. Although, the broadening is re-
markable the temporal compression is not optimal. A prominent pedestal can be seen in

the retrieved temporal profile.

In conclusion, the fiber-based pulse compression presented here has proven to
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4.2 Bulk-based compression

be a promising first attempt to reach the few-cycle regime with this laser source with a
hybrid compression scheme. However, the low long-term stability (above 30 min) and the
frequent damages of the fiber are the main limitation for the future applicability of this
fronted. On contrary, an all-bulk-based approach have already shown to be a reliable tool

to reach short pulse durations from this class of oscillators [37].
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Figure 4.3 a) Measured and b) retrieved SH-FROG spectrograms of the single-ring PCF
output (G-error = 1.1%). c¢) Measured spectrum. The FTL reported in the graph is calculated
from the FWHM of this spectrum and reported in the graph. d) Retrieved temporal profile. The
FWHM of this curve, corresponding to the effective pulse duration, is reported in the graph.

4.2 Bulk-based compression

In the previous chapter, section 3.1.2, the Kerr-induced nonlinear phenomena were in-
troduced by Eq. 3.17. Particular attention was given to the temporal variation of the
refractive index, which leads to SPM. Nevertheless, the nonlinearites of a medium affect
both the temporal and the spatial properties of the incident field of light. Any nonlinear
interaction strong enough to affect the temporal pulse profile will also affect its transverse
profile. In the following theoretical section, a general description of the (transverse) spa-

tial variation of the refractive index, which leads to SF, is presented. A more complete

23



4. Compression to the sub-10 fs regime with different schemes

and rigorous description can be found in several textbooks, some examples are |71, 72, 81].

This theoretical description is followed by a detailed explanation of the experi-

mental setup, including characterizations and simulations of the final results.

4.2.1 Self-focusing

The class of nonlinear optical phenomena in which a beam of light modifies its own
propagation by interacting with a nonlinear material are generally called self-action effects.
Depending on the intensity of the incident beam, three cases of self-action effects can be

distinguished.

Self-focusing and self-defocusing. In this case an intense beam modifies the
refractive index of a medium causing it to act as a lens. For a Gaussian transverse beam
profile, the intensity is higher in the center of the beam and lower on the edge. If the
nonlinear refractive index is positive ny > 0, the higher optical intensities in the centre
of the spatial beam profile, as compared to the outer part, cause an effectively increased
refractive index for the inner part of the beam. This modification of the refractive index
distribution acts as a focusing lens and it is called self-focusing, Fig. 4.4a. If the nonlinear
refractive index is negative ny < 0, the modification of the refractive index distribution

acts as a defocusing lens, which is called self-defocusing on the contrary, Fig. 4.4b.

Self-trapping. In this case, a beam propagates in a nonlinear medium with a
constant diameter as consequence of an exact balance between self-focusing and diffraction
effects, Fig. 4.4c. This can occur only if the power of the incident beam P is exactly
equal to the so-called critical power for self-trapping

~ w(0.61)%A3

p, =000 (4.4)
8710712

where \g is the vacuum wavelength of the laser radiation, ng is the weak-field refractive
index and ns is the nonlinear refractive index. Since self trapping occurs only for P = P,,,
it is intuitive to understand that SF occurs when the incident power is larger than the

critical power for self-trapping, P > P,,.

Laser beam breakup. This case occurs for P > P.. as a consequence of
imperfections on the laser wavefront and leads to the breakup of the beam into many
components each carrying approximately P, as in Fig. 4.4d. This process typically leads
to the generation of a beam with a random intensity distribution and is often referred to

as filamentation |71, 81].
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Figure 4.4 Geometrical depiction of different self-action effects. a) Self-focusing. For a medium
(light blue) with positive nonlinear refractive index, na > 0, the higher optical intensities in the
center of the beam causes a decreasing refractive index gradient towards the outer parts of the
spatial profile. This modification acts as a focusing lens. b) Self-defocusing. For a negative
nonlinear refractive index, mo > 0, the higher optical intensities in the center of the beam,
causes an increasing refractive index gradient towards the outer parts of the spatial profile. This
modification acts as a defocusing lens. c) Self-trapping. A beam propagates in a nonlinear
medium with a constant diameter as consequence of an exact balance between self-focusing and
diffraction effects. d) Laser beam breakup. The imperfections on the laser wavefront lead to
breakup of the beam into many components (adapted from |71]).

Neglecting diffraction, it is possible to outline a simple model to describe SF.
This is justified if the power is sufficiently large to avoid self-trapping, as for the exper-
iments outlined later in this chapter. Fig. 4.4a depicts a collimated beam with radius
wo incident onto a nonlinear optical material with positive n,. In first approximation, it
is possible to consider the refractive index along the marginal ray equal to ng and along
the central ray equal to ng + nsly, where I is the on-axis intensity. Employing Fermat’s
principle, which states that the optical path length of all rays traveling from a wavefront
at the input face of the medium to the focus must be equal, it is possible to define the

self-focusing distance zg as
T Zst

(’I’LQ + TLQ]())Zsf = (45)

cos B¢
where 6 is the angle through which the incident beam is deviated by self-action effects,

as in Fig. 4.4a. With the approximation cosfy ~ 1 — %Hgf it is possible to calculate

P (4.6)
o

and, since the ratio nal/ng is generally small for optical material, the previous approxi-

mation is justified [71]. Using this angle, it is possible to derive the self-focusing distance

as [71]
Wo No QnOwS P,
g =— = / = — 4.7
= st o 2712]0 )\0 P ( )

For a beam which varies in both transverse directions, the wave equation describing SF

cannot be solved analytically but numerical simulations need to be implemented. In
general, for pulsed radiation the self-focusing distance zy varies according to the value
of the instantaneous intensity I(¢) at the input facet. Thus, the focal point will sweep

through the material as it follows the temporal evolution of the pulse intensity [81].
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4. Compression to the sub-10 fs regime with different schemes

Previously, for the case of self-focusing and self-defocusing, only collimated
beams were considered as input to the medium in which SF is calculated. Different
beam divergences can be used at the input facet of the nonlinear medium. This allows to
shift the focus position 2z and control the intensity at the focus. Firstly, beam collapse
due to laser beam breakup can be avoided if the length of the medium is smaller than zg.
Equivalently, the input beam waist has to be large enough to avoid laser beam breakup
but small enough to induce self-focusing. Secondly, the beam divergence can be adjusted
to shift the self-focus position. In figure 4.5, three different cases are depicted. In the
first case, Fig. 4.5a, the input beam is collimated. Here, for given laser parameters and
medium length, 2z, can only be adjusted by the input beam waist size. In the second case,
Fig. 4.5b, the medium is placed in a converging beam. There, the effect of SF is to shift
the focus towards the input facet of the plate. In the last case, Fig. 4.5c, the medium
is placed in a divergent beam. Thus, SF leads to a focus at a distance larger than the
previous case. For a certain beam divergence and a certain medium thickness, zi can be

outside the plate, as depicted in Fig. 4.5c.

The last case can be exploited in the experiment to shape the caustic of the
incident beam such that the first plate leads to a second focus where another plate is
placed, which self-focuses the beam again. This process can be repeated several times,
until the pulse is stretched by material dispersion and the peak power falls below P,.., such

that no further SF can occur. This would lead to a periodic quasi-waveguide [39, 100).

a) b) ©)

e d e

Figure 4.5 Different input-beam divergences (light gray) for self-focusing experiments. The
effect of self-focusing is shown in dark grey and the medium in light blue. a) The medium is
placed in a collimated input beam. b) The medium is placed in a focusing input beam where
the self focus is shifted towards the input facet of the medium. c¢) The medium is placed in a
defocusing input beam and the self-focus is shifted beyond the end facet of the medium.

4.2.2 Experimental setup

As input for this pulse compression setup, the pulses from the second generation of MPCs-
based compression scheme, are used. The MPCs compression stage delivers pulses with

17 fs pulse duration, 4.6 nJ energy at 16 MHz repetition rate.

