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Zusammenfassung

Neueste Entwicklungen in der Lasertechnologie haben zur Entstehung leistungsfahigen
Lichtquellen gefiihrt, die Lichtpulse mit wenigen Zyklen und Energien von bis zu 100mJ liefern
kénnen. Bei Intensitaten in der GréRenordnung von 10°°W/cm?, scheinen solche Lasersysteme
die perfekten Treiber fur relativistische Wechselwirkungen zwischen Licht und Materie zu sein,
die nach theoretischen Berechnungen zur Erzeugung von intensiven isolierten
Attosekundenpulsen geeignet sein sollten. Attosekundenpulse sind wiederum fir viele Projekte
in der Grundlagenforschung zu ultraschnellen Phanomenen von groem Interesse.

Die vorgestellte Arbeit besteht aus zwei Forschungsprojekten, die durch die Idee verbunden
sind, eine ideale Quelle fir intensive isolierte Attosekundenpulse zu entwickeln. Der erste Teil
bezieht sich auf das sogenannte SHHG-Experiment (Surface High Harmonics Generation), das
mit einem modernen Laser mit dem Pulsdauer von zwei Lichtwellenzyklen betrieben wird. In
diesem Experiment wurde Ultraviolettstrahlung von bis zu 100eV auf der Oberflache einer
Quarzglasplatte erzeugt. Die Untersuchung der Abhéangigkeit dieser Srahlung von der Form des
elektrischen Laserfeldes fiihrte zur Entwicklung einer neuartigen Techik zur Analyse der
Oberschwingungsspektren. Dieses Verfahren erweitert die Idee der konventionellen spektralen
Interferometrie auf das Zusammenwirken von drei nicht aquidistanten Attosekundenpulsen und
ermdoglicht (unter bestimmten Bedingungen) die Rekonstruktion der zeitlichen Struktur des
erzeugten ultravioletten Pulszugs. Solche Rekonstruktionen zeigten eine gute Ubereinstimmung
mit den Ergebnissen numerischer Simulationen und bestétigten die Verwendbarkeit des
Antriebslasers zur Erzeugung hochisolierter Attosekundenpulse bei bestimmten, von
experimentellen VVoraussetzungen abhéngigen Formen des elektrischen Feldes.

Allerdings ist die Helligkeit einer solchen Attosekundenpulsquelle durch die Wiederholrate des
Treiberlasers begrenzt. Niedrigere Pulsenergie der vorhandenen Laser der Kilohertz-Klasse mit
wenigen Lichtwellenzyklen zeigt, dass die Skalierung der Durchschnittsleistung nicht trivial ist
und eine weitere Verbesserung der bestehenden Lasertechnologien erfordert, unter anderem die
Entwicklung geeigneter Pumplaser mit hoher Durchschnittsleistung.

Dem wissenschaftlichen Weg des Autors folgend, wechselt der Forschungsschwerpunkt des
zweiten Teils der Arbeit zu den Pumplasern mit hoher Pulsenergie und Wiederholrate Ein der
bislang fortschrittlichsten Pumplaser mit Pikosekundenpulsedauer basiert auf der
Dinnscheibentechnologie und liefert 200mJ Pulsenergie mit einer Wiederholrate von 5 kHz.
Um die Verwendbarkeit dieses Lasers durch Erhéhen der Pulsenergie und/oder der
Durchschnittsleistung zu verbessern, wurde ein zusatzlicher Multipass-Verstarker auf Basis
dinner Scheiben entwickelt. Es wurde gezeigt, dass ein herkdémmliches 4f-Bildgebungsdesign
aufgrund der starken Verschlechterung des Strahlprofil fir eine grofle Anzahl von Durchgangen
nicht verwendbar ist. Im Gegensatz dazu ermdglichte die Verwendung des modenerhaltenden
Quasi-Resonator-Design eine effiziente Verstarkung unter Beibehaltung der resonatorahnlichen
Strahlqualitat (M? ~ 1.12), die fur die Multipass-Verstarker einzigartig ist. Der Verstarker
verwendete eine Eingangsleistung von ~200W bei 5kHz und erzeugte eine Ausgangsleistung
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von (ber 1kW. Eine solche Verwendung des Quellenlasers und des Verstérkers liefert zwei
Pumpstrahlen mit Energien von 160mJ und 200mJ. Zusatzlich wurde alternativ dazu ein
Betriebsmodus bei 1kHz Wiederholrate numerisch untersucht. Eine Pulsenergie von fast 0.5]
wird erwartet, wenn die vom Quelllaser maximal verftigbaren 200mJ Pulsen als Eingangssignal
benutzt werden. Abschlielfend werden verschiedene Methoden zur méglichen Verbesserung der
Stabilitat und Verstarkung diskutiert.

Basierend auf all den oben genannten Ergebnissen stellt die aktuelle Arbeit nicht nur einen
wichtigen Schritt in Richtung zukinftiger Quellen der Attosekundenpulse dar, sondern treibt
auch die vorhandenen Lasertechnologien voran, was wiederum zu vielféltigen grundlegenden
und angewandten Forschungsprojekten beitragen konnte.

Vi



Abstract

Recent progress in laser technologies has led to emergence of powerful ultra-short light sources
that can deliver few-cycle pulses with energies up to 100mJ. Providing the intensities on the
order of 10°°W/cm? such laser systems appear to be the perfect drivers for relativistic
light-matter interaction experiments, which according to theoretical investigations should be
suitable for generation of intense isolated attosecond pulses. In turn, attosecond pulses are of
high interest for many fundamental researches in ultrafast science.

The presented work consists of two research projects that are united by the idea of developing
an ideal source of intense isolated attosecond pulses. First part is related to so called surface
high harmonics generation (SHHG) experiment driven by the state-of-the-art few-cycle laser.
In this experiment extreme ultraviolet (XUV) emission up to 100eV was generated from the
surface of a fused silica target. While studying the dependence of the generated XUV signal
from the shape of the laser electric field, a novel approach in analysis of the harmonics spectra
was invented. This technique extrapolates the idea of conventional spectral interferometry (SI)
to the interaction of three non-equidistant attosecond pulses and (under certain conditions)
allows to reconstruct the temporal structure of the generated XUV pulse train. Demonstrating
good agreement with the results of numerical simulations, such reconstructions confirmed the
usability of the driving laser for generation of highly isolated attosecond pulses in case of
having certain, experimental conditions dependent shape of the electric field.

However the brightness of such a source of attosecond pulses is limited by the repetition rate of
the driving laser. Lower pulse energy of the existing kilohertz-class few-cycle lasers indicates
that scaling of the average power is not trivial and requires further improvement of the current
laser technologies, including the development of suitable high average power pump lasers.

Following the scientific path of the author, the research focus of the second part of the thesis
switches to the high pulse energy and repetition rate pump lasers. One of the most advanced
picosecond pump lasers to date is based on thin-disk technology and provides 200mJ pulses at
5kHz repetition rate. In order to improve its usability by increasing the output pulse energy
and/or average power an additional thin-disk based multipass amplifier was developed.
Conventional 4f-imaging propagation scheme was shown to be not usable for high amount of
passes due to strong degradation of the beam. In contrary to this, usage of the mode-preserving
quasi-resonator scheme allowed for efficient amplification while preserving the resonator-like
beam quality (M? ~ 1.12) that is unique for the multipass amplifiers. Being seeded with
~200W at 5kHz, the amplifier produced above 1kW of output power. Such usage of the source
laser and the amplifier provides two pump beams with 160mJ and 200mJ respectively. In
addition to this an alternative 1kHz operation regime was numerically investigated. Almost 0.5J
pulse energy is expected if seeded with the maximal available from the source laser 200mJ
pulses. Finally, various methods of possible stability and amplification improvement are
discussed.

Based on all the above mentioned results, the current work not only presents an important step
towards future sources of the attosecond pulses, but also pushes forward the existing laser
technologies — which in turn might contribute to diverse fundamental and applied researches.
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Introduction

Modern science reveals an apparent connection between the macro- and the micro- processes
and objects in the world. The more we understand about the interaction of atoms and molecules
in matter, the more powerful our vehicles and engines are. The more powerful particle
accelerators we can build, the deeper we can look inside the atomic nuclei. Modern
technologies allow us to travel all over the world and even further: we send research probes
outside the Solar system and build the space-shuttles that bring the astronauts to the near-earth
orbit and back. Engineering of such complicated high-technological units is directly connected
to the nanometers (10°m) scale lithography, which allows producing compact and fast
electronics that is able to switch on the time frames of nanoseconds (10%). Thus further
development of human civilization — whether the interstellar travels over the trillions of
kilometers or invention of high-precision medical tools is implied — is closely related to
investigations of various ultrafast processes occurring on the molecular and atomic scales. Such
research will not only advance our understanding of the fundamental laws of the universe, but
can also lead to an important breakthrough and big changes in our daily life.

Basic approach in studying fast processes can be well illustrated with Motion Picture principle
that Eadweard Muybridge [1] used for recording of the motion with several usual (single-shot)
photo cameras: continuous motion of an object can be well described with several consecutive
static images, if the translations of the object between each two images is relatively small.
Moreover, if the process is reproducible and can be manually repeated required number of
times, the corresponding sequence of the static images can be recorded using only a single
camera and adjusting the delay before making a snapshot. This example also implies that the
camera is fast enough to make a nice static image without blurry traces that appear when a fast
moving object is recorded with a too long exposure. Realization of this principle for studying
the ultrafast dynamics inside matter is called pump-probe technique: the system under study —
electrons, atoms or molecules — is first triggered (pumped) by the first laser pulse and then
probed by the second one. The reaction of the system, for example the absorption spectrum, is
measured as a function of the delay between these two laser pulses. In analogy to Motion
Picture, if the pump and probe pulses (as well as the delay resolution) are significantly shorter
than the characteristic time scale of the process, its evolution in time can be described by the
obtained sequence of the delay-dependent measurement points.

Such research became possible after the invention of the first laser [2] and subsequent reaching
the femtosecond (10'°s) duration of the laser pulses [3]. However for studying
sub-femtosecond scale processes even shorter laser pulses are required, which supposes quite
broad spectral bandwidth: a hundred attoseconds (100 x 10~!8s) pulse requires at least!
4000THz (about 17eV) of bandwidth, which is out of reach for any known laser material.
Coherent spatio-temporal combining of several short (7-8fs) broadband pulses allows for

! Assuming a perfectly compressed Gaussian-shape pulse.
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reaching sub-femtosecond duration (for example, ~380as were demonstrated in [4]), but does
not seem to be significantly scalable.

In order to create sufficiently broadband emission so called high-harmonics generation process
can be involved. For the first time it was observed during the nonlinear interaction of
moderate-intensity (~10"*-10"W/cm?) laser pulses with noble gases [5]. During such an
interaction some electrons are freed from their atoms and accelerated: within one half of the
laser cycle they are pushed away from the atoms, within the second half — when the electric
field changes its direction — they are pulled back and re-collide radiating in ultraviolet or even
X-ray ranges. Being driven by few-cycle lasers, such experiments allowed to generate isolated
attosecond pulses [6] and gave a birth to attosecond physics [7].

An alternative to the conventional gas high harmonics generation is so called surface high
harmonics generation, where the emission occurs as the result of the interaction between an
intense laser pulse and overdense plasma generated on the solid surface [8, 9]. In contrary to
gas harmonics, where exceeding the laser intensity of ~10°W/cm? leads to reduction of the
generation efficiency connected to the strong ionization of the gas medium [10], this approach
can be used for efficient generation of intense isolated attosecond pulses at the laser intensities
of 10?®W/cm? [11]. Last achievements in the development of few-cycle lasers [12] allowed to
perform corresponding experiments.

This thesis, as well as the research path of its author, is split into two parts. The first part is
related to the experimental realization of the above mentioned approach and characterization of
the generated attosecond pulses and their harmonics spectra. In the second part the research
focus is shifted from the investigation of the generation process to further development of the
laser technologies that would significantly improve the existing few-cycle lasers. Both parts are
nevertheless united by the idea of creating a perfect source of intense isolated attosecond pulses
that would allow for convenient performance of the ultrafast pump-probe experiments.

The word “convenient” here implies two main features. The first one is that the generated
attosecond pulses should be intense enough to trigger even strongly nonlinear processes to the
level of detection. The second important parameter is the repetition rate, which allows
accumulating enough data within a reasonable time. It is not only important for statistics-based
measurements (e.g. tagging the carrier-envelope phase like in [13]), but also for detection of
weak signals using increased exposure times.

At the moment the most intense few-cycle lasers that are used for surface harmonics generation
operate at the repetition rate of few hertz [14, 15]. Similar experiments can be also performed
with kilohertz-lasers [16], but their low pulse energy does not allow to fully realize the main
benefit of this approach (comparing to the traditional gas harmonics), namely usage of
ultra-high intensities. The future third-generation few-cycle lasers [17] that could provide high
energy pulses at (few) kilohertz repetition rate, require correspondently powerful pump lasers.
This need stimulated the development of a kilowatt-class thin-disk based pump laser that can
operate at 5kHz delivering 200mJ pulses [18].
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The second part of this thesis describes the efforts aimed to overcome the limitations of the
above mentioned laser, related to its principle design [19, p46-58]. Being extended with an
additional amplifier, it can turn into a powerful pump laser for a future high-repetition rate
few-cycle laser system, which will be able to drive an ideal source of isolated attosecond-
pulses.
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Part 1

Generation of isolated attosecond pulses

The first part of the manuscript is dedicated to generation of isolated attosecond pulses from
relativistically oscillating plasma. It describes the interaction of ultra-intense laser pulses
(I = 102°W /cm?) with a solid surface leading to formation of an overdense plasma that
generates extreme ultra-violet (XUV) emission. The generated XUV signal is presented by a
train of very short pulses whose amount and properties depend on the driving laser pulse.
Chapter 1 gives a basic explanation of the underlying processes and describes the experimental
setup together with the driving laser system and obtained XUV spectra. Chapter 2 describes a
new method of the measured spectra analysis that is based on the conventional spectral
interferometry. It reveals (under certain conditions) the complete temporal structure of the pulse
trains and allows for distinguishing of highly isolated pulses. In Prospect the key requirements
are discussed, that modern few-cycle high-intensity lasers should fulfill in order to drive an
ideal source of the isolated attosecond pulses.

Chapter 1

Generation of XUV emission from oscillating
plasma surface

This chapter starts with a brief explanation of XUV emission process that occurs during the
interaction of an intense laser pulse with dense plasma generated via ionization of a solid
dielectric surface. During this interaction electrons reach relativistic velocities and emit bursts
of pulses, which due to strong nonlinearity of the generation process appear to be significantly
shorter than the driving laser period. In some specific conditions a single attosecond pulse can
be obtained. The second section describes the experimental setup and the diagnostics that were
used for detection and characterization of the generated emission. It also gives a compact
description of LWS-20 [12], a laser system based on optical parametric chirped-pulse
amplification (OPCPA, [20]), which due to its few-cycle high-energy pulses appears to be a
perfect light source for driving this experiment. The demonstrated scheme of amplification of
weak microjoule level seed pulses up to 100mJ clarifies the important role of the pump lasers in
reaching high output pulse energy, which is essential for generation of strong isolated
attosecond pulses via the discussed laser-plasma interaction. The chapter closes with a
presentation of accumulated experimental data.
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1.1 Interaction of dense plasma with intense laser pulses

target

Figure 1-1: Generation of XUV emission from solid surface.

Incident laser pulse (p-polarized) ionizes the surface of solid material and is being reflected from the generated
plasma. Being accelerated by the laser field, plasma electrons radiate in the direction of the reflected laser pulse.
Generated emission is presented by a train of XUV pulses, whose amount and individual parameters depend on the
laser field shape and electron density distribution. According to theoretical model in some particular cases it should
be possible to separate a single isolated pulse with attosecond duration by using proper high-pass filter. The figure
is taken from [11].

Generation of XUV emission from dense plasma created on the surface of solid materials is a
very promising alternative to the gas harmonics generation [21] that is widely used for
obtaining isolated attosecond pulses. Though this method allows for emission generation in the
X-ray range [22], experimental data discussed and presented in this work correspond to
15-100eV and thus can be rightfully called XUV emission. Being tightly focused on the surface
of a solid dielectric (usually SiO; glass), an intense laser pulse ionizes a thin layer of material
and turns it into an expanding plasma bubble — a dense cloud of electrons and ions that
broadens because of the electromagnetic interaction and a high kinetic energy of the particles. If
the laser pulse is intense enough, the surface is ionized in the very beginning of the interaction
with a pulse (at its rising edge) and the rest of the pulse is being reflected by a dense layer of
free electrons in the plasma cloud performing as a plasma mirror. Since some descent intensity
of the laser pulse is required for the surface ionization — for AR (anti-reflection) coated fused
silica glass it can be ~10'®W/cm? — plasma mirrors are often used for suppression of unwanted
prepulses and pedestals: the front part of the laser pulse is not reflected until some threshold
ionization intensity is reached [23].

However the surface can be also ionized by a special manually created prepulse that is sent in
front of the main laser pulse. Depending on the time between the ionization and the main pulse
arrival the spatial distribution of the electrons is different. It can be described with so called
plasma scale length (L), which defines the steepness of the electrons density gradient in the
direction normal to the target surface:

n(x) = ng * e ¥/t (1.1)



1.1 Interaction of dense plasma with intense laser pulses

Before the ionization the density distribution is presented by a step function, because all the
electrons take their places in the solid body structure. Such a condition corresponds to
L — 0. Afterwards the plasma cloud starts expanding and the density profile becomes more and
more sloping (Figure 1-2), what corresponds to increasing scale length L.
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Figure 1-2: Evolution of the electron density.

(a) Before the ionization all the electrons take their places in the solid material structure. (b) Shortly after
ionization most of the electrons are still concentrated close to the surface. (c) Further expansion of the plasma
cloud, density profile becomes more gradual. Vertical dashed (black) line corresponds to the surface coordinate.
Horizontal dashed line (red) represents the critical density level.

Depending on the plasma scale length, the laser pulse can propagate to a different depth inside
the plasma cloud. In a first approximation (neglecting small variance for different spectral
component) incident light is reflected at the coordinate that corresponds to the critical density,
which can be defined as

EgM,
n, =

e2 w,? (12)

and has a meaning of the minimal electron density that can shield an electromagnetic wave with
a frequency w,. In case of a steep profile corresponding to a plasma condition immediately after
the ionization, the laser pulse faces a very dense plasma cloud and is being reflected
immediately. If the plasma cloud had enough time for some expansion, the laser pulse will
propagate inside the low-density shell of the cloud until it reaches the critical density layer,
which reflects it back. For the pulse cleaning purpose an almost steep plasma profile would be
beneficial due to the minimal interaction with the low-density shell of the cloud. But for
efficient generation of the XUV emission a slightly expanded plasma with L = 0.24; is more
suitable [24].