The research described in this chapter was motivated by the necessity to over-
come the main limitation of the MPCs compression stage. For pulses shorter than 15fs,

the effects of higher-order dispersion from the bulk material become more pronounced
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4.2 Bulk-based compression

and the design of the dispersive optics coating for a multipass system is more complicated
[101, 102]. Therefore, it can be advantageous to increase the nonlinearity per pass and
reduce the amount of dispersive optics. This can be obained with quasi-waveguides that
rely on SF [49].

Here, a quasi-waveguide geometry is used in a bulk-based pulse compression
scheme to achieve sub-10fs pulses. The setup can be seen in Fig. 4.6a. A series of four
sapphire plates is placed after the focus of a lens with f = 250 mm. The plate thicknesses
are 1 mm for the first plate and 0.5 mm for the other three plates, respectively. After
the plates, the beam is re-collimated by a lens and sent to a chirped-mirrors compressor
with a total GDD of —75fs?. The distance for each plate is carefully adjusted to balance
dispersion effects and SF [84].

For the thin plates setup, the main broadening mechanism is SPM as for the
MPCs [38, 39]. For the particular case of the quasi-waveguide shown here, the reduction
of intensity due to material dispersion in the first plate is no longer compensated via
dispersive optics as for the MPCs. In this case, it is achieved through a reduction of the
focus size, equivalent to an increase of peak intensity, induced by the control of SF in
each plate, as evident in the simulated caustic reported in Fig. 4.6b. The compensation
of dispersion in the MPCs as well as the reduction of focus size in the thin plates are
induced to maintain the peak intensity in each pass along the quasi-waveguide. For this
reason this scheme can be called intensity waveguide. At the input facet of each plate, the
beam is divergent, cf. Fig. 4.5¢c, where the self-focus occurs after the output facet. The
propagation in each plate enables SPM and a reduction of the beam size after the plate
due to SF. This circumvents the reduction of the peak intensity due to the elongation
of the pulse duration induced by material dispersion accumulated during the propagation
through the plate. The limit of a single quasi-waveguide setup is reached when the
reduction of beam size does not suffice anymore to compensate the pulse chirp and the
peak power falls below P, such that no further SF can occur. Once this point is reached,
re-compression, e.g. via chirped mirrors, is required to achieve sufficient peak power to

induce further nonlinear effects.

To design such a waveguide, the input peak power and beam divergence are the
crucial parameter for choosing the mode size in the nonlinear material. The maximum
peak power or equivalently the minimum beam waist for broadening experiments is defined
as the value at which laser beam breakup occurs. At this value the beam profile is
destroyed and also damage of the medium can occur. Preferably, the peak power should
be below the damage threshold throughout the whole crystal. Additionally, Seidel et al.

[50] showed that the maximum nonlinear broadening can be achieved by a divergent input
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4. Compression to the sub-10 fs regime with different schemes

beam. In this way, the focal length of the first lens as well as the position of each plate
can be defined. The material and the thickness of each plate, are other crucial parameters
for the control of SF in this intensity waveguide. In the following, the material and the
thickness studies conducted for this setup as well as the characterization of the system

and a comparison between the experiments and simulations are reported [84].
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Figure 4.6 a) Thin plates broadening scheme. A series of four Sapphire plates are placed after
the focus of a lens with focal length = 250 mm. The plate thicknesses are 1 mm for the first plate
and 0.5 mm for the other three plates. After the plates, the beam is re-collimated by a lens and
sent to a chirped-mirrors compressor with a total GDD of —75fs2. b) Simulated caustic of the
input beam after the focusing lens, f = 250 mm, and along the thin plates setup. The mode
radius along the quasi-waveguide is estimated with the software ReZonator2 [67|. The beam
waist at the plates position cannot be exactly measured due to the very small distance between
each plate, but the focal length induced by self-focusing is analytically calculated. The input
and output beam waists are simulated to reproduce the measured beam waists. In the inset, the
positions of the plates are clarified. In the experiment the plates are placed under Brewster’s
angle, here not shown for simplicity.

4.2.2.1 Material selection

A great variety of materials can be used for spectral broadening. Generally, these ma-

terials also need to be easily available in good optical quality and exhibit low intrinsic
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4.2 Bulk-based compression

absorption in the region of emission. Another important material property is a high ther-
mal conductivity, which avoids damage under high average power irradiation. This is
particularly obvious for the case of SiOy: when focusing a high power laser beam into a
fused silica plate, a damage is usually observed after few seconds of high power irradia-
tion; exchanging it with a quartz plate, the damage threshold is higher and, in the case
of a damage, it occurs near instantly [49]. When comparing the thermal conductivities
of different materials in Tab. 4.1, it is evident that quartz and sapphire are the most

suitable choices for thin-plate broadening.

Material Composition ny k
(10 m?* W] | [Wm K™
Yttrium Aluminium Garnet Y3Al504, 7.5 13.4
Fused silica Si0, 2.19 1.38
Quartz SiO, 2.19 140
Sapphire Al; O3 3 46

Table 4.1 Material properties of different bulk material commonly used in self-focusing broad-
ening. Nonlinear refractive (ng) measured at 1030 nm, thermal conductivity (k). Values taken
from [103].

To choose the most suitable material for the quasi-waveguide setup, the broad-
ened spectra obtained with single plates of different materials are compared. Each plate is
placed after the focus of a lens with focal length f = 250 mm and moved towards the focus
till a damage occurs. This is assumed to be the laser beam breakup position. Afterwards
the plate is rotated to avoid irradiation on a damage and moved away from this point till
the maximum broadening is reached. The beam is re-collimated by an identical lens and
a portion of it is sent to a spectrometer. The plates used for this experiment do not have
an AR coating, and to avoid back-reflections the plates are placed at Brewster’s angle.
Broadened spectra from 3mm plates of different materials are plotted in Fig. 4.7a. As
reference, a spectrum with no plates is reported (black). The plates have 3 mm thickness

except yttrium aluminium garnet which was only available in 2 mm thickness at the time.

As previously shown in the MPC broadening, fused silica is a suitable material
for efficient nonlinear broadening. The low damage threshold, however, prevents achieving
the highest broadening factor. Crystalline materials provide a higher thermal conductivity
and allow enhancing the spectral broadening by using higher intensities. Theoretically,
yttrium aluminium garnet should exhibit the strongest nonlinearities with the higher
nonlinear refractive index. However, a strong emission of visible light, correlated with
filamentation and damage, prevented the use of yttrium aluminium garnet at higher
intensities. As a reasonable compromise between high damage threshold (related to high
thermal conductivity) and highest broadening (related to high nonlinear refractive index),

sapphire reached the strongest broadening and is therefore chosen as nonlinear material
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4. Compression to the sub-10 fs regime with different schemes

for the intensity waveguide. Quartz, with the highest thermal conductivity, does not
exhibit the highest broadening due to the lower nonlinear refractive index in comparison

to sapphire (reported in Tab. 4.1).
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Figure 4.7 Broadest spectrum achieved for different plates: 3-mm-thick sapphire (green), 3-
mm-thick fused silica (red), 3-mm-thick quartz (blue) and 2-mm-thick yttrium aluminium garnet
(yellow). Each plate is placed after the focus of a lens with f = 250 mm and it is moved towards
the focus till the broadest spectrum is reached. The beam is re-collimated by an identical lens
and sent to a spectrometer. For reference a spectrum with no plate is reported (black).

4.2.2.2 Thickness selection

The thicknesses of the plates are strongly correlated with the waveguiding properties. In
the final setup, each plate is placed such that it produces a focus outside its end facet
and before the following plate, as previously outlined. Moreover, the dispersion induced
by the material of the plate should be controllable such that the induced SF can generate
a tighter focus after the plate and the longer pulse duration can be compensated by a

decreased beam waist (higher peak power) at the following plate.