Being reflected from the critical-density-layer of electrons, the laser pulse also forces them to
move accordingly to the electric field oscillations. During several optical cycles electrons are
strongly pushed and pulled by the laser pulse field, which leads to emission of new photons that
propagate together with the reflected laser pulse. This motion of the electrons can be well
illustrated by Figure 1-3, showing the result of numerical simulations of the interaction
between an intense few-cycle laser pulse and a slightly expanded plasma cloud. Three well
visible dents framed with narrow layer of very high electron density (black color in the figure)
correspond to three laser pulse cycles. At each cycle the rising electric field pushes the electrons
towards the surface (right side of the figure) creating a layer of even higher density. When the
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electric field changes its sign in the end of the cycle, all these overdense bunches of electrons
move back outside the surface. Because of the rising amplitude of the laser field (which now
pulls the electrons) and a strong electrostatic force caused by a high local charge density, these
electrons experience significant acceleration and radiate new electro-magnetic waves in
ultraviolet and even X-ray ranges.
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Figure 1-3: Plasma motion simulation.

Presented picture demonstrates the electron density distribution (plasma scale length L = 0.44;) during the
interaction with a short, intense laser pulse (Tpywum = 5fs, T, = 2.51fs, @cgp = 1), calculated” using
one-dimensional particle-in-cell (PIC) simulations [25]. Incident laser pulse propagates towards the target surface
(from left to right), interacts with the electrons and is being reflected back. Three low-density dents (white color) at
the period of ~2.5fs correspond to three oscillations of the laser field which push the electrons towards the surface.
Each dent is framed with a dark line representing accelerated motion of the dense electron bunches outside the
surface — in the direction of the reflected laser field — which leads to emission of new high-energy photons. Axes
origins are relative.

The energy of the emitted photons (as well as their flux) nonlinearly depends on the electron
acceleration. Due to this most of the emission at each laser cycle occurs within a very short
timeframe when the resulting electromagnetic force affecting the electrons is at its maximum.
Moreover, photons with the highest energy are only emitted when the acceleration reaches its
peak. The stronger the laser field, the higher the maximum photon energy and the shorter the
timeframe corresponding to emission of the most energetic photons. Thus extremely short XUV
pulses can be obtained by filtering out low energy photons: according to the theoretical
model [11] usage of a copper foil filter allows for ~5as duration, if the laser pulse is intense
enough to generate photons with energies up to 1keV.

The amount of generated pulses and their individual characteristics (spectrum, photon flux etc.)
do not only depend on the plasma condition, but also on the laser pulse shape. For long pulses
with the duration of several cycles the exact electric field shape does not play any significant
role, because several cycles with a comparably strong electric field are always presented in the
middle of the laser pulse (Figure 1-4a and b). The generated pulse train will anyway consist of

! All the simulations presented in Chapters 1 and 2 of the current work were performed by Dr. Guangjin Ma based
on the approach presented in [25]. Necessary parameters and approximations can be found in Methods section of
the original paper [14]. The same approach was used in [24] where the generation of isolated attosecond pulses
during the laser-plasma interaction at such high intensities was investigated theoretically.
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1.2 Driving laser and experimental setup

several XUV pulses with a few strong ones in the middle, whose individual intensity will
slightly change depending on the exact shape of the electric field under the envelope. But for
short laser pulses with the full width half maximum (FWHM) duration about two electric field
cycles and shorter the situation is completely different. Subfigures ¢ and d demonstrate such a
pulse with two different values of carrier-envelope phase (CEP) — an instantaneous phase offset
between the pulse envelope maximum and the electric field oscillations.
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Figure 1-4: Carrier-envelope phase.

The shape of the electric field inside a laser pulse is approximated with Gaussian intensity envelope (FWHM level
is shown with black lines) and fast harmonic oscillation at the central frequency w, = 27/T,. (a) Long pulse
(trwum = 8T.,) with coinciding envelope maximum and field oscillation phases, i.e. ¢.zp = 0. (b) The same long
pulse with ¢.zp = m. Regardless of the exact field shape it has several strong cycles. (c) Short laser pulse
(trwum = 2T,,) with @-zp = 0 has a dominant central cycle and two side ones, which are significantly (~30%)
weaker. (c) The same short pulse with ¢.zp = 7 has two equivalently strong cycles.

In case of @.zp = m there are only two cycles with a strong electric field while a pulse with
@cep = 0 has three strong field cycles. Moreover, in this case the maximal photon energy of the
central generated XUV pulse can be significantly higher than for the other two pulses because
of the nonlinear dependence on the electric field. It allows to pick a single attosecond pulse by
filtering the high energy photons, which are presented only in one of three generated pulses.

1.2 Driving laser and experimental setup

For realization of the method presented in the previous paragraph a multi-terawatt peak power
laser system LWS-20 was used. Detailed description of this light source can be found in the
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corresponding article [12]. For the current work it is important to mention that the driving laser
is based on non-collinear optical parametric amplification (NOPA), a four-wave mixing process
that occurs when two beams — a weak broadband seed beam and a strong monochromatic pump
beam with a shorter wavelength — overlap spatially and temporally in a nonlinear crystal.
Figure 1-5 explains the principle of NOPA.
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Figure 1-5: Non-collinear OPA.

(a) Geometry of the beams. Monochromatic pump and broadband seed beams overlap in a nonlinear crystal where
the mixing process takes place and propagate further in their original directions. An additional beam called idler
appears as the result of the interaction. The most commonly used crystals are BBO (B-barium borate), LBO
(lithium triborate) and KDP (potassium dihydrogen phosphate), but there are others. (b) Energy diagram of the
process. The energy of the absorbed pump photon is transmitted to a new seed photon and an idler photon. Since
the seed beam is broadband, idler also contains different wavelengths. (c) Phase-matching condition. Wave-vectors

(k 27Te//1 ké, where & is a unity-vector in the propagation direction) of all the beams are connected via

kpump_kseed + kldlET

In LWS-20 amplification occurs in two stages, which for optimization of the efficiency within
the whole bandwidth are split between two crystals each. One pair of the crystals is optimized
(in terms of thickness and angles) for amplification of the seed within 580-700nm and uses
355nm pump beams, the second one — for 700-1020nm seed range and uses 532nm pump. Both
pump beams are obtained from the same pump laser with the fundamental frequency wp
corresponding to A, = 1064nm: the second and third harmonics are generated in LBO crystals
(details are presented in [26, p10-12]). The amplification scheme presented in Figure 1-6 gives
an idea of the seed and pump pulses energies.

19m] 19m] 460m] 270m]
532nml 355nml 532nml 355nml
NOPA1 | NOPA2 NOPA3 | NOPA4 |

~o 1.3mJ “15m) “67mJ “101m]

em &= aan Aa I

Figure 1-6: LWS-20 amplification scheme.
Seed beam sequentially propagated through 4 BBO crystals, where two parts of the spectrum are separately
amplified. Crystals are pumped with the pump beams corresponding to the amplified spectral ranges.
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1.2 Driving laser and experimental setup

Although LWS-20 can operate at 10Hz, its repetition rate was reduced down to 1Hz for reliable
synchronization of the electronics and mechanics used in two laboratories located at two
different floors and connected via a 20m vacuum beamline. Figure 1-7 demonstrates the
experimental scheme. Since the output beam of the driving laser has a random CEP, a small
portion was sent into a stereo-ATI (above threshold ionization) phasemeter [27] that measures
the CEP of each laser shot. It is necessary for further CEP tagging — sorting of the obtained
experimental data accordingly to the laser CEP for detection of the correlations. The main part
of the pulse is cleaned from unwanted prepulses by a plasma mirror in a way that was described
in the previous paragraph. Afterwards the cleaned pulse is sent to the beamline and
experimental chamber, but can be optionally steered to a home-made third-order auto-correlator
[28] for the analysis of the temporal profile. This measurement is necessary to prove the
absence of unwanted prepulses and long front-pedestals that could cause a premature ionization
of the target surface and lead to a non-optimal plasma condition.

MU Prepulse “ B 8 \
5 'L = AP — P ),
i 1 1 Target
CEP-meter THG-AC DS MO+CCD

Figure 1-7: Experimental setup scheme.

LWS-20 delivers two-cycle laser pulses. A small portion of the beam is sent to a stereo-ATI phasemeter for
measuring the CEP of each laser shot. The contrast of the main pulse is improved by a plasma mirror (PM) and
characterized by a third-order auto-correlator (THG-AC). A controllable prepulse is produced in the prepulse unit.
Afterwards, the on-target pulse duration is measured and optimized via chirp-scan technique [29]. For this purpose
a home-made dazscope (DS) is used in combination with an acousto-optical modulator (Dazzler, Fastlite), which is
a part of the driving laser. An off-axis parabolic mirror (OAP) tightly focuses the beam on the fused silica target
that is translated after every shot. The generated XUV emission is reflected to a flat-field spectrometer where it is
spatially separated from the fundamental beam. The focus quality is checked and optimized with the attenuated
beam by replacing the target with a microscope objective (MO) and imaging it to a camera (CCD).

In the experimental chamber a controlled prepulse for optimization of the plasma scale length is
created by inserting a small quarter-inch mirror in front of one of the steering mirrors. Detailed
explanation of the prepulse generation is presented in Appendix A. This method allows to
control the delay between the main pulse arrival and ionization of the surface within 0-12ps,
which significantly affects the laser-plasma interaction. Figure 1-8 represents the dependence
of the XUV generation efficiency as a function of the prepulse delay, which unambiguously
proves the efficiency and necessity of the manual plasma scale length control.

Before being sent to the target the beam (d = 50mm) is tightly focused by an off-axis parabolic
mirror (f = 60mm), resulting in a main pulse focus size of 1.3um. Measurement of the beam
size at focus is performed by imaging it to a camera via a microscope objective, which can be
inserted in the beam by a motorized stage. Together with 5.1fs pulse duration (at intensity
FWHM level) and 40mJ on-target energy left after all the losses such a focus size leads to the
peak laser pulse intensity of 1.3 x 102°W /cm?. Due to some technical restrictions connected
to the experimental chamber design the incident angle is slightly bigger than the optimum (55°
instead of 45°), but according to simulations the difference is negligible.

11
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Figure 1-8: Dependence of the measured XUV signal on the prepulse delay.

Average integrated (within the spectral range of 16-100eV) intensity of the XUV signal measured at different
prepulse values. Shaded area represents the standard error of the measurement. The assigned plasma scale length
(upper x-axis) values are obtained from MEDUSA simulations [30].

The target is presented by a cylindrical piece of glass (SiO,) installed on a construction
consisting of 3 motorized stages. The first linear stage provides translations in the direction of
the incident beam for alignment to the beam focus. The second stage is rotational and is needed
for translating to a new undamaged position after each laser shot. The third stage (also linear)
serves for translation of the target along its surface which is necessary when the full rotation of
the target has been performed. It is also used for replacing the target with the microscope
objective. Figure 1-9 shows a used target and explains its rotation and translation principle.

Figure 1-9: Used SiO2 target.

Small white dots are the damages (craters) on the surface which appear after the ionization. After each shot the
target is revolved by the rotational stage, what is schematically shown with an arrow RS: it is a radial rotation that
brings point F2 to the position of F1, corresponding to the fixed focus of the laser beam. When the full circle is
filled with craters, the translation stage changes the radius (shown with arrow TS, which brings the point F3 to the
position of F1). The absolute scale of both movements in the figure is strongly exaggerated for better visibility.
Real rotation angle depends on the current circle radius and corresponds to ~3mm distance between any two
consecutive shots. The same distance is used as a translation step for shifting to another circle. The area within
~20mm from the edge is used for fixation of the target in the rotational stage and thus cannot be used. Total
amount of shots for a single target having the diameter of 150mm is ~30000.
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1.2 Driving laser and experimental setup

The reflected beam is sent to a home-made spectrometer, where the fundamental laser
frequency is spatially separated from the generated XUV pulses and blocked. Each measured
spectrum is assigned to the laser pulse CEP. An example of such two spectra corresponding to
different CEP values is presented in Figure 1-10a. Strong modulations in the spectrum — so
called harmonics — appear as the result of the interference between several generated pulses that
reach the detector at different times. Sorting of the measured harmonics spectra according to the
laser pulse CEP (Figure 1-10b) reveals an unambiguous correlation, which matches well to the
result of simulations. The origin of such behavior can be explained via interferometric analysis
of the measured spectra that is presented in the following chapter.
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Figure 1-10: Measured harmonics spectra.
(a) Example of two spectra measured at different CEP. Black dashed line shows expected from the theory [31]
intensity scaling law I(w)~w 83 that agrees well with the measured spectra. (b) Set of measured spectra sorted
according to the laser pulse CEP. tpp = 1.67ps < L = 0.134,. (c) Corresponding simulations. In both cases
spectral intensity is calibrated for better visualization: minimum and maximum values within the whole spectral
range are normalized to -1 and 1 respectively.
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Chapter 2

Recognition of isolated attosecond pulses

The second chapter is dedicated to analysis of the measured harmonics spectra via a novel
interferometric approach. First of all the conventional spectral interferometry is described,
afterwards the concept is extended to the case of three interfering pulses. Corresponding
numerical model demonstrates the underlying mathematical justification of the suggested
treatment as well as its usability boundaries. The second section demonstrates the application of
this method to the measured XUV spectra generated at different CEP of the driving laser.
Successful temporal reconstruction of the generated pulse trains allowed to define the optimal
CEP range that results in the generation of a well-isolated attosecond pulse.

2.1 Spectral interferometry

Conventional spectral interferometry (Sl) is a method of complete temporal characterization of
an unknown pulse, which is based on the analysis of the spectrum that presents the result of
interference between this unknown pulse and an already characterized reference pulse.
Figure 2-1 explains the measurement and analysis principle.
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Figure 2-1: Conventional spectral interferometry.

(a) Measurement scheme. The unknown pulse is sent to the spectrometer together with the reference pulse.
(b) Measured resulting spectrum Sg, contains frequency modulations Aw that depend on the delay T between the
measured and reference pulses. (c) Fourier transformation of the measured spectrum. Dashed line shows the
temporal gate function for further inversed FT (d) Inversed FT of the gated peak P, gives the coupled spectrum

S(w) = \/SREF (w)Synk(w) and the phase difference ¢ (w) = Qrer(w) — Pyyk (W).
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The resulting spectrum Sg; (subfigure b) contains the information about the spectral phase and
intensity of the unknown pulse, which can be extracted via simple Fourier analysis. The Fourier
transformation (FT) of such a spectrum, presented on subfigure (c), consists of three well
distinguishable peaks. Zero-peak Py contains only the information about the slow changing
envelope of the spectrum Sg;, while peak P; located at falls-time t; = T (and also its copy
located at t = —T') defines the modulation in the spectrum and encrypts the phase and intensity
of the interfering pulses. In order to derive this information inversed Fourier transform should
be applied to peak P;. Applying a temporal gate function (for example in a shape of
Planck-taper window [32]) allows for separation of P, from the zero-peak and unwanted noise.
The resulting coupled spectrum and phase (subfigure d) unambiguously define the relation
between the individual spectra and phases of the unknown and reference pulses. The advantage
of Sl approach is a possibility to completely characterize the temporal structure of an unknown
pulse based on a single measurement of the resulting spectrum Sgs;. However it is only possible
— and this is the main disadvantage of the method — if there is a source of reproducible and
characterized (in terms of spectral phase and intensity) reference pulse with a comparable
duration and spectral bandwidth.
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Figure 2-2: Numerical model of interference of three pulses.
(a) Temporal structure of a non-equidistant pulse train. At, and Ats are long and short delays between the pulses.
Full duration is Aty = Atg + At; (b) Individual spectra of the pulses. (c) Resulting interference spectrum S.

A similar approach can be extended to a pulse train consisting of three pulses. Figure 2-2
demonstrates the corresponding numerical model. Three non-equidistant pulses with individual
spectra S;, S, and Sz have non-zero components within the same spectral range. Resulting
spectrum of such a pulse train Sg; obtains specific harmonics-like modulations, whose depth and
wavelength depend on the individual spectra and phases of the interfering pulses. If it is known
in advance, that the spectral phase of each pulse in the train is flat or contains only a linear
component, which is also called group delay (GD), but does not contain any higher order
dispersion, the resulting interference spectrum contains enough information for a complete
temporal reconstruction of the original pulse train. Mathematically this requirement can be
expressed as

— T =0 for k=2

dw* (2.1)
¢(w) = Aw + const , where A is the GD.
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2.1 Spectral interferometry

Figure 2-3a shows the corresponding Fourier transformation. Similar to the traditional Sl, it
consists of a zero-peak Py and three peaks encoding the pairwise interference of all three pulses
in the train. Inversed Fourier transformation of each peak (within the corresponding temporal
gate) gives three coupled spectra and phases (subfigures b and c). Distinguishing of the pulses,
whose interference is presented by each of three peaks, is possible via comparison of the delays
in the pulse train.

a b c

@, ®) ©__ 2

e = B | or—

o = P1 = | *r3 /

o S 6 -

2 8 = 3 0

3 P, = 4 S,, > /

— F,2 P % 2 s ©

L = P3 &
0 A 0 2
0 2376 116 20 30 40 20 30 40

Time, [t/ To] Frequency, [ fa)O] Frequency, [@ foO]

Figure 2-3: Fourier analysis of the interference spectrum.
(a) Fourier transformation of the interference spectrum Sg,. (b) Pairwise coupled spectra of individual pulses.
(c) Coupled phases representing pairwise phase differences of individual pulses.