To choose suitable plates for an efficient intensity waveguide, different combina-
tions of sapphire plates with thicknesses ranging from 5mm to 0.25 mm are tested. The
highest spectral broadening is achieved with a divergent input beam. The higher the di-
vergence, the higher the required positioning precision for the plate along the beam path.
This is a consequence of the smaller range between the two beam radii where the intensity
is sufficient for self-focusing and where the intensity is enough for laser beam breakup.

The lens focal length is chosen to be 250 mm for 1-mm-thick sapphire plate, such that laser
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4.2 Bulk-based compression

beam breakup only occurs at the focus for this plate. Additionally, the looser focusing
guarantees that the setup is less sensitive to variations of the input power. The plates are
positioned following the same procedure described above. Each of them is placed after
the focus and moved towards the focus till the highest broadening is reached without
resulting in laser beam breakup. At the end of this setup the beam is re-collimated by an

identical lens and a portion of it is sent to a spectrometer.

In Fig. 4.8 the resulting spectra for two different combinations of two and three
plates are shown. In Fig. 4.8a, the broadening after the second plate is evaluated. The
broadening is not clearly higher with a 0.5-mm-thick than with a 1-mm-thick sapphire
plate. However, this is more clear in Fig. 4.8b, where the comparison between the same
thicknesses for the third plate is shown. The lower dispersion induced by the previous plate
enables a broader spectrum for a larger focus size, due to the lower material dispersion.
Additionally, less SF is induced, such that a more accurate positioning of the next plate

is possible.

To achieve enough SF effects from a low pulse-energy frontend the relative po-
sitions between the plates are very small, on the order of 5mm. This prevents the usual
geometry with plates in reciprocal Brewster’s angle, as in [102] for example. In this ex-
periment, all the plates are positioned with the same tilting angle. This results in a lower

throughput and demands AR-coated substrates for an upgrade of the system.
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Figure 4.8 The resulting spectra for two different combinations of a) two and b) three plates.
The input beam is focused before the first plate by a lens with focal length 250 mm. The beam
after the plates is re-collimated by an identical lens and a portion of it is sent to a spectrometer.
In a) the broadening in the second plate of the waveguide is evaluated. Similarly in b), the
broadening in the third plate is evaluated.
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4.2.2.3 Characterization of the final quasi-waveguide setup

The final setup for the intensity waveguide in sapphire thin plates, as shown in Fig.
4.6a and explained previously, consist of four plates with thicknesses of 1mm for the
first one and 0.5 mm for the following three, respectively. Each plate is placed after the
focus of the previous plate (except the first one). The output beam is re-collimated by a
lens and its temporal profile is re-compressed by a chirped-mirrors compressor consisting
of double-angle mirrors with a total GDD of —75fs2. This compensation is necessary
to remove the material dispersion introduced by the plates at Brewster’s angle, which
stretches the pulses to 80fs. The optical efficiency after the chirped-mirrors compressor

is approximately 80 %.
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Figure 4.9 a) Measured and b) retrieved SH-FROG spectrograms of the thin plates intensity
waveguide after the chirp-mirrors compressor (G-error = 0.67%). c) Retrieved spectrum. The
FTL reported in the graph is calculated from the FWHM of this spectrum and reported in the
graph. The red dashed line represents the spectral phase. d) Retrieved temporal profile. The
FWHM of this curve, corresponding to the effective pulse duration, is reported in the graph.

The characterization of the pulses after the chirped mirrors compressor is per-
formed via SH-FROG. The measured and retrieved spectrograms, the spectrum and the
temporal profile are shown in Fig. 4.9. The temporal profile shows that the pulses could

be re-compressed to their Fourier-transform limit. From linearity of the residual spec-
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tral phase, can be deducted that the material dispersion induced by the plates could be

compensated by the by the chirped mirrors compressor.

In addition to a remarkable temporal re-compression, a high stability and re-
producibility of the output is confirmed by the measurements. The average power RMS
fluctuations are lower than 0.2 % over a time of one hour, after the system reached the
thermal equilibrium (=1h). Similarly, the RMS beam pointing fluctuations are low,
approximately 3prad within 1hour. For this experimental setup the second beam stabi-

lization systems, after the MPCs system, is not used.

Moreover, the improved spatial beam quality obtained in for the second gen-
eration of MPCs compression (cf. Fig. 3.14), is not substantially deteriorated by the
SF effects employed for this quasi-waveguide setup. The output beam profile has an M?
value of 1.290 and 1.401, in x and y axis respectively (ISO 11146 measured with M2-200s,
Ophir-Spiricon LLC), reported in Fig. 4.12. The M? value, could be further improved
with an increased throughput of the thin plates setup. If a longer input focal length can
be used, the distance between the radius at which laser beam breakup occurs and the one
at which self-trapping occurs is longer. This would allow a better and easier positioning
of the plates after the foci of the caustic, thus a finer control of distortions induced in the

beam profile by the self-focusing effects [104].
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Figure 4.10 Average power fluctuations and relative deviation from mean value for thin plates
setup over a time frame of 1h. The data are taken after one hour of operation.
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Figure 4.11 Sagittal and tangential angular beam pointing fluctuations for thin plates setup
measured over a time frame of 1h. The beam is recorded each second at the focus of a lens with
300 mm focal length.

800

700

D
o
o

500

400

Beam diameter [pm]

300

200

| | | | |
240 260 280 300 320
Translation stage distance [mm|]

Figure 4.12 M? measurement for the thin plates setup. As reported in the graph, the values
are 1.290 and 1.401, in = and y axis respectively.
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4.2.3 Comparison with simulations

For the case of spatial effects, it is not possible to analytically predict the exact evolution
of the beam at powers close to the critical power [71|. The spatio-temporal Gaussian char-
acteristics of the beam are altered during propagation in the material and only numerical

calculations can determine the final characteristics [81].

The simulations based on the split-step Fourier method described in section
3.1.1.1 may also be used for pulse propagation involving additional effects. An analogue
of the split-step Fourier method can been used for simulating linear and nonlinear prop-
agation of single-frequency spatial beams. For spatial problems, the algorithm is often
termed beam propagation method |72]. Several libraries and software can be found, as for
example beampy [105, 106]. The applicability of the split-step method to both tempo-
ral and spatial problems arises from the duality in the equations describing spatial and
temporal propagation. Therefore, the split-step method may be employed for analysis
of problems with propagation in space and time simultaneously, such as the nonlinear
envelope equation [72]. Nevertheless, a more formal approach would require a full three-
dimensional simulation of the wavefront propagation and, for shorter pulses, a full field

approach where the SVEA is not applied.

For the experiment outlined in the previous section, the same simulation algo-
rithm are used for the MPCs setup is employed, since the broadening mechanism for this
type of waveguide is mainly SPM. The caustic of the input beam along the plates is mod-
eled with the ReZonator2 software |67|, cf. Fig. 4.6b. This output is implemented in the
PyNLO-based algorithm, and the broadening in each plate is simulated. The contribution
of air between the plates is also taken into account. The comparison between simulations
and measured data is shown in Fig. 4.13. From the comparison between measured data
and simulations in the third and the forth plate, it is evident that the simulation has
reached the limit of few cycle pulses, where the SVEA is no longer valid. Therefore,
the agreement between simulations and data is lower. Additionally, the temporal profiles
show that third order dispersion effects from the media are underestimated. The tem-
poral profile at the exit of each plate for the simulations is not as distorted as for the
experimental data. Nevertheless, the overall agreement with the data is remarkable since
important simplification, as SVEA and treatment of spatial effect as temporal effects, are

needed to make the algorithm applicable to this case.
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Figure 4.13 Comparison between simulated (red) and measured (blue) data for each plate.
For each plate the spectra and the temporal profiles are shown. For the simulations results: the
caustic is obtained with ReZonator2 software [67], the output spectrum and temporal profiles
are obtained with PyNLO-base code. The pulse duration and the FTL for the last plate are
reported for comparison.

4.3 Conclusion

In this chapter, two different techniques to extend the spectral bandwidth of the frontend
have been presented. The first technique, based on a single-ring PCF proved to be capable
to deliver sub-5fs FTL pulses with high efficiency and good beam quality. Nevertheless,
this broadening technique is not yet reliable for day-to-day operation due to the sensitivity
to alignment and frequent damages. The second technique, based on a thin-plates quasi-
waveguide proved to be capable to deliver sub-10 fs pulses with a good beam quality and

remarkable stability.

Both techniques proved to be invaluable and innovative tools to efficiently extend
the bandwidth of the Ybh:YAG-based fronted. Nevertheless, the fiber-based compression

scheme proved to be a promising way for reaching the few- or even single-cycle regime,
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4.3 Conclusion

further improvements of the fiber parameters are necessary for the long-term stability of
the setup [84, 87|. For the future applications of the system, in particular for spectroscopy,
the stability and day-to-day reproducibility of the frontend are key features. For these
reasons, a system less prone to damage and to fluctuations, with lower complexity and

more compact, as the thin-plates scheme presented above is preferred.
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tion

Broadband, intense sources of mid-infrared (MIR) and THz radiation are, nowadays,
of great interest for applications in various fields, as bio-molecular analysis, material

processing and absorption spectroscopy [3, 107].

In the last decade, thanks to the availability of high power solid state lasers, the
generation of MIR pulses via intra-pulse difference-frequency generation (IP-DFG) gained
more attractiveness. High power from the frontend translates into high power in the
generated radiation. This mitigates the intrinsically low efficiency of the IP-DFG process.
Moreover, the possibility to extend the limited bandwidth of the laser gain medium, as
in the case of Yb-doped materials, made possible the generation of ultra-broadband MIR.

pulses, which is especially interesting for spectroscopic applications [3, 108].

Similarly, sources of broadband THz pulses operating at high average power and
high repetition rates are seeing increasing interest as they benefit various applications, as
non-destructive time-resolved molecular spectroscopy and imaging, THz communication

and remote sensing [109].

For the different compression stages described in the previous chapter, only
third-order nonlinear effects were described and exploited for experimental applications.
To generate new frequencies in the MIR and THz spectral regions from near-infrared
pulses, second-order nonlinear effects such as IP-DFG and optical rectification (OR) are

required.

In this chapter, an overview of the second-order nonlinear processes is presented.
The focus of this section is on IP-DFG, OR, and phase matching. A more detailed
mathematical description of these phenomena can be found in |71, 72, 110]. Following

this overview, the experimental work is presented. Firstly, OR in gallium phosphide (GaP)

69



5. Terahertz and Mid-infrared generation

crystals of the near-infrared pulses from the sub-20 fs frontend (section 3.2.1) is described.
Secondly, the generation of MIR radiation in lithium iodate (LilO3) crystals via IP-DFG

is described.

5.1 Second order nonlinear processes

For second order-nonlinear processes, the equation of nonlinear polarization, Eq. 3.6b,
reduces to
P = P = ¢(xPE? = 2¢ydogE? (5.1)

where d.g is the effective nonlinear optical coefficient. This coefficient is related to the
specific optical properties of the nonlinear medium and depends, for a certain input po-
larization geometry, on the non-vanishing components of the tensor x(? [110]. Here, as
in the previous chapters, the vectors P and E depend on the spatial component z and on

the time component ¢.

To describe the field evolution in the case of second-order nonlinearities, it is
convenient to write E as a superposition of three monochromatic waves at distinct fre-
quencies, wq, we and ws, co-propagating along the direction 2z in a non-centrosymmetric

medium

1

E
2

[Al(z)ei(“’lt’klz) + Ay(z)ellwnt=ke2) | Ag(z)e"(wgt’k”)] + c.c. (5.2)

Using this equation in combination with Eq. 5.1, the explicit spectral contributions for
the second order polarization response can be found. Each contribution contains different
interacting frequencies: the components at 2wq, 2w, and 2ws describe the second-harmonic
generation (SHG) process; the components at w; + ws, we + w3 and w3 + wy describe the
sum-frequency generation (SFG) process; the components at wy —wy, ws —wy and ws — w;

describe the difference-frequency generation (DFG) process [71].

To describe each of these processes in detail, the simplified wave equation, Eq.
3.5, can be recalled. The term 9P /0t? of Eq. 3.5, in the case of second-order nonlinear

processes, can be written as

0’P ,

o = oo w2 AS(2) - Ag(2) - gllwrt=(ks=kz2)z] (5.3a)
— €ode waAL(2) - As(z) - ellwzt=(ka=k)zl (5.3b)
— oo WAL (2) - Ag(z) - ellst=thz] ¢ (5.3¢)
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Using this expression in the wave equation, it is possible to derive the coupled wave

equations, in the SVEA regime:

0A . * —i1Akz

a—zl = —201A2A3 - e Ak (54&)
0A . * —iAkz

_a; = —ioy AjAy - e 12 (5.4b)
aA . iAkz

8_2:3 = —20'3141142 - € Ak (54C)

where 0; = degw;/cnj, n; = (/€ is the refractive index and Ak = k3 — ko — ky is the
wave vector mismatch. Ak determines the energy flow among the beams. The first two
equations are formally identical, thus w; and ws fields have the same role in the respective

interactions and can be exchanged [110)].

With the initial boundary condition A4;(0) = 0 (¢ = 1,2,3), in Eq. 5.4, it is
possible to describe different processes. A3(0) = 0 describes a process in which two fields,
A;(0) at wy and A2(0) at ws, interact and generate a new field A3(0) at ws = wy + wo.
This process is called SFG. In the special case when w; = ws, the process is called
SHG. A(0) = 0 describes a process in which the fields A3(0) at ws and A;(0) at w,
interact and generate a new field Ay at wy = w3 — wy. This process is called DFG. The
DFG usually involves two input fields with comparable intensities. When instead the
process involves an intense pump field at ws transferring energy to a weaker seed field at
wq, therefore amplifying it and generating a new idler beam at frequency w», it is called
optical parametric amplification (OPA). In the special case in which w3 ~ w;, the OR

process occurs. This process is commonly used to generate THz radiation [71, 72, 110)].

5.1.1 Generation of mid-infrared radiation

Many experiments in time-resolved spectroscopy and high-field physics require femtosec-
ond pulses with broadly tunable frequency. For example, in high-harmonic generation
processes, driving pulses with longer wavelength are beneficial to extend the cutoff en-
ergy. Moreover, in MIR absorption spectroscopy, pulses for molecular excitation with
few-cycle and phase-stable waveforms are a key point to enhance the sensitivity and the
dynamic range [3, 8]. Second order nonlinear optical process, as IP-DFG, DFG and OPA,
are suitable and widely-used techniques to extend laser bandwidths towards the MIR

spectral region.

DFG is the second-order nonlinear process in which a pulse at frequency ws =

w3 — wy is generated by the interaction of two pulses at frequency w; and ws with com-
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5. Terahertz and Mid-infrared generation

parable intensities in a nonlinear medium. Since ultra-short pulses are characterized by
a broad spectrum, DFG could also occur between frequencies contained within the spec-
trum of a single pulse. This process is called IP-DFG. The IP-DFG of broadband pulses
has been widely used for producing CEP-stable pulses due to its passive stabilization

mechanism.

From the coupled wave equations, Eq. 5.4, it is possible to derive the generalised

phase of the pulses involved in a generic DFG process as

¥YDFG = P2 = Y3 — ¢¥1 (5-5)

If both the interacting frequencies are relatively fixed, up to a constant a both have
the same CEP ¢. Thus, for the case of IP-DFG the interacting frequency are from the
same pulse and the phase is constant pulse to pulse. Therefore, the pulses generated
by IP-DFG are passively CEP-stabilized [110]. Although, IP-DFG is a simple nonlinear
optical approach to generate CEP-stable pulses in the MIR spectral region, it has a rather
limited efficiency that is inherently associated with phase matching [108].