These delays are contained in the corresponding phase differences, presented by the coupled
phases @pq, @p, and @p;. However the delay between any two pulses in the train is also
imprinted in the position of the peak, representing the interference of these two pulses. Thus if
At; and At are the long and the short delays between the pulses in the train (Figure 2-2a) and
Atp = Atg + At is the full pulse train duration, then the “false” time coordinate of the peaks in
the Fourier transform satisfy the following relations:

tpr <tpy <tp3

tp1 = Atg (22)
tpy, = At

tp3 = Atp S Ats + AtL = tPl + tpz

which means that peak P3 always represents the interaction of the first and the last pulses in the
train, while peaks P; and P, correspond to the interaction of the central pulse with the side ones.
However, the direction of the time axis cannot be unambiguously defined: the first and the last
pulses can be swapped around the central one with the corresponding delays and the resulting
FT (Figure 2-3a) stays the same. Thus the final result of the reconstruction can be inversed in
time. In case of the experimental data analysis this ambiguity can be resolved by comparison
with the simulations. The properties of the plasma are different before, during and after the
interaction with the laser pulse, which allows to distinguish the first and the last generated XUV
pulses.

Since each peak in the Fourier transform is assigned to a pair of interfering pulses, relations
between the individual and the coupled spectra and phases can be unambiguously defined by
the following equations:

17



Chapter 2: Recognition of isolated attosecond pulses

Sp1 = /5253

Pi: ( 2.3 )
Pp1 = P2 — Q3 = A@y3

Sp2 = /5152

P,: (24)
Ppy = @1 — P2 =A@y,

Sp3 = /5153

Ps: (25)
Pp3 = Q1 — Q3 = A@q3

These system of equations can be resolved relatively to the individual spectra, giving
S1 = Sp2Sp3/Sp1, Sz = Sp1Sp2/Sp3 and S; = Sp1Sp3/Sp,, but is underdetermined relatively to
the individual phases. Here requirement 2.1 reveals its meaning. According to Figure 2-3c all
three coupled phases are linear and have no higher order dispersion. But ¢p; = @p1 + @p3,
which means that there are only two independent equations for three unknown phases and the
individual phases cannot be derived. However the absolute phase is not important for the
reconstruction of the temporal structure of the pulse train. Translation property of the Fourier

transformation makes the reconstruction insensitive to adding a constant phase or a constant
99 (@)
w
position of the pulse train on the time axis, but does not change the delay between the pulses.
So if at least one of them fulfills requirement 2.1, all the other pulses automatically also fulfill
it, because the phase differences A@,, , Ap,3; and A@,; are linear. Therefore one of the
unknown phases can be considered equal to zero (since any GD and phase can be added or
subtracted) and the other two will be defined by equations 2.3-2.5. Though it might look like an
artificial mathematical assumption, according to the numerical simulations (presented in the
supplementary materials to [14]) generated XUV pulse trains — at least in the experiment,
described in paragraph 1.2 — should fulfill even stronger requirement: the spectral phase of the
individual pulses is not only free of high order dispersion, but is almost perfectly flat and close
to zero within the whole spectral bandwidth.

group delay (GD), which is the first derivative of the phase — it only affects the absolute

Thus the temporal structure of the pulse train can be reconstructed by inversed Fourier
transformation of the complex interference spectrum S, “that is defined by equations 2.6-2.7.

Se" =8, 4 S,ei-¢r2) 4 g ei(-0p3) (2.6)
I(t) = iFFT{Ss;"} (2.7)

Here the phase of the first pulse ¢; is chosen to be zero and the other two phases are expressed
via the calculated phase differences according to equations 2.3-2.5. But as it was explained
above, any of three phases can be defined as zero — it will only translate the reconstructed pulse
train along the time axis: I(t) = I(t — ty). Comparison of the reconstructed temporal profile
I(t) and individual spectra S;, S, and Sz with the original ones is shown in Figure 2-4.
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Figure 2-4: Comparison of the reconstructed and the original data.

(a) Temporal profile of the pulse train. (b) Individual spectra. For both plots solid lines present the original data,
dashed lines — result of reconstruction. Dashed lines are demonstrated with manually introduced displacement
(vertical for spectra and horizontal for pulse train) for better visualization.

Demonstrated interferometric treatment can be also applied to the harmonics spectra presented
in Figure 1-10. In case of simulations such a reconstruction — being based purely on the
analysis of the obtained spectra— matches very well with the full results of simulations, which
among other data also contain the temporal profile of the generated pulse train and the
individual spectra of the pulses (corresponding comparison can be found in the supplementary
materials to original paper [14]). Analysis of the measured XUV spectra is presented in the
following paragraph.

2.2 Analysis of the measured XUV spectra

Experimental data shown in Figure 1-10 are measured at L ~ 0.134, and demonstrate a clear
dependence on the driving pulse: generated spectra are presented by well distinguishable
harmonics with an almost constant period and slowly changing, CEP-dependent peaks position.
The reason of such a clear pattern is the small delay between the prepulse and the main pulse
(tpp = 1.67f's), which leads to high density of the plasma cloud. Dense plasma experiences
less motion during interaction with the laser pulses, what results in almost equal delays between
the generated pulses. The influence of the plasma motion on the delays is explained in the next
paragraph.

2.2.1 Interference of two pulses

The simplest example for demonstration of the interferometric treatment is a spectrum with a
clear periodic harmonic structure without any additional modulations. Such a spectrum
(measured at L = 0.251; and ¢@.zp = 0) and the corresponding analysis is shown in
Figure 2-5. According to the simulations for this CEP (in the given experimental conditions,
i.e. intensity in the focus and plasma scale length) generated pulse train should consist of two
dominant central pulses with almost equivalent intensity and two weak side pulses. Due to the
nonlinear nature of the emission process, stronger pulses also have much higher maximum
photon energy. It means that above some photon energy threshold only these two dominant
pulses define the observed spectrum.
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Figure 2-5: Spectral interferometry with two attosecond pulses.

(a) Measured spectrum. ¢@-gp = 0, L = 0.251;. (b) Corresponding Fourier transformation. Dashed line shows the
gating window. (c) Coupled spectrum Sp, (blue) and phase ¢p, (orange), obtained from the inversed FT of peak
P,. GD (linear component) of the phase is subtracted for better demonstration of the high-order component.
Y-axis scale and ticks of the spectrum match the y-axis of the next subplot. (d) Fourier limited (blue) and
phase-affected (red) pulses, corresponding to Sp; and ¢p,. Time delay between the pulses (contained in phase ¢p;)
is compensated for easier comparison.

Analysis of the demonstrated spectrum leads to a conclusion that exactly corresponds to the
simulations. Fourier transform (Figure 2-5b) contains only a single peak that rises above the
noise level and is well separated from a strong zero-peak — such a structure in Fourier domain is
typical for conventional spectral interferometry (Figure 2-1c), i.e. represents the interference
between two pulses. Almost zero phase difference ¢, — @, = Ap1, = @p; also matches well to
thesimulations, which predict the phase of all the generated pulses to be close to zero (and thus
their difference too) regardless of the driving laser CEP.

Taking into account, that in the simulations two dominant pulses always have comparable
intensity — otherwise there is a third intense pulse, that leads to presence of an additional peak
in FT — coupled spectrum Sp; can be used for approximation of the individual spectra
Sp1 = /5152 = S; = S,. Based on this spectrum the individual temporal profiles of both pulses
can be reconstructed. Figure 2-5d shows such temporal profiles for a perfectly zero phase
(Fourier limited) and affected by close-to-zero phase ¢p;, which should have a comparable
pulse-distorting effect as the real individual (also close-to-zero) phases. The delay between the
pulses T;, is imprinted in phase ¢p; and can be directly extracted from the position tp; of
peak P;. Thus above 39eV the generated pulse train can be well approximated by two almost
equivalent pulses at temporal distance of 2.7fs with the profiles similar to the phase-affected
reconstruction (red curve on subfigure d).
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2.2 Analysis of the measured XUV spectra

Notably, the delay between the pulses Ty, is 150as longer than the laser period T, = 2.55fs.
This difference can be explained by so called plasma denting. According to the simulations
plasma is being pushed by the intense laser field and different pulses are generated at different
spatial coordinates. It leads to a difference in the propagation time (to the detector) that adds to
the laser period and affects the interference. Analysis of this delay for different driving laser
CEP leads to an important conclusion about motion of the plasma surface that is effectively
being probed by the generated XUV pulses. Corresponding results are presented in [14].

2.2.2 Interference of three pulses

In terms of generation of an isolated attosecond pulse, two equivalent pulses present the least
suitable configuration of the pulse train. Since both pulses have a comparable intensity and
maximum photon energy, it is impossible to filter out one of them using a high-pass filter. From
this point of view exactly opposite pulse train structure with a strong central pulse and weak
side ones is of a high interest since the strongest central pulse can be separated by using a
proper filter, as it is shown in Figure 1-1. According to the simulations under given
experimental conditions (pulse duration, light intensity and plasma scale length) such pulse
trains are generated at @.gp = m. Figure 2-6 demonstrates the analysis of the corresponding
spectrum, which looks significantly more complicated than in case of two pulses interference.
Noticeable beating in the spectrum — an additional slow modulation of the harmonics amplitude
— indicates the presence of two different delays between three pulses in the train. As expected
from the numerical model, Fourier transformation contains three peaks with different
amplitudes and falls-time coordinates, which match equations 2.2. Remarkably, for some
plasma conditions the generated pulses can be almost equidistant (Ats = At;, = Atg/2
according to Figure 2-2a). In this case the beating in the spectrum is not so pronounced (or
completely absent) and peaks P; and P, in FT merge into a single peak, which makes the
complete reconstruction impossible. It usually occurs when the laser pulse arrives too early
after the ionization and the plasma is too dense®. For most of the other cases the interferometric
approach works well when the XUV signal is measured with a good accuracy. It means that the
spectral bandwidth and resolution as well as the signal-to-noise ratio of the spectrometer should
be good enough to distinguish the peaks in the FT transform from each other and from the
noise.

Figure 2-6¢ shows the individual spectra of the pulses, calculated according to equations
2.3-2.5. As the simulations predicted, the central pulse significantly surpasses the side ones.
For a complete reconstruction of the pulse train and comparison of the peak intensities, the
phase of one of the pulses should be assigned zero and the other two phases should be
recalculated from the coupled phases ¢pq, @p, and @p;(subfigure d).

! The data presented in Figure 1-10 correspond to such a case. Because of the short prepulse delay
Tpp = 1.67ps the plasma stays rigid (L = 0.131;) and does not bend a lot while interacting with the laser pulse.
As the result, generated pulse trains are almost equidistant and their spectra are presented by regular harmonics
with almost no beating, which allows to distinguish a clear dependence of the harmonics wavelength on the laser
pulse CEP. For bigger prepulse delays the plasma is softer and its denting is stronger, which leads to a bigger
difference between the short (Atg) and the long (At,) delays. Resulting spectra are strongly modulated and the
corresponding CEP-sorted patterns (can be found in the supplementary materials to [14]) are much more
complicated and are not always recognizable.
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Figure 2-6: Spectral interferometry with three attosecond pulses.

(a) Measured spectrum. @-p = m, L = 0.51. (b) Corresponding Fourier transformation. Dashed lines shows the
gating windows of each peak. (c) Individual spectra of the pulses reconstructed according to equations 2.3-2.5.
(d) Coupled phases @p;, @p, and @p; with the subtracted GD components. Black dashed line shows the sum

@p1 + @p, that matches well to ¢p;. A -m/2 displacement is added to the lines corresponding to ¢p; and
(pp1 + @p,) for better visibility.

Without the GD component they all are very close to zero within the spectral range containing
any significant intensity, what makes the used zero-approximation quite legitimate. For the
worst case estimation of the central-to-side pulses peak intensity ratio the phase of the third
pulse in this train should be assigned zero®, so equation 2.6 takes the following form:

SSI* = Slei¢P3 + Szei(ppl + 53 (28)

Inversed Fourier transformation of such a complex interference spectrum gives the temporal
structure of the pulse train within the presented spectral range (Figure 2-7a). Here the peak
intensity of the central pulse (as well as the contained energy) is at least 6 times higher than for
the side pulses, what already allows to consider such a pulse train as a single attosecond pulse
for investigation of strongly nonlinear processes like multiphoton absorption (e.g. like in [33]).

! According to the individual spectra (Figure 2-6¢), the third pulse is stronger than the first one and weaker than
the central one: S, = S; = S; within the presented spectral range. Since the spectra are known, the peak intensity
depends on the minor high-order dispersion of the individual phases, among which one should be pure zero and
two other are not, though also quite flat. Assigning a non-zero phase to any two pulses slightly reduces their peak
intensity comparing to the Fourier limit, while the third pulse stays Fourier-limited. Thus for the worst case
estimation of the central-to-side pulses peak intensity the zero-phase has to be assigned to the strongest of the two
side pulses, which in the given example is the third one.
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Figure 2-7: Reconstructed pulse train.

(a) Full temporal structure of the pulse train (corresponding to @czp = ™, L = 0.54;, & T = 6.4ps). Isolation
degree of the central pulse is at least 6. (b) Temporal structure of the central pulse only. Estimated duration
Tewum = 190as.

It is important to mention, that according to this reconstruction the central pulse has a near zero
phase within the presented spectral range, where its duration (g uy = 190as) allows to call it
attosecond pulse. However the phase information for the lower photon energy is missing.
Though simulations predict the phases of all the pulses in the train to be close-to-zero within the
whole spectral range, it cannot be proved by such analysis. So hypothetically a strong
high-order dispersion around 10-20eV can significantly stretch the pulse and its duration within
the full spectral range can exceed one femtosecond. Thus spectral interferometry alone does not
provide enough information about the real duration of the pulses as they were generated — it
only tells that the analyzed spectra support attosecond duration. In order to legitimate their sub-
femtosecond duration low energy part of the spectrum should be physically cut by some filters
corresponding to the analyzed spectral range. For example Mg or Al foils have quite sharp-
edged transmission band within 10-50eV and 18-72eV respectively. For higher photon
energies other materials like Zr (80-200eV) or Cu (400-1000eV) can be used.

The analysis demonstrated in Figures 2-6 and 2-7 — with three well-defined peaks in the
Fourier transform — is the most full and representative example of harmonics interferometric
treatment and the corresponding reconstruction of the XUV pulse train temporal structure.
However this approach can be also extended to some less determined cases. According to the
simulations there is a CEP range, where the isolation degree — the relation between the peak
intensity of the strongest pulse in the train and the other pulses — is even higher. Corresponding
measured spectrum (¢ =~ 117/6) is shown in Figure 2-8a. The harmonics amplitude there is
so low, that without the interferometric analysis such a spectrum can be hardly distinguished
from the noise signal corresponding to a bad shot — when the laser is focused on a damaged or
distorted part of the glass surface and the generated plasma expands chaotically and does not
properly interact with the main laser pulse.

Fourier transformation of such a spectrum also looks different. There are only two recognizable
peaks with amplitudes that are just 3-5 times stronger than the noise level. For comparison, this
ratio is about 15-20 for the spectra with strongly pronounced harmonics modulations. However
these two peaks unambiguously confirm the existence of three pulses in the train.
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Figure 2-8: Highly-isolated attosecond pulse.

(a) Weakly modulated XUV spectrum (blue curve, measured at @.zp = 11m/6, L = 0.51) in comparison with
well pronounced harmonics (red curve, measured at ¢.gp = 7, L = 0.54) (b) Fourier transformation of the weakly
modulated spectrum. (c) Corresponding temporal structure with the underestimated intensity of the central peak.

Inset shows the intensity in a logarithmic scale.

The third peak itself is only needed for calculation of the individual spectra of the pulses,
because the phase differences can be extracted from the first two peaks. Moreover, according to
equations 2.3-2.5 and general properties of the FT, the amplitudes of peaks P; and P, relatively
to P3 define the energy content (and also the peak intensity, if the phases are near zero) ratio
between the central and the side pulses in the train. This dependence can be expressed via the
coupled spectra

Sy (Sp2\’ Sy (Sp1\’
_Zz(ﬂ) _2:(2) (2.9)
53 SP3 Sl SP3

which appear as the inversed FTs of the corresponding peaks. Thus the stronger the first two
peaks in the Fourier transform relatively to the third one, the higher the ratio between the
corresponding coupled spectra, which in turn means higher isolation degree.

Based on this it is possible to make some approximate reconstruction using the noise level
signal at the corresponding falls-time position of peak P3 (third dashed window on subfigure b).
In this case the calculated individual spectra of the pulses as well as their peak intensities will
be incorrect in the final temporal reconstruction of the pulse train. But according to equations
2.9 the isolation degree will only be underestimated, because peak P3; and hence the calculated
coupled spectrum Sp; are overestimated. Such an approximate reconstruction (subfigure c)
shows that the isolation degree of the central pulse is at least 29, what allows considering it as a
single well-isolated attosecond (with respect to the specified spectral range) pulse.
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Prospect:
A route towards an ideal source of isolated
attosecond pulses

Generation of XUV emission from solid surfaces is a promising method of ultra-short pulses
creation. Though the relativistic laser-plasma interaction is demanding to the driving light
sources, modern lasers have already reached the parameters that allow for generation of intense
isolated attosecond pulses. Numerical investigations [24] predicted generation of attosecond
pulses with the energy of ~100pJ for the light intensity (~10%°W/cm?), which the state-of-the-art
few-cycle laser system LWS-20 can provide.

Unique combination of the high output pulse energy and two-cycle duration (t = 5.1fs = 2T,
on-target energy Eqrger & 40mJ) led to a stable generation of the XUV emission up to 100eV.
Tagging all the generated XUV spectra with the measured carrier-envelope phases of the
driving laser pulses® revealed a clear correlation between the shape of the electric field and the
resulting XUV pulse train structure manifested in the harmonics pattern. A novel spectral
interferometry based approach, developed during the analysis of the experimental data, allowed
to extract an important information related to the plasma motion and the birth of the XUV
pulses. Supported by the numerical simulation, this method allowed to reconstruct the temporal
structure of the generated pulse trains based on their spectra. This in turn enabled the
conclusion regarding the optimal CEP that leads to an almost perfectly isolated attosecond
pulse: XUV pulse train generated at this condition is presented by a dominant central pulse and
two side pulses, whose intensity is about 30 times lower. Such an isolation degree is already
enough for almost all the applications, but the side pulses can be also filtered out by usage of
special filters if it is necessary for some certain experiments.

However a routine and user-friendly usage of relativistically oscillating plasma as a source of
attosecond pulses requires a lot of further development. First of all, the CEP of the driving
lasers should be stable and adjusted to the range, which for a given experimental condition —
setup geometry, light intensity and plasma scale length — corresponds to the best isolation.
Existence of weaker OPCPA based system with stable CEP [34, 35] means that the
implementation of the corresponding technologies in LWS-20 or other high-intensity few-cycle
laser systems can be realized in the nearest future. Another important improvement that is
necessary for convenient application is the increase of the attosecond pulses repetition rate to at
least a kilohertz level — of course, without the energy reduction.