To understand the phase matching condition it is necessary to define the intensity
of the wave generated in a second-order nonlinear process. From the wave equation for
DFG, Eq. 5.4c, is possible to calculate the amplitude Ay of the generated wave after a

propagation distance L into a nonlinear crystal, as

E] . (5.6)

2idgw? L 2 w2
AQ(L) _ 1 HwQAgAI/ ezAkdeZ HWZAgAI |:6 —
0

Cg ]{ZQ Cg ]{Zg

The intensity of a wave at frequency w; is I; = 2eocon;|A;|*. Therefore, the

intensity of the generated pulse in a crystal length L is

I AkL
[, = Senwalsh o g o (i> . (5.7)

N1 MaN3€0C2 2

This equation has a maximum at Ak = 0. This condition is known as perfect phase
matching. When it is fulfilled, energy is mostly efficiently transferred from the incident

waves to the generated wave |71].

The phase matching condition, in the case of collinear beams, as for IP-DFG
can be also written as

NoWwo = NzWs — N1Wq . (58)

From this formulation, it is clear that perfect phase matching is often difficult to achieve.
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5.1 Second order nonlinear processes

Considering an isotropic medium with positive dispersion (On/dw > 0), if w1 < we < wo,
the refractive indexes have a similar relation n; < ny < ns. Therefore, to achieve perfect
phase matching is required ng — ny > 0 and n; — ny < 0. Hence, Eq. 5.8 has no solution.
In other words, perfect phase matching is not achievable in isotropic media with positive
dispersion since different refractive indices for the two interacting waves are required. This

can derived also for isotropic media with negative dispersion.

Birefringence phase-matching, among other techniques, is commonly employed
to achieve perfect phase-matching [110]. In this approach, precise angular orientation of
the crystal with respect to the propagation direction of the incident light is used to adjust
the refractive index. For simplicity the following description is restricted to uniaxial
crystals but can be easily extended to biaxial crystals, as described in [71]. Uniaxial
crystals are described by one optical axis and two principal refractive indices. When the
beam interacting via DFG process pass through a uniaxial crystal, it splits into an ordinary
and an extraordinary ray. Light polarized perpendicular to the plane containing the
propagation vector k and the optic axis is called the ordinary ray. This ray experiences the
ordinary refractive index ng. Light polarized along the plane containing the propagation
vector k and the optic axis is called the extraordinary ray and experiences a refractive
index ne(#) that depends on the angle § between the optic axis and k and its value varies
between n, and n.. This dependency can be expressed according to

1 sin®0  cos®d

= + . (5.9)

ne(0)?  ni ne

For 6 = 7/2, n.(#) = ne and for 6 = 0, n.(d) = n,. Therefore, the phase matching
condition is achieved by adjusting the angle 6 to obtain the value of ne(#) for which Ak

is minimized |71, 110).

Uniaxial crystals are classified into positive crystals (n, > n.) and negative
crystals (n, < ne). According to the polarization of three interacting fields, there are

three interaction configurations in a uniaxial crystal. These configurations are

nywe + njwy; = n§(A)ws  type-1, ooe interaction (5.10a)
nsws + ni(0)w; = n5(0)ws  type-1l, oee interaction (5.10b)
ng(0)wy + njw; = n§(0)we  type-11, eoe interaction . (5.10c)

In the cases mentioned above, all the wave-vectors of the interacting beams are assumed
to have the same direction. This is called collinear configuration [110]. For a negative
uniaxial crystal, as Lithium iodate (LilOj), the phase matching condition cannot be

satisfied if ws is ordinary. Similarly, for a positive uniaxial crystal, the phase matching
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5. Terahertz and Mid-infrared generation

condition cannot be satisfied if wj is extraordinary.

From the considerations above is intuitive to deduce that the choice of the nonlin-
ear medium as well as the choice of the experimental configuration are crucial parameters
for the success of experiments involving a second order nonlinear process. For example,
IP-DFG is a powerful tool to generate CEP-stable MIR radiation via birefringent phase-
matching and the inherently low efficiency can be mitigate employing powerful sources.
In the recent years, the generation of MIR pulses via IP-DFG of laser sources in the near-
infrared region gained more attractiveness due to the availability of high power sources.
However, the damage threshold of the nonlinear medium is the main limitation of this

approach.

Yb-doped lasers are able to deliver average powers of hundreds of watts and
peak powers of tens of megawatts directly from the oscillators [59, 60, 111]|. Additionally,
the availability of efficient extra-cavity broadening of these sources made it possible to
overcome the narrowband emission of the Yb-doped material. The generation of always
broader pump spectra at high powers makes these sources perfect candidates for the

generation of intense, broadband MIR radiation via IP-DFG.

In addition to the choice of a suitable source, it is necessary to chose a suitable
material to generate MIR radiation in the desired region with high efficiency. Possibility
to achieve phase matching, absorption region and damage threshold are only some of
the criteria for the choice of the suitable material. Yb-doped fiber amplifiers have been
employed by Kanda et al. to generate MIR radiation spanning from 6.7-17.8 pm via
[P-DFG in a 14um thick GaSe crystal [112]. Moreover, Pupeza et al. used an Yb:YAG
oscillator with extra-cavity broadening to generate MIR radiation spanning from 6 pm to

12pm at around 100 mW of average power via [P-DFG in a 1 mm thick LiGaS, crystal

[3].

5.1.2 Generation and detection of THz radiation

Optical rectification and linear electro-optic effect (or Pockels’ effect) from femtosecond
laser pulses are widely-used second-order nonlinear optical techniques for the generation

and detection of freely propagating sub-picosecond radiation with THz frequencies.

Research about OR in non-centrosymmetric crystals for the generation THz
radiation started as early as in the 1970s [113, 114]. Later, in 1984, the generation of
nearly single-cycle THz pulses by OR was first demonstrated [115].
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5.1 Second order nonlinear processes

As mentioned previously, OR is a second-order nonlinear optical process, which
is a special case of DFG [71]|. If two frequencies, w and w + €2, from the same optical
pulse are mixed by IP-DFG, a new spectral component at frequency €2 in the THz range
is generated. The nonlinear polarization response induced by the pump pulses can be

expressed by
PyL(Q) = 2/ degE(w + Q)E* (w)dw . (5.11)
0

Typically, the durations of the pump pulses used for OR range from below 30 fs to above
1.5ps [13, 116]. Thus, the generated difference-frequency spectral components lie in the
THz spectral range. From the previous equation can be seen that a narrowband pump
pulse generates low THz frequencies, generally below 0.5 THz and a broadband pulse can

generate a broad THz spectrum containing also higher THz frequencies, up to tens of
THz [116]. As for the IP-DFG, the emitted THz radiation is CEP stable.

The generation of THz radiation via OR. is mainly influenced by the dispersion
of the medium. As for the DFG process, the energy is efficiently transferred from the
pump pulses to the THz pulses via OR when the phase matching condition Ak = 0 is
fulfilled. In this case Ak is

Ok

Oow o

Ak =k(Q) 4+ k(w) — k(w+ Q) = k(Q) — Q. (5.12)
The approximation in the third term of the equation is valid if {2 < w, which is generally
the case for THz generation by OR. In the case of collinear phase matching, recalling the

identity k = nw/c, Eq. 5.12 can be written as
Ak = [n(Q) — g (w0)] - Q. (5.13)

here wy is the pump central frequency, c is the speed of light in vacuum, and n and n4 are
the refractive and group indices, respectively. Therefore, the phase-matching condition
is satisfied when the phase velocity v = ¢/n of the generated THz radiation equals the
group velocity v, = ¢/n, of the optical pump pulse along the propagation in the nonlinear
medium. This can be expressed by the velocity-matching condition v(2) = vg (wp) [116,
117].

Different classes of materials are suitable for generation of THz radiation via
OR. Some examples are: semiconductors such as CdTe, GaAs, GaP, GaSe, or ZnTe;
ferroelectric materials such as lithium niobate (LiNbOj), or lithium tantalate (LiTaOj);
organic materials such as DAST, DSTMS and HMQ-TMS [118]. The selection of the
suitable material for the experimental application is influenced by the velocity-matching

condition but also by other crucial factors as the absorption range, the availability, and
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the optical damage threshold. Thus, in the final analysis the choice of material is strongly

related to the laser source driving the conversion.

In the recent years, growing interest has been shown in intense, broadband, and
coherent light sources in the spectral region between 0.1 THz and 30 THz operating at high
average power and high repetition rates [13|. Applications are, for example, time-domain
THz spectroscopy and time-domain THz imaging. These techniques can access a great
variety of research and technology fields as bio-molecular analysis, nondestructive testing,
medical diagnosis and rapid screening in drug development [116, 117]. The availability
of such sources relies on the choice of the medium used for the generation of the THz

radiation as well as on the laser driving source for the generation of the pump pulses.

Two main classes of media to generate THz radiation can be distinguished:
gaseous media and solid media. In gaseous media, the generated THz-radiation does
not suffer from limited damage threshold or narrowband velocity-matching as in solids.
In the last two decades, the growing availability of intense and broadband sources based
on chirped-pulse amplification in Ti:sapphire gain media [119], greatly accelerated the
progresses in the generation and the detection of broadband THz pulses in ionized gases
[120-122]. However, the kHz repetition rate of these amplified sources limits the signal-
to-noise ratio and increases the acquisition time for detection. Alternatively, as explained
above, THz radiation can be generated in solid media via OR. Without suitable sources,
this approach would suffers from the low damage threshold and the necessity of velocity-
matching from the solid nonlinear medium. However, this approach greatly benefits
from the availability of driving pulses with lower peak intensities, in the order of tens
of GW cm 2. Diode-pumped Yb-doped oscillators, with their higher average and peak

power [8], are promising sources for the generation of THz radiation via OR.

Nowadays, laser systems based on Yb-doped gain media deliver pulses with tens
of micro-joules of energy and hundreds of watts of average power [111, 123], reaching up
to 25 MW peak power at 16.3 MHz repetition rate without necessity of an amplification
stage [62].

Due to velocity-matching at 1pm wavelength and high damage threshold for
high average power irradiance, a suitable choice of optical material for the generation of
THz radiation from Yb-doped laser sources is gallium phosphide (GaP) [124, 125|. GaP
is a III-V semiconductor with zincblend structure that has been extensively used as THz
emitter in the region between 0.2 THz and 7THz [117]. Yb-doped fiber amplifiers have
been used to generate THz pulses via OR in GaP crystals with a cutoff frequency up to

3.5 THz at 6.5 uW average power [126-129]. However, in order to increase the bandwidth
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and the average power of the generated THz pulses, pump pulses with higher peak power
are desired. This translates in the research of driving systems with shorter pulses at higher
average power, for repetition rates on the order of MHz. In 2018, Paradis et al. extended
the bandwidth of the generated pulses to 5 THz by using 50fs, 4 W pulses at 61 MHz
repetition rate from an Yb-doped thin-disk oscillator [130]. Following this research, in
2019, Drs et al. extended the amplitude of the THz spectrum to 5 THz at 0.3 mW average

power by using 95 fs-long pulsees from a similar source [131].

Additionally, the same crystal has been employed for broadband detection of
THz pulses via electro-optic sampling (EOS). In 1997 Wu et al. firstly demonstrated
EOS of THz pulses with a GaP crystal [132]. Broadband THz electro-optic sampling with
GaP crystals was further developed by Leitenstorfer et al. [133].

The detection of freely propagating THz pulses is commonly performed by EOS
[134]. This field-resolved detection technique measures the polarization change of a fs
near-infrared pulses propagating through an electro-optic crystal simultaneously with the
THz radiation. The THz electric field induces a phase modulation of the laser pulses

through the linear electro-optic effect.

The linear electro-optic effect is described by the term P = y(E? similarly
to OR. To understand the correspondence between these two effects, it is necessary to
describe the polarization response P and the electric field E by vectors, and the sus-
ceptibility x by a third-rank tensor. The ¢-th component of the second-order nonlinear
polarization response for the case of two laser beams with frequencies w, and w; impinging
on a crystal, Py 72 is related to the components j and k of the electrical fields, £ and
E?, by

P =gk CETVEE. (5.14)

OR and the linear electro-optic effect resulting from the previous equation considering,

respectively, the limits

wy =~ w1 P} =\ ES B (5.15a)
wy =0 Py =X EER (5.15b)

where a strong electric field at frequency w; induces a direct-current polarization P? and
a direct-current electric field EY induces a polarization response P$' at frequency w.
Further calculations can show that the susceptibility is identical in both effects under

interchange of indices and frequencies, X?jk = X [117].
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5.2 Experimental setup

In what follows, OR in gallium phosphide (GaP) crystals of the near-infrared pulses from
the sub-20 fs frontend (section 3.2.1) and the generation of MIR radiation in lithium iodate
(LiIO3) crystals via IP-DFG is described.

5.2.1 THz generation in gallium phosphide crystals

The first generation of MPC-based nonlinear compression, section 3.2.1, has been used
to generate THz radiation via OR in GaP crystals [13]. The schematic of the system is
depicted in Fig. 5.1.

Electrooptic sampling
BP WP M4

Lock-in
amplifier

Figure 5.1 Schematic layout of the setup for the generation and the detection of THz pulses.
The THz radiation is generated in GaP via OR of the near-infrared pulses from the first gener-
ation of multipass cells-based broadening scheme. The pulses incident on the GaP crystal are
focused by a 250 mm-focal length lens (L). Different thicknesses crystals are placed before the
focus. The generated THz radiation is separated from the pump radiation by an off-axis bare-
gold coated, pierced, parabolic mirror. Less than 1% of the incident pump power is separated
by a calcium-fluoride wedge (BS) and is used as probe for EOS detection. A similar parabolic
mirror is used to focus the THz radiation and combine it with the probe pulses onto a 0.15 mm-
thick GaP crystal for EOS detection. Wollaston prism (WP), quarter waveplate (A/4), balanced
pthotdiodes (BP).

The first generation of MPCs described, delivered 18 fs pulses with a total energy
of 3.8 1J at 16 MHz repetition rate. The output pulses are used as pump pulses for the
generation of THz radiation. The THz pulses are generated via OR of the pump pulses
in uncoated, <110>-cut GaP crystals. In the crystals, the group velocity of the pump
pulses is equal to the phase velocity of the emitted THz waves n,(NIR)= n(THz) [135].

Therefore, velocity-matching is achieved.
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The near-infrared pulses are focused using a convex lens with 250 mm focal
length. Each GaP crystal is placed before the lens focus at a beam diameter of 700 pm
(1/€?), corresponding to 97 GW/cm? peak intensity and a fluence of 2mJ/cm? at an
average power of 60.5 W.

The generated THz beam is collimated by an off-axis bare-gold coated, pierced,
parabolic mirror with a focal length of 101.6 mm. The near-infrared beam, instead, is
transmitted through the hole in the center of the parabolic mirror. The reflected THz
radiation is filtered from the remaining near-infrared radiation by a Teflon filter. After-

wards, it is directed towards an EOS setup for field-resolved detection.

Approximately 500 mW of the fundamental beam before the THz generation
stage is separated by a calcium fluoride (CaF,) plate and used as probe for the EOS. The
18 fs pulses have a temporal duration short enough to offer sufficient temporal resolution
for field-resolved detection of the THz pulses. A second off-axis bare-gold coated, pierced,
parabolic mirror with a focal length of 50.8 mm is used to recombine the probe and the
THz beams. This parabolic mirror is also used to focus the THz beam into the EOS

nonlinear crystal.