This implies investigation and development in three different directions. One of them is a pure
engineering and is connected to the limited amount of laser shots per target sample. Estimation

>At the time of the experiment, i.e. year 2016, LWS-20 system had a random (non-stabilized) carrier-envelope
phase. The current state is unknown since the author has changed the research group and direction
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of at least 1kHz repetition rate means that a single glass target is consumed (Ngpots = 30000)
within 30 seconds, afterwards a long and complicated replacement procedure is necessary.
Potential and promising solution of this problem is the usage of thin polymer (PMMA for
example) foils as targets [36]. As the prove of principle XUV emission with the energy up to
100eV was obtained from a 1cm? piece of 175um PMMA foil glued to the surface of the glass
target. Thus, properly designed mechanics should be able to feed the rolled foil to the focus,
providing the fresh surface before each laser shot throughout hours of experiments. Of course,
several key requirements like surface quality or stability within the focus z-coordinate have to
be satisfied, but all this can be rightfully considered as engineering problems in comparison
with the main, truly scientific problem, namely the limited average power of the driving lasers.

At the moment maximal demonstrated average power of the OPA based laser systems is limited
with 100W and corresponds to hundreds-kilohertz low pulse energy systems [37, 38]. High
energy lasers with the pulse energies of ~100mJ, necessary for the generation of attosecond
pulses from relativistically oscillating plasma, typically operate at few hertz [14, 15] which
means <1W of average power. The two main limiting factors are negative thermal effects [39]
in nonlinear crystals and the availability of powerful pump lasers. Theoretical investigation of
thermal properties of borate crystals (BBO, LBO) that are conventionally used in OPCPA allow
for at least kilowatt-level of the average power [40], which means that in the nearest future this
issue should be resolved by optimization of the amplification process and cooling technologies.
As for the high power pump lasers, the second part of this thesis is dedicated to them.
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Part 11

Development of high power and
repetition rate multipass amplifier

Second part of the manuscript describes the development of a high power thin-disk based
multipass amplifier that is aimed to improve an existing state-of-the-art picoseconds-class pump
laser [18]. Combining high repetition rate and pulse energy, such a powerful pump laser will
push few-cycle light sources towards higher average output power making them more
convenient for generation of isolated attosecond pulses. Moreover, high power picosecond-class
lasers are of interest for other applications, including nonlinear spectral broadening in gas cells,
(in [41] hundred-millijoules pulses corresponding to half a kilowatt of average power were
used) or scattering of fast moving electrons for generation of soft X-ray [42].

Thin-disk lasers are solid state lasers with a specific geometry of the active medium. Traditional
crystal shape is a rod — relatively big cylinder with the longitudinal dimension significantly
exceeding the transverse one. A seed beam enters the crystal from one side and propagates
through the whole material length, leaving it from the other side. Due to this long propagation a
lot of energy can be extracted and very high pulse energies can be reached [43]. However rod
crystals suffer from thermal effects: big crystal size prevents it from efficient cooling and leads
to the strong temperature gradient in transverse direction, which in turn significantly reduces
the beam quality and can also lead to damage [44].

In terms of longitudinal-to-transverse dimensions ratio thin-disks are complete antipodes to
rods. They are only few hundreds microns thick, while the transverse size can reach tens of
millimeters. One side of a disk has a high-reflective coating and is attached to a water cooled
heat sink. Such a design requires special methods for pumping and energy extraction but leads
to very efficient cooling of the whole crystal volume and makes it suitable for being used in
high power lasers. State-of-the-art high power picosecond-class laser developed in our
laboratory demonstrates a successful usage of thin-disk: it provides 200mJ pulses at repetition
rate of 5kHz with high beam quality[18]. The same time existence of various commercially
available thin-disk lasers (Trumpf Scientific Lasers) indicates high stability and reliability of
this technology allowing for development of turnkey systems. Chapter 3 gives a brief
introduction to thin disks, describes the above-mentioned laser system and clarifies the physical
and technical constrains preventing further increase of the output power and pulse energy. In
order to overcome these constrains an additional amplifier that is also based on
thin-disk was developed. It is described in details in Chapter 4.
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Chapter 3

Thin-disk based high power pump laser

This chapter introduces basic physical phenomena needed for understanding of laser amplifiers,
particularly thin-disk based — a very beneficial in terms of high average power type of solid
state lasers. First of all, the basic concepts of a laser beam are described in section 3.1: what an
ideal Gaussian beam is, how it propagates in free space and how real beams differ from this
ideal model. Afterwards ray transfer matrix method is presented. It interprets transformation of
laser beams by different optical elements in such a way, that even complicated optical systems
can be described and calculated via simple linear equations. In section 3.2 basic interaction of
light with active laser medium is discussed. Explained there Einstein’s rate equations give the
understanding of the inversed population — the key phenomenon in solid state lasers physics.
Afterwards two different approaches in amplifiers design and realization of the chirped pulse
amplification idea are shown. Section 3.3 closes the chapter with an explanation of the thin-disk
geometry and a description of the state-of-the-art high power thin-disk based pump laser, which
serves as a light source for the amplifier that is being developed.

3.1 Propagation and transformation of laser beams

3.1.1 Ideal Gaussian beam

Propagation of electro-magnetic waves in free space or any optical media is generally described
by the Maxwell’s equations:

aD
N 3.1
VXH=]+— (3.1)
oB
= 3.2
VXE = (32)
V-D=p (3.3)
V-B=0 (3.4)

Here E and H are the electric and magnetic fields, P and M are the electric and magnetic
polarization, D = ¢,F + P — the electric displacement field, B = uoH + M — the magnetic flux
density.
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3.1 Propagation and transformation of laser beams

In a region with no electric charges (p = 0) and no currents (J/ = 0) they turn into the wave
equations® 3.5-3.6 [45, p43-46]:

1 d?E
2 —
C_ZF_VE_O (35)
1 d?B
zﬁ—sz=0 (36)

Since a wave should have a harmonic time dependence component that does not depend on the
coordinate, i.e. it can be described as U(# t) = U(#)e/®t, the wave equations can be
transformed into Helmholtz equation:

AU + K2U#) = 0 (3.7)

For a linear homogeneous media one of the simplest solutions of Helmholtz equation is a
monochromatic plane wave:

U(z) = Aye ke (3.8)

Ao is the wave amplitude, z is the coordinate in the direction of propagation,
k = w/c is so called wave number. However due to its wave nature light does not always
propagate as a plane wave would do. In order to correctly describe the propagation of a laser
beam, a plane wave should be modified with a few assumptions. The first is that the amplitude
depends on the coordinate and can slowly change during propagation:

U(r,z) = A(r, z)e **

2 (3.9)

where a—A & kA and a—A K k%A
0z dz2

The second one is called paraxial approximation. It means that all the normals to the
wavefront — a surface consisting of the points at which electromagnetic wave has the same
phase - do not deviate a lot from the propagation direction. Within these two assumptions the
solutions of 3.7 are the transverse electro-magnetic (TEM) modes. Such waves preserve their
transverse intensity distribution along the propagation direction changing only the field
amplitude: A(r, z) = A(z)f,(r). There are several sets of mathematical expression for them, for
example Hermite-Gaussain or Laguerre-Gaussain modes. Figure 3-1a shows several examples.

The most commonly used mode is the TEMg,, which is often called Gaussian beam. It is a
radially symmetric mode with the transverse intensity following the Gaussian distribution:

2r?

I(r,2) = I (w“zz )2 e (3.10)

where Iy is the waist peak intensity, w — the beam radius at 1/e* level, z — the coordinate along
the propagation axis, r — the radial distance to the axis.

L All the basic equations presented in section 3.1 are taken from [43] if other sources are not specified.
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Figure 3-1: TEM modes.
(a) Different examples of TEM modes. Example 4 is the TEMg, mode, which is also called Gaussian. (b) Radial
intensity distribution of a Gaussian mode and definition of its waist radius at 1/e? intensity level.

When such a beam propagates, diffraction causes the light to spread in transverse direction
leading to increase of the beam diameter even after collimation or focusing. Such a beam
evolution is shown in Figure 3-2 and follows the equations:

1
w(z) = wy —m (3.11)
Zp = nwg (3.12)

Here wy is the beam waist and A is the wavelength. Rayleigh range Zg shows how fast the beam
diverges. It is a distance from the waist, at which the beam area mw?/2 increases twice.
Figure 3-2 also shows that beyond the Rayleigh range the beam asymptotically tends to the
constant divergence 6 = wy/Zy.

o(z)

wo

Figure 3-2: Gaussian beam evolution.

Propagation of an ideal Gaussian beam is completely defined by its waist radius w, and the Rayleigh range Zg, that
shows how fast beam expands due to natural diffraction. Significantly away from the waist beam tends to a
constant divergence 6. Thick black lines show the wavefront: it is flat at z = 0, has maximal flexure at z = Z; and
then decreases, tending to being flat again.

It is also important to mention such a beam parameter as the wavefront radius of curvature R.
For example, a plane wave 3.8 propagates only in z-direction, so its wavefront does not change
and is always presented by a plane that is perpendicular to the propagation direction: all the
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3.1 Propagation and transformation of laser beams

points on such a plane have the same phase and accumulate equal phase difference while
propagating along z axis. Corresponding radius of curvature (RoC) is infinite. In case of a
Gaussian beam electromagnetic waves not only propagate along z axis, but also diverge in
transverse direction. Since the wave velocity in the propagation direction stays equal to the
speed of light, diverging waves obtain some transverse velocity component, but corresponding
z-component decreases. This leads to accumulation of a phase delay in z-direction, i.e. a change
of the wavefront curvature R: it is infinite (plane wavefront) at the waist, then curvature
decreases and reaches the minimum around Rayleigh range, but afterwards increases again and
tends to infinity when the beam gravitates to a constant divergence 6. This behavior can be
expressed with the following equation:

R(z) = 2 (1 + (Z?R)z) (3.13)

3.1.2 Ray transfer matrix method

The equations 3.11 and 3.12 are enough to describe a free propagating beam. But such
equations for beam transformation in an optical system — even a simple one, containing just few
lenses — would look much more complicated. The ABCD (or ray transfer matrix analysis)
method was originally invented for ray tracing in geometrical optics, but also allows describing
a Gaussian beam transformation in a relatively simple way.

Geometrical optics (also called ray optics) is a model describing the light propagation in terms
of rays. Such approximation is acceptable if the wavelength 4 is small comparing to the scale of
any changes in the medium, thus light does not experience interference or diffraction and
propagates corresponding to the plane wave equation 3.8. Then the wave is described as the
light ray — a line, perpendicular to the wavefront plane and collinear to the wave vector k.

Optical system

Mgy = Mgy X Mz X Mgy X My X Mgy = (

qp = My X q,4

Figure 3-3: Ray transfer matrix method.

A light ray enters the optical system at the point A having the angle and distance relatively to the central optical
axis a and da and leaves the system at B with the corresponding angle and distance ag and dg. Thus the output ray
parameters encoded in gg are connected to the input ray parameters via a 2x2 matrix Myg,,. The matrix My, presents
the total transformation that an input ray experiences while propagating through the optical system and can be
calculated via the individual matrices of the optical system elements: lenses, free space propagation, different
media interfaces etc. Some individual matrices are described in Table 3-1.
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Propagation and transformation of such a ray can be described with a ray parameters vectors g,
a two-elements vector representing the distance and the angle relatively to the main optical axis
of a system — imaginary line, defining the center of rotational symmetry. When a ray
propagates, it changes these two parameters. Within the paraxial approximation free
propagation does not affect the angle and only modifies the position: d,e. = doia + @014,
while a thin lens with the optical power P = 1/f changes only the direction: a,., = @p1q +
Pd ;4. Such transformations can be represented as a system of linear equations and written in a
form of a linear matrix:

_ dnew _ A B dold) _
Gnew = (anew) - (C D) X (aold =M X Gold (3-14)

The matrix M is called ray transfer matrix. Figure 3-3 gives an example of using this method
for a more complicated optical system, consisting of two lenses and some free propagation
intervals. The full transformation matrix is then a linear left-side multiplication of individual
matrices, which are described in Table 3-1

Table 3-1: Ray transfer matrices of simple optical components [45, p29].

| — propagation distance

0 1
( 1 0) P=1/f
-P 1 F — focal length
(1 0 ) ny, Ny — refractive index of initial
0 ny/n, and final materials
n, 1 n, 0 R — interface radius of curvature
Rn, ny/ny Ny, Ny — refractive indexes

Ray transfer (or ABCD) matrix method allows calculating the light propagation through a very
complicated optical system. But since it is based on the propagation of the flat waves, it cannot
be directly used for Gaussian beams. According to 3.13 the wavefront of a Gaussian beam is
relatively flat only around the waist and significantly far away from it, but it has some finite
curvature around Rayleigh range. This means that the wave does not propagate according to the
plane wave equation 3.8 and cannot be described with a single straight light ray.

In order to utilize the advantages of ABCD matrix method the beam parameters vector should
be replaced with a complex beam parameter. It is defined by the equations 3.15 and contains
information about the current position of the beam relatively to the waist and Rayleigh range
Zgr. Since the Gaussian beam is completely defined by these two parameters, it can also be
expressed (3.16) via the current beam size @ and the wavefront radius of curvature R, which
might be interpreted as analogues to the ray optics parameters d and a.
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3.1 Propagation and transformation of laser beams

q:(Z_Zwaist)+iZR (3.15)
1 1 2
EZE—I,W (316)

In analogy to the ray parameters vector such a definition allows to describe transformation of a
Gaussian beam via ABCD matrix. Thus free propagation distance d just shifts the beam
relatively to its waist, what based on 3.15 means g, = qoiq + d. Meanwhile a thin lens with
the optical power P = 1/f modifies the wavefront curvature leading to a different propagation,
but without immediate change of the beam size, what according to 3.16 can be expressed as
1/qnew = 1/q01a + 1/f. It can be shown that all the matrices from Table 3-1 (and other ray
transfer matrices, which are not presented in the table) can be applied to a Gaussian beam, if the
equation 3.14 is modified to:

_Aqoa + B

=0 A7

3.1.3 Real beam and embedded Gaussian principle

embedded Gaussian beam
real beam with M?=2

mlZ _
( ) ZR_reai = ZR_cmb
| Oreat = MBemp

Wo _emb

Bemp (

Wo_real = Mwo_emp

Figure 3-4: M-squared parameter of a real beam.
Blue line is a true (embedded) Gaussian beam, red line — a real beam with M2 = 2. It has the same R, but M times

bigger waist at any z coordinate as well as M times bigger divergence.

A real beam never exactly repeats the behavior of a pure Gaussian beam — it is usually a
mixture of the Gaussian mode and other TEM modes. In order to describe how much a given
beam differs from an ideal Gaussian and to predict its further propagation, the parameter M?
(M-squared) was introduced [46]:

M2 :w (3.18)

where 6,04, and w,, ., are the measured divergence and beam waist. The closer is M? to 1 the

closer is the beam to a Gaussian mode. Figure 3-4 shows the difference in propagation between
the perfect Gaussian beam and a beam with M? = 2. Effectively such an imperfect beam just
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diverges faster and cannot be focused so tight as an ideal one. For correct measurement of the
divergence and the waist a set of beam profile measurements should be performed while the
beam is being focused. Fitting the measured beam size data to the equation 3.19 [47, p188]
gives the waist size and divergence of a real beam, which are needed to calculate the M?,

2 — 2
Wreql = wOTZ«eal + erealzz ( 3.19 )

Propagation and transformation of such a beam can be simulated by introducing an embedded
Gaussian beam that propagates coaxially with the real one, but has M?times smaller area at any
z coordinate, what in terms of beam radius means:

w
Womp = ;\;‘” (3.20)

Gaussian propagation equations or ABCD transformation should be performed with the
embedded beam. Afterwards back calculation based on the same equation provides the real
beam size.

3.2 Basic principles of laser amplifiers

3.2.1 Optical transitions in a medium

(a) (b) (c)
S e
E: E; 4 E:
» »-
ho, hwo,
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Ei — - Ei—
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Figure 3-5: Optical transitions in 2-, 4- and 3-level systems.

Thick black lines show stable electronic levels, thin black lines — unstable levels, at which electrons have a very
high probability of non-radiative scattering (shown with red dashed arrows). Thick vertical arrows show absorption
of the pump photons (green) and relaxation with emission of a new photon (blue).

While propagating through a medium, laser light can be absorbed or in some special cases
amplified. These processes can be described via dynamics of the electrons population density.
In the simplest case a monochromatic light wg interacts with a material having two discrete
energy levels E; and E; (Figure 3-5a), populated with N1 and N, electrons respectively with the
total amount of electrons N = N; + N,. In this case there are several possible transitions. The
first is absorption of a photon with an energy hw, = E, — E;, leading to excitation of an
electron from a lower to a higher level. Effectively such an excited electron stores the energy
Es = E, — E; that can be further released (with or without radiation) during relaxation to a
lower level again. Such energy accumulation process is called optical pumping. Another
possible transition is the emission of a photon of the same energy Es, which can happen
spontaneously or can be triggered by the interaction of an electron with another photon with
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equal energy. Such emission is called stimulated and was first introduced by Albert Einstein.
This phenomenon is the key point for laser light amplification, because emitted photons are
coherent to the initial ones. There is one more possible transition — a non-radiative relaxation of
an electron from an upper to a lower level. In this case accumulated energy is transferred to the
lattice oscillations (phonons) or molecular and atomic oscillations and vibrations, what
increases material temperature. But for two stable levels with a relatively big energy gap
between them the probability of non-radiative relaxation is very low and can be neglected while
considering electrons dynamics on a short time scale (within the upper level lifetime, which will
be explained later in paragraph 3.2.3). All three radiative processes are stochastic and depend
on population of involved energy levels, material properties and amount of photons presented in
the interaction volume. They can be mathematically expressed in the following equations® [48]:

oN oN
Absorbtion: =1 3.21
ot gc - Nabup (321)
Spontaneous emission: ONz _ _9N: _ —N,A,, (3.22)
at at
Stimulated emission: % = _% = —N,B,.p (3.23)

Here A1, B1z and By; are Einstein coefficients encoding the material absorption and emission
properties and p is the photon density per unit of volume. It can be also shown, that
B,; = By, = B [49, p218]. Amplification is only possible when stimulated emission exceeds
absorption, so the condition N, B;, < N,B,; should be satisfied, which is equivalentto N, > N,
for an ideal 2-level system and is called inversed population. Because of spontaneous emission
inversed population is necessary but not sufficient for light amplification. Additionally to the
equations 3.21-3.23 the total amount of electrons should not change:

ON
Frin NiBy2p — NyBpip —NpAz =0 (3.24)
Solving this equation gives N:
N, = N
2= 54+ Ayy (3.25)
Bp

It clearly shows that in considered 2-level system N, < N/2, which means that N, < N; i.e.
inversed population and thus amplification is impossible. This limitation can be eliminated in a
4-level system with a significant probability of non-radiative spontaneous relaxation.
Figure 3-5b shows such a system. There the energy levels E; and E3 are much less stable than
Eo and E, because of non-radiative relaxation: electrons at these levels have very high
probability of falling to a lower energy level (transferring their energy into the heat) much
faster than any radiative transition can occur. Pumping with hws, = E5 — E, together with this
fast relaxation leads to a high population of E; and an almost zero population of E3. Stimulated
emission at hw,; = E, — E; brings the electrons to the level E;, but they almost immediately

! Equations presented in paragraph 3.2.1 are taken from [48] if other sources are not specified.