The two beams are overlapped and focused onto an uncoated 0.15mm-thick,
<110>-cut GaP crystal. Their relative delay is controlled by a motorized linear stage
(Physik Instrumente Q-545). The linear electro-optic effect is used for detection. The
refractive index of the 0.15 mm-thick GaP is modified proportionally to the strength of
the THz field. These changes can be resolved by detecting the changes in the polarization
state of the probe beam. The polarization is evaluated at each step of the motorized
stage by using an ellipsometer. The ellipsometer consists of a quarter-wave plate (Thor-
labs AQWP10M-980), a Wollaston prism (Thorlabs WP10), and a balanced photo-diode
detector (Thorlabs PDB210A). The THz pulses were mechanically chopped at the fre-
quency of 1kHz at a focus of THz beam. The focus is obtained implementing a second
pair of bare-gold-coated parabolic mirrors prior to the EOS setup. A lock-in amplifier
(Stanford Research Systems SR830) is used for the readout. The resulting field traces are
shown in Fig. 5.2.

The normalized power spectra for the three different thicknesses of GaP are
compared in Fig. 5.3. As shown, the cutoff frequency of the THz pulses for the 0.2 mm-
thick GaP extends to 5.7 THz, at 10~* dynamic range.

For the THz pulses, in addition to the electric field, the power is measured by
a commercial Golay cell detector (Tydex GC-1P) at the position of the EOS crystal.

Fig. 5.4 shows the measured average power for the generated pulses in 2mm, 1mm,
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Figure 5.2 THz transient electric field generated in a 0.2 mm- (blue), 1 mm- (red) and 2 mm-
thick (green) GaP crystal measured by an EOS setup containing a 0.15 mm-thick GaP crystal.
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Figure 5.3 Power spectra of the generated THz pulses for different thicknesses of GaP. The
corresponding EOS traces are recorded at 97 GW /cm? pump peak intensity.

and 0.2 mm-thick GaP crystal for different pump pulses intensities. In the calculation
of the power, losses caused by the transmission of the Teflon filter and the reflections of
the parabolic mirrors are taken into account. The data are interpolated with a second
order polynomial curve. For the thinnest crystal, the power of the THz pulses tends

to be exponentially proportional to the pump intensity. However, it is evident in the
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interpolation for the 2-mm-thick GaP that, at higher conversion efficiencies and pump
peak intensities beyond 70 GW ¢cm ™2, the dispersion for the few-cycle pump pulses, and
the temporal walk off between the generated THz pulses and the pump pulses become
more prominent, resulting in a different behavior. Additionally, it is remarkable that at
the maximum pump power, no extra cooling of the GaP crystal was required even after few
hours of measurements. These curves shows the scalability of this process. Following the
second-order dependency of the generated power from the pump intensity is reasonable
to state that a high-power fronted could be beneficial in the generation of intense THz

radiation.
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Figure 5.4 Measured power of the generated THz pulses versus the peak intensity of pump
pulses for different thicknesses of GaP, obtained under ambient conditions. The points indicate
the measurements and the lines are second order polynomial interpolation of the measured data.

In the laboratory environment, a relatively high air humidity (= 46 %) is present.
Thus, absorption of the THz radiation by water vapor molecules [136] in air can be
resolved. The Fourier transformed spectrum of the field shows several dips, which are in
good agreement with the water absorption lines from the HITRAN database [129, 137],
cf. Fig. 5.5. The 0.2mm-thick GaP crystal delivers the broadest spectrum (blue) in these
experiments. For each data set, a trace is acquired in 10 min-long EOS scan with 30 ms
integration constant. The water vapor lines (red) are in agreement with the Fourier-
transformed spectrum, with 10 GHz resolution up to 7 THz. The large amplitude of the
free induction decay at the trailing edge of the electric field suggests high absorption of the
generated THz pulses by water molecules. Therefore, operating the system in evacuated

atmosphere will lead to higher output power of the generated THz radiation.
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Figure 5.5 Fourier transformed spectrum from the electric field generated in a 0.2 mm-thick
GaP crystal measured by electro-optic sampling containing a 0.15 mm-thick GaP crystal. The
relative humidity in the laboratory at the time of the experiment was 46 %. In red the water
absorption lines obtained from HITRAN database are shown.

5.2.2 Mid-infrared generation in lithium iodate crystals

Lithium iodate (LilO3) is a negative uniaxial crystal, commonly used for harmonics gen-
eration of driving pulses in the near-infrared spectral region. Despite its low effective
nonlinearity of approximately ds; =4.4pm V~!, LilO3; has a wide transparency range
(0.28-6 pm) [103]. The favorable phase matching and the wide transparency range made
this material also suitable for low-wavelength MIR generation from 1 pm driving lasers via
IP-DFG. The calculated phase matching factor, sinc? (%) from Eq. 5.7 [71], for three
different thicknesses, 2mm, 1 mm, 0.3 mm assuming pump pulses at 850 nm wavelength
are shown in Fig. 5.6. This figure shows the possibility to generate MIR radiation, in thin
crystals, spanning from 2.4 to 8 pm from pump pulses with pulse duration below 10fs, as
in the experiment outlined in this section. In the calculation, absorption effects are not
taken into account, in Fig. 5.6 a gray shadow above 6 nm is indicating the region with

strong absorption in LilOj3 crystal.

The setup for MIR generation and detection is depicted in Fig. 5.7. The 8.5fs
pulses from the thin plates setups (section 4.2.2) are focused into LilOj3 crystals of different
thickness with a lens (f = 300 mm). The p-polarized input pulses evenly distribute along
the extraordinary and the ordinary axes for type-I phase matching. The generated MIR
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Figure 5.6 Calculated phase matching curves for IP-DFG in 0.3mm (red), 1 mm (blue) and
2mm (green) thick LilO3 crystals. The gray areas indicate: the region with stron absorption

above 6000 nm [103| and wavelengths below 2400 nm that are not possible to phase match in the
experiment outlined in this section.

radiation was separated by a tailored ZnSe beam splitter (UltraFast Innovations GmbH,
F3-S161108) and then collimated by a gold-coated off-axis parabolic mirror with focal
length of 101.6 mm. After collimation, different long-pass filters are used to remove the
residual pump radiation transmitted by the beam splitter. After the long-pass filters the
MIR radiation is sent to a power meter and a monochromator (Newport Cornerstone 260)

for power and spectral measurement, respectively.

L LilO;
> B
- > LP
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Figure 5.7 Schematic layout of the measurement setup. The MIR radiation is generated in
LilOj crystals via IP-DFG of the near-infrared pulses from the thin plates broadening scheme.
The pulses incident on the crystal are focused by a 250 mm-focal length lens (L). Different
thicknesses crystals are placed after the focus. The generated radiation is separated by the

pump radiation by a beam splitter (BS) and re-collimated by a bare gold off-axis parabolic
mirror to be sent to the diagnostics.

The crystals used for this experiment (EKSMA Optics, UAB) have different
thicknesses: 2mm (800-1300 nm protective coating), 1 mm (800-1300 nm protective coat-
ing) and 0.3mm (700-1800nm AR coating). Each crystal is placed after the focus of
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5. Terahertz and Mid-infrared generation

the lens and moved towards the focus, to increase the peak intensity, till a damage oc-
curs. This procedure establishes the damage threshold of the crystals and the maximum
achievable average power for the MIR radiation. The highest average powers achieved
with 2mm, 1mm and 0.3mm LilO3 crystals, before damage, are 72mW, 16 mW and
1.1mW, respectively. The power is measured behind a 2.4 um long-pass filter (LP2400-
33-969, Edmund Optics Ltd.) at a peak intensity of approximately 250 GW cm™2, for

each crystal.