35



Chapter 3: Thin-disk based high power pump laser

move to the level Eq via non-radiative relaxation. Thus inversed population between the levels
E, and E; can be quite high allowing for significant amplification. The disadvantages are higher
spontaneous emission (due to additional probability of transition to another lower level) and
energy losses Ej,qs = hw, — hw,, which limit pumping efficiency and lead to significant heat
of the material. Normalized to the pump photon energy these losses are called quantum defect.
Wy, — W A

np=%=1—f (3.26)
To reduce the quantum defect while allowing inversed populations 3-level materials can be
used (Figure 3-5c and d). They are similar to a 4-level system described above, but have only
one non-radiative transition from a single unstable energy level. On the other hand it is more
complicated to reach high population inversion for such energy structure comparing to a
4-level system.

3.2.2 Yb:YAG emission and absorption cross-section

Equations 3.21-3.23 describe the electrons and photons dynamics for a single wavelength and
discrete electron energy levels. Real materials however have a significantly more complicated
energy structure. Each energy level is not an infinitely narrow line E_ but rather a quasi-
continuous zone populated with electrons, whose energy distribution in thermal equilibrium can
be described with Boltzmann distribution [50] :

NGE) = N(Ee T (3.27)
This means that emission and absorption of the photons is possible not only for exact
wavelengths, but within some spectral range. Probability of such transitions is wavelength
dependent and can be described by emission and absorption cross-section gem(4) and oaps(4),
which are similar to the Einstein rate coefficients. Numerically cross-section ¢ [cm?] can be
explained via the following equation:

==
Here R [s] is the amount of transitions per second and the combination of the intensity
| [W/cm?] and the photon energy /v [J] gives the photon flux @ [cm™] — the number of photons
per square meter per second. Emission and absorption cross-sections are fundamental
properties, which (among other parameters) characterize the usability of a material as an
amplification medium.

od (3.28)

Figure 3-6 shows the emission and absorption cross-section of yttrium aluminum garnet (YAG)
doped by ytterbium ions (Ybs.). Physical and mechanical properties of this material make it the
best amplification medium for development of high power multipass amplifier. It not only has
high damage threshold [51] and good thermal conductivity [52] , but also demonstrates a
perfect ratio between the emission and absorption cross-section. At 1030nm emission exceeds
absorption for almost one order of magnitude, while the lifetime is relatively high (7 = 1ms).
Such a combination of parameters allows for reaching significant inversion of population,
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which is necessary for amplification. The same time Yb:YAG has high absorption at 940nm
and 969nm, what is very beneficial for efficient pumping. Additionally to good optical and
thermal properties it has high mechanical strength and robustness, what is necessary for cutting
and polishing.

(a) Absorption (b) Emission
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Figure 3-6: Emission and absorption cross-section of Yb:YAG [52].
Dashed lines show the main pumping (940nm and 969nm) and lasing (1030nm) wavelengths of the lasers based on
this gain medium.

3.2.3 Numerical description of amplification

Since absorption and emission in Yb:YAG happen within narrow peaks in the spectrum, it can
be numerically described as a 2-level system (Figure 3-5a), where both levels follow the
Boltzmann distribution 3.27. In thermal equilibrium the amount of absorbed and emitted
photons should be the same in all the spectral range, which means [50]:

N2 Oem(@)P(w) + N2A(w) = N1ggps(w)P(w) (3.29)

Here &(w) is the photon flux, A(w) represents the probability of spontaneous emission of a
photon with the frequency w. Considering the emission and absorption in the full spectral range
requires integration, which gives:

N, j Oem(W)P(w)dw + szA(w)dw =N, j Oaps(W)P(w)dw (3.30)

Integrals within narrow absorption and emission peaks can be represented by some effective
Values Gemp, Oapsps Tem; Tabsy, Which express the integrated probability of emission and
absorption within the pumping and lasing spectral ranges. Integrated probability of spontaneous
emission [ A(w)dw has the meaning of spontaneous emission frequency and can be expressed
via the lifetime 7. Thus expression 3.30 takes the next form:

NZ(Uemp¢P + O-emLQL) + NZ/T = Nl(o-ab5p¢P + UabsL¢L) (3-31 )

This equation defines the relation between all the radiative transitions in a material in presence
of pump and seed light. It is also used in numerical calculations of laser amplification, which
will be shown later in this work for comparison with the measured data.
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Analysis of the equation 3.31 also helps to introduce and describe some important amplification
parameters. For example the small signal gain, which effectively means the maximal possible
amplification of a weak laser pulse that propagates through a well pumped active medium and
is being amplified. A weak seed pulse almost does not reduce the inversed population, because
stimulated emission is proportional to the flux, so amount of emitted photons can be considered
as negligible relatively to the whole upper level population. However the same amount of
photons is significant when adding up with a small seed pulse with the flux F.. Spontaneous
emission can be considered as a much slower process, that just affects the ratio between N; and
N, during pumping, but does not occur at the time scale of propagating through thin layer of
material. Then, assuming the population N; and N, to be spatially homogenous, the change of
the seed flux along the propagation direction z can be described as:

09, (2)
97 = Nemy, — Naps, = Nzo-ede)L(Z) - Nlo-absL(pL(Z) (3.32)

It can be solved for F.(z), giving

. (z) = @,(0)ed”
(3.33)
where g = NzaemL - Nlo-absL

Here g is the material gain coefficient, that defines amplification or absorption of light. If
g <0, ie Ny/Ny < 0gps,/0em;, amplification is impossible — this is an analogue of the
inversed population requirement for an ideal 2-level system (N, > N;) discussed in the
previous paragraph. Factor G = e9% corresponding to the full crystal thickness Z is called small
signal gain and shows the upper limit of possible amplification in a given crystal. Real
amplification (especially for a high seed flux) will be always smaller due to reduce of the
inversed population by stimulated and spontaneous emission and non-radiative relaxation.

Repeating the same consideration for the pump light gives analogical equations for the pump
light absorption coefficient a:

®Pp(z) = Pp(0)e™
(3.34)
where a = Nzaemp - Nlo-abSp

3.2.4 Regenerative and multipass amplifiers

A regenerative amplifier (Figure 3-7a) is an optical resonator — a system organized in a way,
that the laser beam circulates in a closed path — with an active medium inside. The key element
of such system is an optical switch that keeps the seed beam within the resonator, where it
propagates through the active medium multiple times until it cannot be amplified anymore
because the active media is depleted, i.e. the upper level is depopulated and the amplification
factor g (equations 3.33) becomes negative.

Switching function in modern high power regenerative amplifiers is performed by using
electro-optical Pockels effect [45, p978] in nonlinear crystals (BBO, KDP and others). Such
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crystals can rotate the polarization of the propagating light depending on the applied voltage
and thus can keep the beam inside the resonator or let it propagate through a polarizer and leave
the system. For correct operation of an amplifier fast and reliable voltage switching in the
crystal is required. Moreover the crystal itself should withstand high power and pulse energy in
the resonator and should not introduce any nonlinear effect. Due to these problems optical
switches are the main technological constraints for further power and pulse energy scaling of
state-of-the-art regenerative amplifiers.

(a) (b)
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Figure 3-7: Two types of amplifiers.

(a) Linear regenerative amplifier. The seed beam enters the resonator through the optical switch (light blue) and
bounces there several times being amplified in the active medium (green). Minimum two curved mirrors (red) are
required. After depletion of the active medium the amplified seed beam leaves the resonator via the same optical
switch, whose switching time defines the amount of bounces. (b) Multipass amplifier. The seed beam is being
steered by a set of mirrors (blue). It performs several passes through the active medium (green). Optical switch is
not needed. The amount of passes depends on the amount of steering mirrors.

The main advantage of regenerative amplifiers is the preservation of the eigenmode. If the input
beam corresponds to the eigenmode (which is defined by the resonator structure), it preserves
the size and divergence after the full propagation through the resonator and starts the next
iteration with the same propagation properties. Beams, that do not match the eigenmode,
change their size after each iteration and experience much worse amplification due to non-
optimal size on the crystal and higher losses related to exceeding the optics aperture. Due to this
property the amount of iterations can exceed 100 and the amplification factor can reach 10°-10°
while the beam preserves high quality. This is very beneficial for amplification of weak seed
beams up to millijoule-level within a single resonator.

In contrary to regenerative type, multipass amplifiers do not need any switching elements. They
consist of an active medium crystal and a set of mirrors that steer the beam into the crystal
several times. This makes the optical scheme simpler in terms of polarization optics and
removes all the problems and constrains connected to the optical switch allowing to use higher
pulse energies. On the other hand every new iteration requires a new beam path and extra
mirrors — or in some special cases additional surface area on the same mirror. Thus building a
setup with many passes through the crystal becomes complicated, what means that the energy
extraction is usually not as efficient as in the resonator-type. The solution is to have much
higher input pulse energies, which automatically means lower amplification factors. Typical
beam quality is also lower and decreases with every additional iteration.
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This property of a multipass amplifier motivates to use it as a secondary, high-energy amplifier
that follows a primary regenerative amplifier in order to additionally increase the output pulse
energy. This will be demonstrated in the next chapter.

3.2.5 CPA principle and dispersion control

Most of the modern laser amplifiers are based on chirped pulse amplification (CPA) principle,
that was invented in 1980s by D. Strickland and G. Mourou [53] and awarded with the Nobel
Prize in 2018 (sharing it with few other optical methods). The main idea is to stretch the pulse
in time (in a reversible way) before the amplification in order to reduce the peak intensity,
corresponding unwanted nonlinear effects and the damage probability. Of course, the intensity
can be easier reduced by increase of the beam diameter, but a lot of different optical
components (including gain media and crystals performing optical switching) have limited
apertures and do not support big beams.

In order to create controlled and compensable stretching of a laser pulse its spectral phase
should be modified in a way, that some spectral components obtain a temporal delay. Laser
pulse is called positively or negatively chirped when the red (long wavelengths) part of the
spectrum gets ahead or behind the blue (short wavelengths) part respectively. Conventional
optical stretcher consists of a pair of gratings and lenses aligned in a way that propagation
length of the red part of the spectrum is shorter than for the blue part, which corresponds to a
positive pulse chirp. After amplification the beam is usually enlarged in order to compensate
the intensity increase and is sent to the compressor, where the red part of the spectrum is
delayed relatively to the blue part and the chirp is eliminated. Figure 3-8 demonstrates one of
the possible schemes of a gratings based compressor.

Input/output
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Gratng2 e
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Figure 3-8: Principle scheme of a grating compressor.

Two reflective gratings create different paths for the red and blue part of the spectrum, leading to a temporal delay.
The folding mirror is used to send the beam back and compensate spatial/angular separation of the spectral
components. Input and output beams are separated by the polarization optics (thin film polarizer + quarter wave
plate that is crossed twice).

As the result of propagation through a stretcher an input pulse obtains a chirp that depends on
the setup geometry and can be expressed via the temporal delay per nm of spectrum, for
example 200ps/nm. Thus a perfectly (near Fourier limit) compressed pulse having the 2nm

FWHM bandwidth around 1030nm (which means ~800fs duration) will be stretched to ~1.4ns
at FWHM, what proportionally reduces the peak intensity ~1750 times. Thereby the seed pulse
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can be amplified while staying within the intensity range that does not lead to any unwanted
effects. After amplification the chirp has to be compensated by a properly adjusted compressor
with the opposite delay of -200ps/nm. If the pulse did not experience any phase modification
during the amplification process, it will be compressed back to its original duration. Taking into
account that the peak intensity of the amplified pulse is supposed to be significantly higher, its
size in the compressor and afterwards should be adjusted to keep the intensity on the gratings
and mirrors within acceptable values.

It is also important to mention that not only an unwanted phase modification can affect the
duration of the amplified output pulse. Since the gain coefficient has an exponential behavior
(equation 3.33) and emission cross-section of Yb:YAG is a narrow peak around 1030nm, the
central part of the spectrum is always amplified more than the sides. It leads to a natural
reduction of the FWHM bandwidth and corresponding increase of the Fourier limit. Physically
it can be understood as a disturbance in the interference between different spectral components.
In a perfectly compressed pulse with a given spectrum S; (w) all the spectral components of the
electric field interfere in a way that at the time t = +tgy, 5 total field intensity falls twice and
decays further outside this time frame. When the central part of the spectrum S; (w) is amplified
more than the sides, the interference pattern — which is the temporal shape of the pulse —
changes, though the phase of the corresponding spectral components stays perfectly the same.
This effect is called gain narrowing and plays an important role especially for the high-gain
regenerative amplifiers.

3.3 Thin-disk lasers

3.3.1 Thin-disk geometry

The key point of the thin-disk lasers concept is a significant shortening of the active medium in
the longitudinal direction down to a few hundreds of micrometers, while the transverse
dimension can stay within a couple of centimeters. Therefore a traditional laser rod shrinks to a
very narrow disk, whose front side is used for pumping and seeding and the rear side is attached
to a heat sink via a diamond substrate (Figure 3-9a). Such a geometry provides not only an
efficient cooling of the whole crystal due to the high cooling surface-to-volume ratio, but also a
near homogeneous heat flow independent on the radial coordinate, what eliminates the
transverse heat gradient typical for rod crystals. All this leads to a significant reduction of the
thermally caused deformations and lens effects allowing for high power pumping with minimal
distortions of the amplified beam [54].

Since the rear side of the crystal is used for heat sink, both the pump and seed beams have to
enter and leave the crystal from the only available front side. It is possible through the use of
anti-reflection coating (up to 99.99% transmission) on the front and a high-reflective coating
(up to 99.99% reflectance) on the rear side of the crystal, which turns it into a mirror with an
active medium layer in front — so called active mirror. Like ordinary mirrors, disks can also
have some curvature: from almost flat (RoC =~ 20m) up to significantly curved (RoC ~ 1.5 +
2m).
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Providing excellent cooling properties, small thickness of the disk on the other hand raises the
problem of efficient pumping and energy extraction. As it was shown in paragraph 3.2.3,
absorption of the pump light depends exponentially on the propagation length I(L) = loe ™.,
where |y is the initial light intensity, o is the coefficient encoding material properties and I(L) is
the intensity after propagation of distance L. Thus a decent material thickness is required for
efficient pump light absorption, which in case of thin-disk can be accumulated only by multiple
passes through the crystal. Special pump head provides several tens of bounces leading to
efficient absorption of the pump light. Figure 3-9b shows the internal structure of a pump head.
It contains a big parabolic mirror with a hole for the seed beam and several roof prisms. The
curvature of the parabola and the distance to the folding prisms are matched and provide re-
imaging of the pump beam back to the disk multiple times. Additionally an extra folding mirror
can be installed in the end of the chain for doubling the amount of bounces and insuring almost
complete absorption of the pumped light. Special collimation optics outside the pump head is
required for proper in-coupling and controlling the pump beam size on the disk.

(a) (b)

cooling Yb:YAG disk
water i

Figure 3-9: Thin-disk geometry.

(a) A thin-disk on a diamond substrate is attached to a heat sink. The front and rear sides of the disk are coated
with anti-reflection (AR) and high-reflection (HR) coatings respectively. The diamond substrate is water cooled.
(b) Structure of the disk pump head (courtesy of TRUMPF GmbH). Pump beam enters the head from the opening
on the rear side and then is being several times imaged to the disk by the prisms and the parabolic mirror.
Optionally a folding mirror can be installed for sending the pump beam back and doubling the amount of bounces
over the disk. The front opening serves for the seed beam in-coupling. Figures are taken from [17].

In contrary to the pump light absorption efficient energy extraction can be performed in two
different ways. The first is to use enough passes through the disk to extract all the stored
energy. This principle is used in regenerative amplifiers, where the seed beam can perform
more than hundreds passes until the disk is completely depleted®. The second method is based
on the fact, that stimulated emission is proportional to the intensity of stimulating light. Thus
using a high-intensity seed beam allows to extract almost the whole energy within a relatively
low amount of passes. Such an approach takes place in multipass amplifiers where the amount
of passes is limited.

! Here and later in the text depletion of the disk should be understood as depletion of the upper energy level in the
pumped area of the disk.
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3.3.2 Thin-disk based 1kW sub-picosecond pump laser

Current state-of-the-art high power and repetition rate pump laser is the 1kw, 200mJ
sub-picosecond class thin-disk laser [18]. It is a CPA based system with a ring-type
regenerative main amplifier. The front-end consists of a commercial fiber oscillator (Menlo
Systems YLMO), pulse picker, stretcher and a pre-amplifier. The last element of the system is a
grating compressor that compensates the chirp of the output pulses (Figure 3-10).

Menlo YLMO is an ytterbium fiber oscillator with ~14nm bandwidth centered at 1030 nm. It
provides 4nJ, ~120fs pulses at 50 MHz repetition rate which is reduced down to 5kHz with a
pulse picker (Bergmann Messgerate Entwicklung KG). Afterwards the pulses are chirped in a
grating stretcher that supports up to 10nm spectral bandwidth with the 55% throughput and the
stretching factor of 500ps/nm. Thus 1.5nJ pulses stretched to 5ns are seeding the pre-amplifier
that is an ytterbium-based linear type thin-disk based regenerative amplifier. It has a single
thin-disk pumped with ~170W and 350 roundtrips, amplifying the input to 0.8mJ with 5nm
FWHM spectral bandwidth.