The choice of LilO3 crystals with pump pulses centered at 1030 nm made possible
the generation of MIR radiation in the short wavelength range. In Fig. 5.8 the spectrum
for each crystal thickness is reported. The generated radiation is focused by a ZnSe
lens into the monochromator for the spectral measurement. To suppress second-order
diffraction effects from the monochromator’s grating, four long-pass filters with cut-off
wavelengths at 1.5, 2.4, 4.5, and 7.3 pm are used, and three different spectra were recorded,
respectively, and merged [108]. For the 0.3 mm crystal the spectral coverage spans for

almost two octaves, from 2.4 pm to 8 pm within a 10% dynamic range.
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Figure 5.8 Spectra of the MIR radiation generated via IP-DFG in 0.3 mm (red), 1 mm (blue)
and 2mm (green) thick LilO3 crystals. The traces are recorded with a monochromator (Newport
Cornerstone 260). In the inset the beam profile for the 2 mm crystal is shown. The lower spectral
intensity above 6 pm is associated with the lower transmission of the crystal in that region [103].

The relatively high power and the broad spectral coverage of this setup demon-
strated the possibility to efficiently convert the laser bandwidth to the short-wavelength
MIR spectral region. Additionally, the remarkable power stability and the power scala-
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5.3 Conclusion

bility of this setup paved the way for the application of this source in many fields where
intense, CEP-stable short-wavelength MIR radiation would be beneficial, as in transient

absorption spectroscopy.

5.3 Conclusion

In this chapter, two different techniques to convert the spectral bandwidth of the frontend
towards the MIR and THz spectral region have been presented. The first technique,
based on OR in GaP crystals of the pulses from the first generation of MPCs-based
compression, was shown to be capable of generating THz radiation with cutoff frequency
as high as 5.7 THz with a dynamic range of 10* and average power as high as 100 pW. The
second technique is based on IP-DFG in LilOj3 crystals of the pulses from the thin plates
compression stage. This approach, benefitting from the shorter pulses and the higher
stability of the second generation frontend, was shown to be capable of generating MIR
radiation with a spectrum spanning for almost two octaves, 2.4-8 pm, with a dynamic
range of 103, or with average power as high as 70 mW, with a spectrum spanning from
2.4 to 5pm.

In conclusion, these two different techniques demonstrated the reliability of this
system for the generation of radiation in the MIR and THz spectral regions. The power
scalability of the frontend as well as of these two generation techniques made Yb:YAG,
thin-disk based sources perfect candidates for driving the generation of intense pulses
in the MIR to THz region. Additionally, the high dynamic range, robustness, and sta-
bility make this compact frontend a promising tool for applications in THz and MIR

spectroscopy.
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6 Summary and conclusions

In the framework of this thesis, different approaches to extend the bandwidth of a high-
power, high-repetition rate Yb:YAG KLM TD oscillator are presented. These efficient
broadening schemes for the generation of few-cycle pulses are promising tools to make
this type of sources the new frontier of many applications, as the generation and efficient
detection of intense and ultrabroadband MIR or THz radiation for biomolecular or chemi-
cal absorption spectroscopy [3, 12]. The central work of this thesis was the development of
an efficient hybrid-pulse compression scheme to extend the bandwidth of the laser source

to the few-cycle regime.

Firstly, the source is briefly presented: a Yb:YAG KLM TD oscillator [22]|. Tt
delivers 100 W at 16 MHz repetition rate, corresponding to pulses with 6.3 uJ energy at
220 fs pulse duration. Oscillators based on TD geometry represent, nowadays, the state-
of-the-art of solid-state sources. These systems pose a valuable alternative to Ti:Sa lasers
for spectroscopic applications thanks to their ability of delivering pulses with a duration
of hundreds of femtoseconds at energies up to tens of microjoules with a repetition rate
in the MHz range. The limited bandwidth of Yb:YAG-based frontends limits their direct
applicability for applications in which broad spectra or ultra-short pulses are required.
However, the high extra-cavity peak power and the short pulses directly from the oscil-
lator, achieved with the TD geometry in combination with Yb:YAG gain material and
solitonic KLLM, has proven to be an ideal starting point for efficient extra-cavity spec-
tral broadening [70]. Moreover, the remarkable stability and the high repetition rate,
form the basis for further spectroscopic applications [13], where reproducibility and high

signal-to-noise ratio within a reasonable measurement time are crucial.

Secondly, the first stage of nonlinear pulse compression, based on two MPCs
is described. This scheme was able to efficiently compress the pulses to sub-18fs. The
first generation, delivering 18 fs at 60.5 W, was used to directly prove the feasibility and

the reliability of this frontend and this compression technique for THz generation and

87



6. Summary and conclusions

detection [13] as well as for a subsequent compression stage [70]. The second generation,
optically and opto-mechanically improved in comparison to the first generation, was able
to deliver 17fs at 74 W. This generation also served as reliable frontend for a subsequent
compression stage to extend the bandwidth coverage in spectroscopic applications. Both
generations efficiently delivered stable sub-20fs pulses at high average power and high
repetition rate enabling further experiments. The results demonstrate the robustness of
this scheme for high power applications and the suitability for the bandwidth extension
of Yb-based frontends.

Thirdly, different approaches to reach the few-cycles regime are compared. The
limitations in manufacturing multi-layer dispersive optics is the main restriction for ex-
tending the bandwidth of MPC-based setups. For further pulse compression, to overcome
this limitation and reach the few- and even single-cycle regime, different techniques can
be used. A common technique to generate few-cycle pulses is soliton self-compression in a
gas-filled hollow-core PCF [31]|. For this thesis, a state-of-the-art single-ring hollow-core
PCF proved to be capable to deliver 4.5 fs pulses (FTL) with high efficiency and impecca-
ble beam quality [87]. However, in case of small core diameters, ionization can easily occur
and damage the fiber tip. In case of a fiber damage, replacement and coupling can be
time consuming [84]. Additionally, fibers are very sensitive to in-coupling misalignments
and power fluctuations of the input beam. If the desired parameters can only be reached
in several compression stages, insensitivity to alignment becomes a key feature. Using a
bulk-based compression scheme has some major advantages such as a simple operation,
a high reproducible and a compact design [49]. For this reason a second all-bulk-based
pulse compression scheme is demonstrated. This scheme is based on a four sapphire thin-
plates quasi-waveguide and proved to be capable to deliver 8.5 fs pulses with a good beam
quality, high day-to-day reproducibility and remarkable temporal re-compression. Both
compression approaches proved to be invaluable and innovative tools to efficiently extend
the bandwidth of the Yb:YAG-based sources in a hybrid compression scheme. However,
for many applications, and in particular for spectroscopy, the day-to-day reproducibility
and reliability of the frontend are key features [37|. For these reasons, a frontend less
prone to damage, with lower complexity and more compact as the all-bulk based hybrid

compression is preferred.

Finally, some applications, proving the potential of this system, have been pre-
sented. Firstly, THz generation via optical rectification in gallium phosphide crystals
with the first generation of MPCs was presented. This experimental setup was able to
deliver up to 100 pW in 2 mm-thick crystals and cutoff frequencies extending to 5.7 THz in
0.2mm thick crystal. Secondly, the improvements of the first broadening stage and espe-

cially the stable and ultra-short pulses from the all-bulk based hybrid compression scheme
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offered a promising platform to generate even broader and more intense pulses. A field
where short, intense sources are gaining particular interest is the generation of broadband
MIR radiation for spectroscopic applications [3]. Thus, the ability of this compact all-
bulk-based frontend to extend the bandwidth coverage of MIR. absorption spectroscopy
in the short-wavelength region was proved. A spectrum spanning over two octaves in a
0.3-mm-thick LilO3 crystal and an average power up to 70mW in a 2-mm-thick LilOj

crystal were obtained.

In conclusion, an efficient and reliable hybrid compression scheme for high power,
high repetition rate sources is presented. The all-bulk-based scheme was able to extend
the narrow bandwidth of the state-of-the-art Yb-based source to 8.5 fs. Thus, an unprece-
dented pulse duration but also a unique peak power of more than 380 MW without the
need of further amplification of the laser frontend was achieved. Moreover, the high rep-
etition rate combined with the high intensity and the remarkable stability of this system
proved to be beneficial for extending the bandwidth and increasing the intensity of pulses

in different spectral regions, paving the way for future applications.
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