Figure 3-10: Principle scheme of the source laser.

The main idea behind the pre-amplifier is to reduce the gain-narrowing effect. Seeding the main
amplifier with 1.5nJ would require amplification factor of ~10° in order to reach 200mJ output
pulses energy. Such a high amplification would significantly reduce the output spectrum
bandwidth, which would lead to increase of the output pulse duration. Pre-amplifier gain
medium CAIGO (ytterbium doped with CaGdAIlO,, [55]) has the amplification bandwidth of
80nm centered around 1030nm, which is almost 10 time broader than the material of the main
amplifier, Yb:YAG. On the other hand CAIGO has worse thermal and optical properties [56],
which prevent it from being used in the main amplifier. Thus a broad-band pre-amplifier
partially counteracts the gain narrowing and allows to keep the spectrum broad enough to
support 800fs Fourier limit (instead of 1200fs that would be a limit in case of using only
Yb:YAG). Additionally to this advantage the pre-amplifier allows to decrease the amount of
roundtrips inside the main amplifier what positively affects the overall stability of the
system [19, p74].

Further amplification takes place in a ring-type regenerative amplifier with two Yb:YAG disks,
pumped with 1kW each. Only a small portion (300uJ) of the pre-amplifier output is used, and
after 32 roundtrips within the main resonator it is amplified up to 220mJ. Gain narrowing
reduces the spectral bandwidth to 2nm, what corresponds to ~1ns pulse duration with the above
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mentioned stretching factor. Last part of the system is a grating compressor that compensates
applied chirp (in a cost of 6% pulse energy loses) leading to an output pulse having ~205mJ
energy and duration of ~800fs.
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Multipass amplifier

The following chapter describes the development of the amplifier aimed to improve the output
power of existing pump laser described in paragraph 3.3.2. Optical element limiting the output
power of such a resonator-based system is the Pockels cell crystal performing the optical switch
function. The most advanced currently available Pockels cell operates close to its average
power limit [19, p46-48] providing ~220mJ pulses at 5kHz repetition rate, what means that
further amplification is only possible with a multipass type amplifier. Good beam quality
simultaneously with above 1kW average power, leading to several kilowatts of average power
inside the gain medium, requires extremely good cooling properties. Thus only Yb:YAG
thin-disks can perform the gain medium function in such amplifier.

Due to the long lifetime (around 1ms) of Yb:YAG and 5kHz repetition rate of the seed laser
(meaning 0.2ms interval between sequential pulses), pulsed pumping is not necessary and the
disks can be efficiently pumped with a CW (continuous wave) laser. According to the emission
cross-section pumping can be performed at 940nm or 969nm. Though 969nm is more beneficial
in terms of 30% lower quantum defect and thus lower thermal load to the material, high power
configuration of lasers are significantly more expensive. Thus two industrial 4kW, 940nm
pump lasers were chosen as the pump light source. Details connected to the pump beam
delivery are given in section 4.1.

For optimal amplification the seed beam should be precisely aligned relatively to the pumped
area of the disk. Its size should be optimized, balancing between the energy extraction
efficiency and possible aperture effects. There are two fundamentally different designs of
multipass amplifiers, which preserve optimal beam properties at each propagation iteration. The
first method is based on imaging: the system design leads to a uniform transformation matrix
within a single iteration. In this case regardless of the input beam parameters every new cycle
starts with exactly the same beam. The second possible solution is a quasi-resonator design that
preserves only some exact beam called eigenmode. Both methods have their own advantages
and problems and will be explained in details in the following sections.

Regardless of the design, the developed amplifier consists of two disks (D = 20mm,
RoC = 20m) installed in pump heads, which provide 44 bounces of the pump beam. Both
pump heads are allocated on separate optical breadboards installed in two vacuum chambers,
which can be used for air evacuation or just as a protection. Both chambers are connected by a
big vacuum tube. Pump light is delivered to the chambers via a multimode optical fiber and
reimaged to the disks via special pump optics. A set of 40 mirrors can be installed in each
chamber, providing up to 10 iterations of the seed beam bouncing between the two disks (up to
19 total bounces over the disks). Detailed description is given in the corresponding paragraphs.
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4.1 Pump and seed beams

4.1.1 Pump laser and imaging optics

The Yb:YAG disks used in the system are pumped by 940nm CW lasers LDM 4000-100 from
Laserline GmbH. They provide up to 4kW of output power that can be delivered to the disks via
10m long flexible glass fibers with the core the diameters d.,,.. = 1mm. The fiber output
presents a divergent multi-mode beam: it is a combination of several TEM combined into an
almost flat-top beam. The beam is collimated with one of the manufacturer-provided water-
cooled collimation units equipped with two inches diameter lenses with different optical
powers. The smallest available (by using one of those standard collimation units) beam
diameter dp = 34mm corresponds to the collimation lens with a focal length f.,; = 80mm.
This value is important for controlling the pump beam size on the disk.
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Figure 4-1: Pump beam imaging.

(a) A multi-mode beam with the divergence of 0.22rad is collimated with a lens L.,. The lenses L; and L, scale the
beam to the proper size. The final image of the fiber output (Im2) is re-imaged to the disk several times by roof
prisms and a parabolic mirror, creating a pump spot. Its size can be calculated via the equation 4.1.
(b) Fluorescence of the pumped disk recorded with a camera. The pump spot diameter is 10mm, the disk — 20mm.
(c) Horizontal lineout of the pump spot intensity profile (along the gray reference line). Due to imaging
imperfectness it has not an ideal flat-top shape, but rather a super-Gaussian shape. The effective diameter
corresponds to the rectangular approximation with the equivalent peak and integral intensities (the green and the
pink areas are equal).

As it is described in section 3.3.1, a disk pump head has a parabolic mirror inside that with the
help of roof prisms images the pump beam to the disk. The pump heads used in the current
system provide 44 bounces, all of which present a scaled and stretched to an ellipse (the
stretching factor depends on the internal pump head structure) image of the fiber output. In case
of correct in-coupling all those ellipses partially overlap and form a round pump spot with a
relatively sharp edge of the intensity profile (Figure 4-1b). The final pump spot size depends
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on the collimation unit, scaling lenses, parabola curvature and the ellipse-stretching factor o that
is also defined by the pump head structure. This dependence can be expressed by the following
equation:

fif
Dps = dpiper 7 —-a (4.1)
co

where fy, f, and fe are the focal lengths of the scaling lenses and the collimation unit, « = 1.3
and fpar = RoCpqr/2 = 80mm.

4.1.2 Pump and seed spot sizes

For efficient energy extraction the amplified beam should stay within the pumped area at each
iteration. The size ratio between the pump and the seed spots is an important parameter,
affecting the system stability, amplification and the output profile. It can be numerically
expressed as Rgp = Dgg/Dps With a remark, that the seed beam is almost Gaussian and its
diameter is defined at 1/e? level while the pump spot profile looks more like a super-Gaussian
(Figure 4-2a) and the best way to define its size is to use 50% of the maximum intensity level.
This is important for numerical calculations, where the pump spot has to be approximated with
a perfect flat top shape with the equivalent peak (plateau) and integral intensities (Figure 4-1c).

With a fixed pump power smaller spot size means higher photon flux, which according to the
electron dynamics equations 3.21-3.23 increases the population of the upper energy level and
thus improves the gain. Theoretically the gain cannot continuously increase with the pump
intensity because of saturation of the upper level: at some pump intensity the inversion of the
population is so high, that the probability of the pump photon absorption is lower than the total
emission probability (spontaneous and stimulated) at the pump wavelength, which means that
further increase of the pump flux does not lead to a higher gain. But in reality the amplifier is
aimed to work in kilohertz regime, what corresponds to <1ms between sequential seed pulses
with hundreds millijoules of energy. The upper state population should be significantly depleted
by such a strong seed and will not reach saturation within 200ms while being pumped by a CW
laser.

Moreover, the bigger is the pump spot, the higher are the losses for amplified spontaneous
emission (ASE), which takes place when a spontaneously emitted photon propagates — in
random direction — within the pumped part of the disk. Presence of such photons can also
trigger stimulated emission, which is not coherent to the seed beam and therefore just
depopulates the upper state. If a spontaneously emitted photon propagates in the normal (or
close to normal) direction, its path within the inversely populated area is very short and the
probability of unwanted stimulated emission is quite low. But if it propagates in the
longitudinal direction, the propagation path and time can be significantly longer and the
corresponding probability is proportionally higher. Furthermore, according to the equation 3.23
emission of a new coherent photon additionally increases the probability of each consecutive
emission event, which means that the losses grow nonlinearly. Thus making the pump spot
smaller is beneficial for amplification not only because of the higher pump flux, but also
because of strong dependence of the ASE losses on the pump spot size [57].
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However, there are some limiting factors that do not allow to decrease the pump area too much.
The first limit is directly connected to the crystal damage that could occur due to high pump
intensity. Though the low thickness and good thermal properties of Yb:YAG provide very
efficient cooling, a pumped disk experiences significant mechanical stress caused by the
temperature gradient between the pumped and not pumped areas [58]. With a sufficient cooling
and energy extraction by the seed beam (which reduces non-radiative relaxation and
corresponding temperature increase) a thin-disk can be safely pumped with the intensity of
6-8kW/cm?. With the maximal power of the pump lasers Pp 4, = 4kW such intensity can be
reached by using a 9mm pump spot. It is of course possible to use a smaller pump spot, but then
the full power of the pump units cannot be utilized and the upper limit of the pump power
should be correspondently recalculated and controlled.
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Figure 4-2: Super-Gaussian beam.
(a) Comparison of intensity profile (1D) of a pure Gaussian, flat-top and a super-Gaussian beam. (b) Change of the
intensity profile (2D) during propagation for a super-Gaussian beam. Figures are taken from [59].

Another factor affecting the pump spot dimension is connected to the seed beam size and the
damage threshold of the disks and mirrors: smaller beams have higher probability to damage
the optics. Due to this the beam is usually as big as the laser system can support without having
any clipping and aperture effects. When the mirror or just an opening is not big enough for a
given beam (d, < 2Dseeq), it reflects or transmits only the central part of the Gaussian beam.
Though the energy content in the external part does not exceed 5%, the reflected/transmitted
beam is not a Gaussian anymore and its propagation is different from the expected: a beam that
is different from the free space modes does not preserve its intensity distribution and its
wavefront evolves differently while propagating through a system designed for a Gaussian
mode. A good example is a super-Gaussian (high order Gaussian) beam [59]:

(r=ro)*

1) = I, 202 " (4.2)
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It is just a Gaussian beam with an exponent in the power of n, which leads to smoothing of the
peak into a flat plateau and increase of the side slopes. The corresponding intensity profile is
shown in Figure 4-2a. During propagation such a beam changes: being almost flat-top in the
beginning, it can turn into a normal Gaussian or even into Airy pattern [60] — a high-intensity
spot, surrounded by the regions with higher and lower intensity, which can be described by
Bessel functions. The more often a beam passes through an aperture and the smaller this
aperture is, the more it behaves like a super-Gaussian beam. In order to avoid this hard aperture
effect all the optics should have a size of at least 3 times the beam diameter. This automatically
means that the seed beam size should not exceed 7mm for 20mm disks used in the system. But
there are additional spatial problems caused by the pumping and amplification.

While being pumped, disks experience thermal deformation. The pumped part of the disk rises
above the rest of the disk surface what increases optical path of the central part of the beam
comparing to the external part (Figure 4-3a) [61, 62]. This difference is quite small, but the
seed beam is supposed to bounce many times over the disks surface, which means that the total
accumulated difference might be significant. Moreover, only the central part of the seed beam
(which overlaps with the pumped area) is amplified, while the outer part is just reflected.A
single pass just creates a small break in the slope curvature, but repeating it multiple times leads
to a sharp cut in the intensity profile, that is comparable to passing through a real aperture
(Figure 4-3b). Such spatial beam distortions — they can be called soft aperture effects — also
lead to degradation of the beam quality.
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Figure 4-3: Spatial beam distortions related to the pump spot size.

(a) Pumped area of the disk rises above the rest of the surface. Due to this the central part of the seed beam
(marked with C) accumulates a phase difference A, relatively to the outer part of the beam (marked with O) at
each bounce over the disk. (b) Demonstration of the break in the seed beam intensity profile at the edge of the
pump spot. A Gaussian seed beam (blue) with Dg¢ = 3mm is amplified ~2.7 times (red) only within the pump spot
having the size Dpg = 4mm. Though the beam diameter does not change and stays smaller than the pump spot
(shown with the dashed lines for both curves), a break in the intensity profile (shown zoomed) appears.

Due to these effects the originally estimated spot sizes ratio Rsp = 80% — which is safe for the
pump power of 4kW, pump spot Dpg = 9mm and the seed spot Dgg = 7mm = éDdisk and

which would lead to very efficient pumping, energy extraction and low damage probability — is
expected to be too high and is reduced to 50% (Dpg = 10mm and Dg¢ = 5mm) for the first
amplification tests. The exact numbers and the corresponding analysis of the beam quality will
be described in section 4.2.
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One more important point to discuss is the change of the beam profile in case of significant
depletion of the disk. The stronger is the seed, the lower is the population inversion after every
bounce and the lower is the gain at the next iteration. But a Gaussian beam is always much
more intense in the center what leads to spatial inhomogeneity in the upper level population and
thus in the gain. This effect is almost negligible when the seed is relatively weak (for a given
pump intensity) and the population does not change a lot even in the area corresponding to the
center of the seed beam. But if the seed is too strong, it can be immediately seen in the output
beam profile. This process can be well described by a simple 1D numerical model, based on
few assumptions:

1. Single disk is presented by a 2-level system; the upper level is initially homogeneously
populated while the lower one is empty. There are only stimulated emission and
absorption at A = 1030nm (no pump, no spontaneous emission). The total energy
stored in the disk (within the pump spot) is E;ptq; = 300m/.

2. Dpg = 10mm, seed beam is a Gaussian with Dss = 3mm at 1/e? level. Its energy is
defined by the corresponding integral: E;, = [ I(x)dx.

3. Amplification at every iteration follows the next equation:

1k+1(x) = Ik(x)e(Nupk(x)O'em_NIOWk(X)O'abS) (43)

The emission and absorption cross-sections are based on real values (2.5 X 1072%¢m?
and 0.5 x 10~2%cm?correspondently) and calibrated for 1D case.

4. After amplification the population distribution of the upper and the lower levels is
recalculated according to the differential energy growth at the given coordinate:

Ley1(x) — I (x)
hw

Iiep1 () — I (x)
hw

The results of such a simulation are presented in Figure 4-4. Subfigures (a), (b) and (c)
correspond to 5, 15 and 150mJ input pulse energies and 17 bounces over a single 150um disk,
i.e. 34 passes through the active medium. Comparison of the blue and the red lines gives an idea
of amplification while the dashed blue line serves as a reference of a normal Gaussian shape
with the same 3mm diameter. It is clearly seen how a normal Gaussian beam turns into a
triangular shape when population of the upper state reduces. For 15mJ the central part of the
pump spot is already strongly depleted, but according to the equation 3.33 such a ratio
(N1, = 1:5) still provides some positive, though quite low, gain — because for 1030nm the
emission exceeds the absorption ~25 times. For 50mJ there is almost no gain for the very center
of the beam because the population distribution reaches the ratio N;., = 1 : 20 (according to
equation 3.33 ratio N;., = 1 : 25 corresponds to g = 0). At the same time the outer part of the
beam experiences significant amplification, what rises the sides intensity relatively to the peak,
transforming a Gaussian into a triangle.

Nupk+1(x) = Nupk(x) - ( )
4.4

NlOWk+1(x) = Nlowk(x) +
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Figure 4-4: Simulation of the population depletion for different seed powers.

Subfigures (a), (b) and (c) correspond to 5mJ, 15mJ and 50mJ input pulse energies respectively. Top figures
represent the normalized intensity profile of the output beam (blue). Red curves show the input Gaussian beam.
Dashed blue lines show the reference Gaussian with the diameter equal to the input beam. Bottom figures show the
spatial population distribution of the upper (green) and the lower (blue) level.

This process can be better understood by controlling the shape change at different iterations.
Figure 4-5 shows the intermediate profiles, corresponding to 50mJ input pulse energy. It nicely
demonstrates that the beam slowly degrades from the very beginning and preserves acceptable
shape until the bounce 9. Starting from this point the intensity profile changes (degrades) much
faster due to significant difference of the gain in the depleted center and relatively well
populated sides.
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Figure 4-5: Progressing population depletion during strong seed amplification.

Subfigures (a), (b) and (c) correspond to 5, 9 and 13 bounces respectively. Top figures represent the normalized
intensity profile of the output beam (blue). Red curves show the input Gaussian beam. Dashed blue lines show the
reference Gaussian with the diameter equal to the input beam. Bottom figures show the spatial population
distribution of the upper (green) and the lower (blue) level.
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Of course, the real process is more complicated: spontaneous emission plays an important role
in the population dynamics, initial distribution is far from being homogenous, etc. But this
effect was well reproduced in the lab (Figure 4-6), which means that in a first approximation
the above described model is good enough. Detailed explanation of the optical scheme will be
given in the next section. Subfigures (a) and (b) demonstrate two output beam profiles with the
same seed power P; = 100W (20mJ at 5kHz) and two times different pump powers. At
P, = 500W the output beam profile has a smaller slope and a significantly bigger (+17%)
diameter. In this example the beam still stays Gaussian, but in general a strong inhomogeneity
of the gain caused by depletion can modify the intensity distribution so much, that the beam
stops being a free-space mode. Thus the beam will not only have worse quality and
focusability, but also unwanted modifications of the intensity profile during propagation (as it
happens with a flat-top beam) that can lead to optics damage. At P, = 1000W the output beam
returns to its normal size, which means that the initial population of the upper level is higher
and it does not drop so much during amplification. Notably, the normal beam size at this pump
power is ~5% smaller than in a cold state (Figure 4-6¢) due to a slight increase of the disk
curvature caused by the pumping. This effect will be discussed further in paragraph 4.2.3.

(a) (b)
41

Figure 4-6: Output beam profile in case of significant depletion.

(a) Pump power is not enough for a given seed. Lower gain in the center leads to relative magnification of the
sides. Beam profile still stays Gaussian, but its diameter increases. P, = 500W (Ip = 630W /cm?, CW),
P = 100W (Es; = 20m/J, 5kHz). (b) Increase of the pump power to P, = 1000W (I, =~ 1260W /cm?) makes the
gain spatially more homogeneous, output profile returns to its normal size and shape. (c) Output beam profile in
case of weak seed (P; = 1W) and no pump. Slightly triangular shape in (b) and (c) is normal and connected to the
triangular shape of the source laser mode.
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These simulations and experimental observations lead to an important conclusion: amplification
of a too strong seed can lead not only to a low gain factor, but also to the change of the beam
profile. Such a change implies a different evolution of the beam during propagation through the
system, which can induce the optics and crystals damages. In order to get a reference value for
this phenomenon, the pumped energy can be compared with the extracted energy. In the first
case a 100W (20mJ at 5kHz) seed was amplified twice, what means that ~10mJ is extracted
from each of the two disks within 0.2ms. Taking into account P, = 500W, ~45% seed-to-pump
spot sizes ratio and 9% quantum defect loses, the maximum energy available in the seed area
(without any loses) is ~40mJ. Thus 25% extraction of the maximal available energy is too much
and leads to ~17% bigger beam size comparing to the well-pumped case, which corresponds to
~12% extraction and a normal beam size and shape. Of course, the upper level population
depends also on the spontaneous emission, non-radiative relaxation and the repetition rate.
Moreover it cannot be depleted completely, so not all the stored energy is available for
extraction. But these two numbers can serve as reference values for estimation of the minimal
necessary pump power for further amplification.

4.2 Imaging configuration

4.2.1 Principle of 4f-imaging

Figure 4-7: 4f-imaging.

Two lenses (or curved mirrors) with the focal length f are separated by the distance 2f. Beam transformation matrix
between the points F; and F3 is uniform, thus beam size and divergence (as well as Rayleigh range) do not change.
Repeating this structure several times leads to completely identical beam propagation at each iteration.

Due to low thickness of the gain medium efficient energy extraction requires significant amount
of passes, which in turn means significant total propagation length in the amplifier. In contrary
to resonators, where a seed beam bounces over the same optical elements allocated on the plane
optical table or breadboard, in a multipass it leads to a large number of the beam segments
laying in different planes at different heights. For efficient amplification all the bounces —
segments of the seed beam that belong to different iterations — should overlap within the pump
spot and form a single seed spot. Long and complicated beam path raises the problem of
preserving this overlapping during the operation at high power: high thermal load causes the
heating of mechanical components, which are responsible for the alignment, and thus disturbs
the correct propagation of the seed beam through the amplifier.
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The imaging concept [63, 64] is one of the simplest and most reliable solutions of the
overlapping problem. The idea is that at each iteration the seed spot on the disk is reimaged to
the same position preserving its size and shape. It can be performed by using curved mirrors for
imaging and flat mirrors for steering the beam. Figure 4-7 shows the optical scheme of
4f-imaging. Two lenses with the focal length f are separated by a distance 2f. In such a
configuration any object placed at the front focus of the first lens is one-to-one reimaged to the
rear focus of the second lens. It can be easily shown in terms of ABCD

1 0
approach: Mey = MgMye M My = (0 1

the waist wg and being perfectly centered relatively to the central optical axis, it has exactly the
same size and divergence and is also perfectly centered at the point F;. Thus repeating the
imaging several times allows to reproduce exactly the same beam at each iteration.

). So if a Gaussian beam reaches the point F; having

From the imaging point of view such an optical system does not require the input beam to be
collimated — any beam is reimaged. But if the divergence is too big, the beam can expand too
much while propagating and its size can exceed the value supported by the used optics. It does
not disturb the imaging, but causes energy losses and clipping on the edge of the optics, which
in turn negatively affects the beam profile between the imaging planes and can lead to optics
damages. Thus it is safer to image a roughly collimated beam — its waist wq should be as close
to the input image plane (point F;) as possible.

4.2.2 Realization of 4f-imaging with two disks

Development of the resonator-based laser demonstrated, that usage of two thin disks is very
beneficial for amplification, though it is much more complicated in alignment and operation.
Numerical simulations (see Appendix A) also show that a single disk is not enough for
reaching the output pulse energy above 200mJ (maximum pulse energy of the source laser in
the normal 5kHz operation regime). In order to realize 4f-imaging approach with two disks
within some reasonable dimensions extra folding mirrors are required. Figure 4-8 demonstrates
the corresponding optical scheme with the beam propagation path within the first iteration.
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Figure 4-8: Multipass 4f-imaging scheme.

Single iteration includes 4 bounces over the imaging mirrors (M1-4), two disks (green rectangles in the pump
heads PH1-2) and two flat folding mirrors (FM1-2). After the last mirror M4 the beam is sent to the M1 belonging
to the next iteration. Rhombus show the foci position. Mirrors M0 and M1 also perform the function of the input
imaging cell that images the input plane (IP) to Disk1. Purple arrows correspond to the position of the pump beam
in-coupling optics. Dashed lines present the boarders of the vacuum chambers and the connection tube.
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The key elements are the curved mirrors (M1-4) that perform the imaging. Their curvature and
positions correspond to the scheme presented in Figure 4-7 with f = 1.5m. The folding
mirrors are needed for optimization of the lab space usage. Without them the disks would have
to face into opposite directions, what would significantly increase the setup dimensions due to
the free space behind the pump heads necessary for the pump optics. Each iteration contains
two foci, where the light intensity is significantly higher than at any other part of the beam path.
Though the seed pulse is stretched to 2ns duration, such a tight focusing can induce the air
ionization when the seed pulses become significantly amplified. To avoid the energy losses and
the beam degradation caused by the ionization all the setup is sealed in a vacuum cell,
consisting of two big chambers and a connecting tube (Figure 4-9). Usage of a vacuum scroll
pump unit allows to keep the pressure inside the chambers below 1mBar, what should
completely solve all the ionization-related problems.

Figure 4-9: Vacuum chambers.

Optical components of the amplifier are installed in two vacuum chambers with the dimensions of
0.65x0.75x1.6mm, which are connected with a 1m length 0.32m diameter tube. Optical breadboards inside the
chambers are attached to the optical tables and are mechanically isolated from the chambers frame via special
flexible bellows-tubes in order to avoid possible misalignment during the air evacuation. Front doors of the
chambers are installed on the hinges for easier access to the optical components. In- and out-coupling of the seed
and pump beam occurs via the windows on the rear and side walls of the setup according to the scheme presented
in the Figure 4-8.

Mirror MO together with M1 (1% iteration) present an additional 4f-imaging cell that helps
controlling the beam propagation. First of all it gives access to the beam that is sent to the
system. According to the imaging principle, the beam that comes to the first disk is
continuously re-imaged to the second disk and back. But all the imaging planes lay within the
disk pump heads and are not accessible for diagnostics. The input imaging cell sends to the
system (to the first disk) the image of the beam from the input imaging plane (IP, shown with a
blue line in Figure 4-8), which is easily accessible for any measurements. The second
advantage of using this cell is that a special imaging-based method can be used for precise
alignment of the beam position within the pumped area of the disk. A thin needle inserted in the
input beam at the IP creates a sharp (in case of properly defined optics position) shadow in the
beam on both disks at each iteration. Since human eye distinguishes sharp edges much better
than the intensity distribution within a round beam, such an approach makes overlapping of the
seed bounces significantly more precise.
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At each iteration k all the segments of the beam between M1 and M4 lay in a single plane. The
last mirror M4 sends the beam to the mirror M1 of the next iterations k+1 and the full
propagation cycle repeats: the beam is again send to FM1, then to Diskl and so on. Such
propagation scheme is realized by using metal frames (so called mirror wheels) that are holding
twenty 1-inch imaging mirrors, symmetrically located around the axis Disk1-Disk2. This axis
appears to be an intersection of all the twenty planes which are tilted by 360°/20 = 18°
relatively to each other. Figure 4-10 demonstrates a part of a mirror wheel and a folding mirror
with scattered beams.

This optical setup provides in total 19 bounces (38 passes through the crystal thickness) over
two disks: 9 full iterations where the beam bounces over both disks and one additional bounce
over the first disk. Afterwards, instead of sending the beam to the 20™ bounce over Disk2,
mirror M3 (10" iteration) is used for the beam out-coupling. Together with mirror M4 (10"
iteration) it forms the output imaging cell, which in analogy to the input imaging cell brings the
beam from the last bounce over Disk1 to the output imaging plane, which is located outside the
vacuum chambers.

Figure 4-10: Folding mirror and imaging mirrors.

(a) 7-inches flat folding mirror. A 2-inches hole in the center is used for observing the disk with a camera in order
to control the seed beam position during operation. The top half-circle (scattered light) correspond to the beams
that are sent to the disk (11-10), the bottom — reflected from the disk (O1-10). (b) The frame of the imaging
mirrors array — mirror wheel. Top mirrors sent the beam to the folding mirror and the disk, bottom ones steer the
beam returning from the disk to the second frame and the second disk. Big openings in the frames are needed for
propagation of the beam between the disks and the folding mirrors.

4.2.3 Beam propagation

Completely identical propagation of the beam at each iteration requires the disks to be flat and
installed exactly at the front and rear focii of the curved mirrors. However the most flat
available samples have the curvature of ~20m, which means that they have the optical power
equal to a mirror having 10m focal length. In this case full transformation matrix of a single
iteration is not uniform, but has a non-zero element C. Optical system with such a matrix still
images the beam from the input to the output plane and its size there stay the same. But its
divergence changes after each iteration: d;,; = d;, ;. = a; + D;C — this leads to a change of
the beam size between the disks. Thus on some curved mirrors the beam becomes too big and
cannot be properly reflected while on the others it decreases and can be even focused what in
turn can cause damage of those mirrors. This unwanted change of the beam divergence can be
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4.2 Imaging configuration

compensated by changing the distance between the mirror wheels. For the mirrors used in the
laboratory setup (f = 1.5m) the distance between them should be reduced from 3m,
corresponding to the pure 4f-imaging scheme shown in Figure 4-7, to 2.77m. Such a shortening
compensates the curvature of the disks and trasformation matrix turns to unity again.
Figure 4-11 demonstartes the evolution of the seed beam inside the amplifier according to this
compensated matrix. Beam size on the disk is always equal to the waist of the input beam. On
the curved mirrors it is smaller, but also stays constant.
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Figure 4-11: Correct propagation of the seed beam inside the amplifier.

(a) Full propagation through the system Blue dashed lines show the curved mirrors positions, black dashed lines —
the disks positions and the output imaging plane. X axis shows the total propagation distance starting from the first
bounce over Disk1. Y axis corresponds to the beam diameter scale: blue solid line shows the beam radius (at 1/e?
level) in positive and negative direction. Collimated beam with the waist w, = 2.6mm experiences 9 full iterations
plus one more bounce over Diskl, afterwards it is sent to the output imaging plane. (b) Magnified image of the
first iteration. M1, M2, M3 and M4 — curved imaging mirrors of the first iteration. Second iteration starts at D1-2 —
the second bounce over the first disk.

As it was discussed in paragraph 4.1.2, pumping of the disk creates a temperature gradient and
a corresponding mechanical stress. This in turn affects the refractive index of the disk material
making it spatially inhomogeneous. Such a change is called thermal lens effect [65] and is
especially important for the regenerative amplifiers, because it modifies the eigenmode of the
resonator. Thermal lens effect can be quantitatively described as modification of the disk
effective radius of curvature — pumped disk becomes effectively flatter. According to some
reports [65, 66] the change of the disk optical power can reach 15-25cm™. Since the effective
radius of curvature changes, the transfer matrix in pumped state is also different. Figure 4-12
shows simulation of a moderate curvature change of 30%*. A non-uniform transformation
matrix leads a continuously increasing deviation of the beam from its normal propagation. On
some mirrors it becomes significantly bigger, what might cause clipping and/or lead to aperture
effects, while on the other mirrors the beam is almost focused (Figure 4-12b). Such a

! Such a scale of the curvature change was experimentally during optimization of the source regenerative-type
laser, descried in paragraph 3.3.2.
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significant size decrease — almost 8 times in terms of area — inevitably leads to damages of
those mirrors at high power operation.

(a) T T T T T T
— (o] [yr] = [Tp] w [~ [+o] (o] e
o o o o o I o o o 2o
[m] [m] [m] [m] [m] [m] (=] (] [m] 5=
4r L4 S
5l . : i b
£ 2f 1
E 4} ]
@
N0
w
s ‘
m -2+ .
3k k 1
4} :
D
0 120
(b)
5 T T T T T T T T T
® Disk
T 4 ® M2 (output) .
£ ® M1 (input)
-3+ .
@
N
w
E 21 1
©
@
[11] 1 L -
0 1 1 1 1 1 1 1 1 1

lteration number

Figure 4-12: Propagation change caused by the thermal lens effect.
(a) This figure corresponds to Figure 4-11 with a 30% bigger curvature of the disks. (b) Corresponding beam size
on different optical elements. Input beam is collimated — its size is equal on M1 and Disk 1 at the first iteration.

Counteraction to this effect would be a partial back-shift of the curved mirrors towards original
3m distance — then the propagation would be wrong (similar to Figure 4-12a) without
pumping, but would return to a normal one (Figure 4-11) when the effective curvature of the
disks changes due to pumping. Unfortunately, this effect is too complicated for exact prediction
and compensation. First of all it depends on the temperature distribution, which means that for
every pump power, pump and seed spot sizes and seed input and output power (affecting the
energy extraction) it will be different. The second point is that thermal lens effect can be well
described as an effective change of the radius of curvature only in a resonator: non-spherical
wavefront distortions just increase the losses, while the mode adjusts itself to the size that
corresponds to the new effective curvature. This mode-size change can be canceled by
recalculation of the resonator based on effective disks curvature at the given pump and seed
beam power. In an imaging multipass amplifier all the distortions induced by the disk pumping
are not suppressed but oppositely multiplied by re-imaging of the disk surface to itself leading
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4.2 Imaging configuration

to significant degradation of the beam quality. It cannot be compensated by adjusting the
distance between the curved mirrors — as it would be possible in case of pure spherical changes
—and leads to a different propagation and degradation of the beam quality at high pump power.

4.2.4 Amplification and beam quality
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Figure 4-13: Amplification curves.

(a) Output power as a function of the pump power. Different colors correspond to different seed beam powers.
Gray dashed line represents the numerical simulation the case of 50W see. (b) Discrete derivatives of the curves
from the first subfigure — the growth of the output power normalized to the pump power increase. It shows how
much power the seed beam obtains from each extra watt of pump power (0.5W per disk).
Parameters: Dpg = 10mm, Dgs = 5.2mm, Npounces = 19.

Figure 4-13 shows the output power of the amplifier depending on the pump and seed power.
Presented curves are in a good qualitative agreement with the basic light amplification
principles described in paragraph 3.2.3: the output power demonstrates continuous sub-linear
growth with the pump power increase. Subfigure (b) presents the corresponding derivative

%- 100%, which can be interpreted as optical-to-optical efficiency of the amplifier and
P

shows how much of each additional watt of pump power is transferred to the seed beam. Such a
plot is useful to highlight few important points that are not obvious from the output power
curves. The first one is better extraction of the pump energy by a stronger seed. The second one
is the increase of the ASE at high pump power. Even for P = 5W the energy extraction
efficiency decreases for higher pump powers which means a strong depopulation of the upper
energy level. Since the stimulated emission is too weak (extracted power is below 10W for
1500W pump power per disk), the only mechanism left is the spontaneous emission and losses
for its amplification.

Dashed line in Figure 4-13a presents the result of numerical simulations (see Appendix B) for
the given pump and seed spot sizes. It agrees very well with the measured curve up to ~700W
of pump power, but then demonstrates continuously growing disagreement that reaches +25%
at P, = 1500W. Such a difference is connected to the significant change of the seed beam
profile (details are discussed later in this paragraph), that leads to worse energy extraction and
does not allow reaching the expected values.

As it can be seen from the plot, applied pump power was limited by 1500W. This is connected
to the thermally induced misalignment of the system. During amplification a significant shift of
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Chapter 4: Multipass amplifier

the seed beam, proportional to the total pump power applied to both disks, was observed.
Imaging properties of the system preserve good overlapping of the seed bounces and their
position within the pump spot on both disks, but not on the imaging mirrors. Beam
displacement is proportional to the propagation length in the system, i.e. it is almost invisible
during the first iterations but causes beam clipping on the edge of the mirrors that belong to the
last iterations. All attempts to compensate this displacement by tilting the mirror wheels or
folding mirrors were not successful, but similar behavior was obtained (without pumping) when
disks were slightly misaligned by purpose. Moreover the observed translation is reproducible
with respect to the pump: switching off the pump laser brings the seed to its correct position on
the imaging mirrors within a few seconds, while switching the pump on again leads to the shift
in the same direction and the same amplitude on all the mirrors. These observations indicate a
disks-related genesis of the translation. Due to high thermal load some minor deformation in the
substrate, glue layer or even the crystal volume lead to a small change of the beam reflection
direction, which accumulates to a visible displacement after several iterations.
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Figure 4-14: Amplification in case of smaller pump spot.
Comparison of the output power in case of 8mm (red) and 10mm (blue) pump spot. Dashed lines correspond to the
simulations. Parameters: D¢ = 5.2mm, Ps = 50W, Npoynces = 19.

Beam deviation on the mirrors appears to be proportional to the total pump power and thus
limits the amplification. On the other hand gain depends on the pump flux that can be increased
by reducing pump spot size for the same pump power. Figure 4-14 demonstrates comparison of
the output power for two different pump spot diameters. For 8mm pump spot the pump flux
(~1/D?) is almost 30% higher what according to the simulations should lead to a comparable
increase of the output power. The measured curve shows the same increase of the output power
while the displacement on the mirrors does not change. Notably the difference between the
measured and the simulated curves is bigger for 8mm spot: at 1kW pump power the difference
is -12% for Dps = 10mm and -17% for Dpg = 8mm. This observation agrees very well with
the assumed reason: the bigger is the seed-to-pump spot sizes ratio, the stronger is the soft
aperture effect and the corresponding beam degradation, which in turn leads to worse energy
extraction.

However, increase of the seed-to-pump spot sizes ratio causes the problems with the beam
profile, which were discussed earlier in paragraph 4.1.2. Figure 4-15 demonstrates how the
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4.2 Imaging configuration

beam changes after propagation through the amplifier. The input beam has the diameter (1/e?)
of 5.2mm and an almost perfect Gaussian profile (subfigure a), that is significantly distorted
after the full propagation through the system even without pumping (subfigure b). This effect
can be connected to the natural roughness of the disk reflective surface or some minor spatial
modulations of its thickness or refractive index: single reflection does not change the wavefront
a lot, but imaging effectively multiplies the amplitude of any smallest single-pass phase
distortion to the amount of bounces leading to such a significant change. Pumping makes the
beam profile even worse, what is shown on subfigure (c).
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Figure 4-15: Distortions in the output beam.

(a) Input Gaussian beam with 5.2mm diameter (1/e%). (b) Corresponding output of the amplifier without pumping.
(c) Output beam profile in case of pumping both disks with P, = 1000W. Parameters: Dg¢ = 5.2mm,
Dps = 10mm, Ps = 1W, Npounces = 19.

The beam size does not change a lot, but a strong gap in the center appears. It corresponds to a
significant increase of the intensity in the narrow circle between the center and the edge of the
beam and can increase the probability of the disk damage. Evolution of these distortions can be
well understood by comparing the output beam profiles with the intermediate ones
corresponding to the half-propagation through the amplifier (after 5 iterations). Figure 4-16
shows the beam that is sent to Diskl on the 6™ iteration and its modification caused by the
pumping. In case of no pump (subfigure a) the output beam already looks worse than the input,
but still much better than after the full propagation. It supports the idea of accumulation of the
non-spherical distortions of the reflective surface after each additional bounce over the disk.
Subfigure (b) shows further change of the beam profile caused by increase of the pump power
to P, = 1000W. Additionally to ~10% size reduce the genesis of the central gap can be
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distinguished: in the y-axis lineout its already a small dip in the intensity while in the x-axis
lineout it’s just a flattening of the peak and a relative rise in the near-peak area. It could be
explained by the soft aperture and thermal lens effects that were described in paragraph 4.1.2.
Comparison of these intermediate profiles with the output beam (Figure 4-16b and c) shows,
that the pump-caused distortions add up with the disk surface imperfectness. The resulting
beam degradation grows in nonlinear manner with the increase of the pump power and the
amount of bounces over the disks.
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Figure 4-16: Accumulation of the beam distortions.

This is the beam profile corresponding to the 11" bounce over the disk. The beam is sent to a camera instead of the
disk — with the same imaging distances. (@) No pumping. (b) P, = 1000W. Parameters: Dpg = 10mm,
Dgs = 5.2mm, Ps = 1W.

Even a stronger change in the seed beam intensity distribution can be observed on the curved
mirrors that perform imaging during the last iterations. Increase of the pump power from 0 to
800W leads to approximately 25% change of the beam waist: increase on the output mirrors
and decrease on the input ones (Figure 4-12b). Further pump power increase — up to
Pp=1500W, which is a limit defined by thermal misalignment of the beam — not only changes
the beam size, but also causes a pronounced aperture effect. On the input mirrors of the last 10"
iteration (M1 and M3 in Figure 4-8) the beam profile turns into a narrow hot-spot surrounded
by the rings of lower and higher intensity, similar to Airy pattern. Depending on the initial
beam size its peak intensity can be 2-5 times higher than the value that corresponds to the
normal propagation of a Gaussian seed beam. Figure 4-17 demonstrates an example of such a
hot-spot pattern, recorded during investigation of the aperture effects for different beam sizes.

As the result of such strong beam degradation, the above mentioned input mirror (M1 of the
10" iteration) was damaged several times consecutively by exceeding the output power of
300W. In order to reach this output power the pump power of 1700W (Dps = 10mm) was
applied to both disks amplifying a 100W, 5.2mm diameter seed. Increase of the pump power
above 1500W was only possible due to pre-compensation of the seed beam position on the
imaging mirrors - by tracking the displacements on all the mirrors for a given pump and seed
power and correcting it during the initial alignment of the system. It gave some extra space for
the beam (before reaching the edges of the mirrors), which was utilized for applying higher
pump power.
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Figure 4-17: Example of Airy pattern.
(a) Beam profile corresponding to mirror M1 of the 10" iteration in case of a pronounced aperture effect.
(b) Vertical lineout in logarithmic scale.

In order to investigate the beam degradation more detailed, another measurement with a
significantly smaller Rsp was performed. For this purpose the seed spot was reduced to
Dss = 3.3mm, what in combination with a 10mm pump spot corresponds to the conventional
empirical rule of triple-size apertures: D, = 3Dy qm- The obtained output beam profiles are
presented in Figure 4-18. They clearly show that beam degradation is significantly lower in
both pumped and unpumped conditions. It is expected for the soft aperture effect, but leads to a
new conclusion for propagation through the unpumped system. Such an improvement is only
possible, if the central part of the disk (within 3mm according to the beam size) is more
homogeneous comparing to the outer area — which could mean roughness and sphericity of the
disk reflective side or spatial homogeneity of its thickness and refractive index — and a smaller
beam experiences less wavefront distortions at each iteration.

Figure 4-18: Output beam profile in case of smaller seed beam.
(a) No pumping. (b) P, = 1400W. Parameters: Dpg = 10mm, Dgs = 3.3mm, Ps = 1W, Npounces = 19.
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Unfortunately such a modification cannot provide any significant amplification due to
extremely low efficiency: the energy extraction area reduces ~2.5 times, which leads to a
comparable drop of the total gain (in comparison with Dg¢ = 5.2mm). Numerical simulations
(Figure 4-19) show the same: up to 1700W of pump power only a weak 50W seed
demonstrates any significant, though quite low, amplification with the total gain G = 3.5. For a
stronger seed amplification is lower or even turns to absorption, because the seed flux becomes
too high for the pump flux, which is limited by thermal misalignment. Thus such a big seed-to-
pump spot sizes ratio cannot be used for efficient amplification and reaching high output power.
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Figure 4-19: Simulation of the output power for bigger seed-to-pump spot sizes ratio.

Dashed horizontal lines show the seed power, i.e. switching point between the absorption and the amplification
regimes. Blue spot at P, = 1200W corresponds to 122W of measured output power with a 50W seed.
Parameters: Dpg = 10mm, Dgs = 3.3mm, Nypounces = 19.

4.2.5 Results and conclusions

Imaging is the most simple and obvious solution for a multipass amplifier with a relatively big
amount of bounces. It has an important alignment advantage: all the bounces can be precisely
aligned and overlapped within the pump spot (using reference) in the unpumped state and keep
this alignment during the operation. This property allows for a big seed-to-pump spot sizes ratio
which should lead to a very efficient energy extraction at every single bounce.

However the imaging design multiplies the expected problems caused by high power pumping
to the degree that makes the developed amplifier not usable. The soft aperture and thermal lens
effects, which are applied to the seed beam on every bounce over the disk, add up and lead to a
significant wavefront degradation, which in turn causes deviation from the planned beam
propagation and a critical increase of the laser light intensity on some optics. Thus a
reproducible damage of one of the imaging mirrors did not allow exceeding 300W of output
power. It was reached at 1700W of pump power and 100W seed with the spot sizes of 8mm and
5mm respectively (G = 3).

Notable improvement of the beam quality was demonstrated by decreasing Rsp to 33% (Dpgs =
10mm and Dgg = 3.3mm). However such a small seed beam extracts the energy from a very
small part of the pumped area which leads to strong reduction of the gain. Simulations prove
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that efficient amplification in this condition is not possible. Improving the gain — or at least
keeping it at the same level for higher seed powers — requires significant increase of the pump
power and thus is not possible due to thermal misalignment of the system. Moreover, higher
pump power is expected to enhance the soft aperture and thermal lens effects, which can
additionally worsen the beam quality even with a low Rgp.

All this results in a conclusion that the imaging scheme is not acceptable for the given purpose
and another design is required.

4.3 Quasi-resonator configuration

4.3.1 Eigenmode preservation

The main requirement for efficient and stable amplification in a multipass amplifier is the
reproducibility of the seed beam: every time the seed beam hits the disk for a new iteration it
should have the same size and position within the pumped area. This main requirement for the
beam size can be extended to the divergence, otherwise the beam will not reproduce the same

propagation. Mathematically these requirements are defined as q;,; = M X q; and the most
1 0
0 1
4f-imaging scheme, described in the previous section. However this requirement can be also

fulfilled for M # 1. Any linear operator P has a set of vectors, called eigenvectors, which are
just stretched to a factor A when are being modified by this operator: Px = Ax. So if ge is an
eigenvector for a matrix M # 1, that has an eigenvalue Az = 1, it is also reproduced after each
iteration (Figure 4-20).

obvious solution for any given beam is a uniform matrix M = ( ) that corresponds to the
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Figure 4-20: Eigenvector preservation.

Each iteration consists of just a single lens L; and a propagation distance d. Second lens is shown with a dashed
line indicating, that it belongs to the second iteration and corresponding transformation matrix is not included in
the transformation matrix Mp p, between points P; and P,. If the input beam is matched to the eigenvector gz with
a corresponding eigenvalue A = 1, it is preserved after propagating through the cell.

In this case a multipass amplifier operates like a resonator, where the amount of roundtrips is
defined by the amount of optical components rather than by the optical switch. The simplest
resonator requires just two concave curved mirrors, whose function can be performed by the
curved disks separated by a distance d. Then the full iteration matrix is
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M = MMM M, and for any given values d and D the eigenvector can be numerically
calculated via solving the linear system Mqy = qg. Figure 4-21 shows the diameter of the
eigenmode depending on the distance between the disks.
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Figure 4-21: Dependence of the eigenmode from the propagation distance.

Blue curve shows the calculated waist diameter in case of RoC = 20m for both disks. The waist should be located
at the distance dj,p /2 in front of the first disk. Green curve shows the beam size on the disks Dss. The first dashed
line (black) points out the parameters in case of dp, = 6m that corresponds to the optical scheme with the folding
mirrors (Figure 4-8), the second dashed line (gray) — for d,, = 9m without folding mirrors (Figure 4-22).

Just replacing the imaging mirrors with flat ones (Figure 4-8) leads to the disk-to-disk distance
dpp = 6m and the eigenmode diameter on the disk Dy = 3.25mm, what is expected to be too
small for the planned output pulse energy and can lead to high damage probability. According
to Figure 4-21 eigenmode grows quite slowly and requires a big increase of the distance
between the disks for any significant change. However this distance can be easily enlarged for
50% without fundamental changes in the existing amplifier setup — by exclusion of the folding
mirrors. In this case the distance between the disks dpp is roughly 9m, which leads to
Dr = 3.7mm meaning ~30% bigger area and lower damage probability. Corresponding system
layout is presented in figure Figure 4-22.
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Figure 4-22: Quasi-resonator scheme.
In contrary to Figure 4-8 all mirrors M0-M4 are flat. DB is the disk blocker.
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Such optics allocation requires a special disk blocker — a small, non-transparent round screen
that blocks the straight path between two disks, preventing them from forming an extra
resonator. and lasing towards each other. If it happens, the generated beam is bouncing between
the disks and is being amplified without any out-coupling, whci inevitably leads to damages. In
the imaging configuration it was not needed because the optical path between the disks were
blocked by the cameras, which were installed behind the folding mirrors for alignment of the
pump and seed spots.

Figure 4-23 shows the evolution of the eigenmode in the system. The obvious difference of this
setup comparing to the imaging configuration is the avoidance of the focusing between the
disks. Beam size between the disks decreases but only down to the input waist diameter
Dyaist = 3.3mm, which solves the problem of air ionization and eliminates the need to run the
system in vacuum. This in turn removes additional alignment distortions caused by evacuation
of the air from the chambers.
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Figure 4-23: Evolution of the eigenmode inside the amplifier.

If the waist and position of the input beam are matched to the eigenmode, it reproduces the same propagation at
each iteration. (a) Full propagation through the system. (b) Magnified image of the 1% iteration. M1-4 — plane
steering mirrors of the first iteration. Second iteration starts at D1-2 — second bounce over the first disk.

However the total propagation distance inside the amplifier increases almost twice and the seed
position on the disk is not defined by the imaging properties anymore. This makes the system
quite sensitive to possible any misalignment of the seed beam, what will be discussed later in
section 4.3.4

4.3.2 Deviation from the eigenmode

One important advantage of using this quasi-resonator scheme is its high robustness to the
wavefront change caused by thermal load. According to Figure 4-12 in case of imaging
configuration a 30% change of the effective disk curvature leads to such strong deviation from
the ideal propagation that at the last iterations beam focusing happens close to the mirrors
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instead of being exactly in the middle of the imaging cell. On some other mirrors the beam
becomes two times bigger, which together with thermal misalignment causes the clipping and
thus limits the maximal possible pump power. Figure 4-24 shows the result of such a 30%
change of the effective disks curvature to the eigenmode evolution.
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Figure 4-24: Eigenmode robustness.
Here the input beam corresponds to the eigenmode of the unpumped state (Figure 4-23), while the effective radius
of curvature of the disks is 30% bigger.

Maximal beam size deviation from the eigenmode does not exceed +14% on the disks and
+12% on the steering mirrors, which is quite robust in comparison with the imaging
configuration. Such a change in the system can be considered as a mismatch of the input beam
to the new eigenmode A5 pumped corresponding to a different effective radius of curvature of the

disks. In analogy to Figure 4-21, the dependence of the eigenmode size on the disks curvature
can be calculated.
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Figure 4-25: Dependence of the eigenmode from the disks radius of curvature.

Distance between the disks (dpp) is fixed and equal to 9m. Blue line corresponds to the mode diameter on the first
disk, red line — its waist diameter, which for correct propagation should be located at d,, /2 = 4.5m in front of the
first disk. Vertical dashed lines indicate the normal (unpumped condition) and the 30% bigger disk curvatures.
Their intersection with the blue and red curves is marked with dashed lines of the corresponding color.
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Thermally induced change of the eigenmode, demonstrated by the dashed lines in Figure 4-25,
can also be interpreted differently. For a given mismatch between the input beam and the
eigenmode, beam size on the disk (blue curve) differs by only 5%, while its waist size (red
curve) differs by almost 10%. It means that during a real mode-matching the input beam has to
be controlled by its waist size rather than its size on the disks due to higher sensitivity. Position
of the waist does not depend on the disk curvature and is defined only by the disk-to-disk
distance.

Though the propagation of the mismatched input beam (Figure 4-24) looks complicated,
comparison of the beam size on the disks or steering mirrors shows pure sine oscillations
around some average value. Figure 4-26 shows the beam size on the disk and on the output
steering mirror at each iteration. Relative phase shift between two sequential points is constant
and depends on the deviation from the eigenmode. For both sets of points a sine fit is
performed. Dashed lines show the size that would correspond to the correct mode propagation.
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Figure 4-26: Oscillation of the beam size.

Sine fit of the beam size on Diskl (blue) and the input steering mirror (red). Empty circles correspond to the
calculated values from Figure 4-24. Crosses correspond to the prediction of the beam size based on the first four
iterations. Predicted values perfectly match the calculated values

This phenomenon plays an important role in the real mode matching procedure in the laboratory
setup. Since a full sine curve can be defined based on just 4 points — according to the equation
w = wesin(fT + ¢,) — and the relative phase shift between two consecutive points is constant,
measuring just 4 beam profiles from any 4 iterations allows to predict the beam size on all the
mirrors and thus to estimate how big the mismatch between the given input and the real
eigenmode of the system actually is.

4.3.3 Mode matching

In case of 4f-imaging the position of the input beam waist does not play any important role. As
it is mentioned in section 4.2.1, it is preferable to use a collimated or close to collimated input
beam, but only because it should fit the mirrors size along the whole propagation.

Matching the input beam to an unknown eigenmode that does not exactly correspond to the
value obtained from simulations is much more complicated. It is an iterative process that starts
(Step 1) with preparing the input beam based on the calculated value. This beam should have
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the waist corresponding to the calculated one and located exactly dp,/2 in front of the first
disk, where dpp is the distance between the disks. This adjustment is performed by using an
input scaling telescope that should scale the seed beam obtained from a source laser. It consists
of consecutive concave and convex curved mirrors with the same radius of curvature. In
principle the focusing mirror should have a longer focal length to perform the scaling, but due
to the significant seed beam divergence caused by a long beam path on the optical table, correct
adjustment requires both mirrors to have the same absolute optical power just with the different
sign. Figure 4-27 demonstrates the scheme of the input scaling telescope.
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Figure 4-27: Input scaling telescope.

Telescope lenses (green dashed lines, mark T) collimate the divergent beam coming from the source laser. Three
dashed black lines show three planes Py, P, and P; where the beam size is measured (right after the telescope,
+4.5m and +9m). P also corresponds to the position of the first disk. Horizontal black lines are the eigenmode
references: a correct input beam should have the size D5t at P, and Dgigx at P; and Ps. Purple line shows the beam
waist after the telescope. The waist size and the beam divergence are controlled by the propagation in front of the
telescope and the lens-to-lens distance. Subfigure (a) shows the correct mode matching. Subfigure (b) shows a
wrong input beam. Longer (+0.5m) propagation before the telescope and shorter telescope length (-6¢cm) leads to a
bigger waist located at the same position.

The waist position and size after the telescope have a complicated dependence on the input
beam and position of the lenses. For example, fine tuning of the output waist size can be
performed by increasing the propagation of the beam in front of the first lens, what leads to
increase of the input beam size. But such a change also affects the divergence of the output
beam and thus requires an extra adjustment of the lens-to-lens distance. The entanglement of
the telescope beam transformation can be easily demonstrated by comparison of the changes in
the output beam, caused by a small individual deviation of the two input parameters (analogy to
the partial derivatives). If Ly and T, are the distance to the source and the lens-to-lens distance
in the optimal condition, i.e. corresponding output beam has the necessary waist wo and the
waist position Wy, the relative change of the output beam parameters can be described by
Table 4-1.
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4.3 Quasi-resonator configuration

Table 4-1: Influence of the input telescope

+10% 0 -8% 0

-10% 0 +8% -8%
0 +10% +2% +23%
0 -10% -3% -21%

Step 2 of the mode matching procedure is checking the beam size oscillations inside the system
based on four measurements. For this purpose the beam size at the input or output steering
mirrors is measured for four consecutive iterations. A sine fit is applied to the obtained data,
allowing to predict the beam size on the rest of the mirrors, which are not always reachable for
measurements because of the convoluted beam propagation scheme around the steering optics.
These measurements are performed while sending to the system a very weak seed beam and
pumping the disks with 50-60% of the pump power that is normally used for amplification.
Sending the full pump power without extracting the energy by a high power seed can lead to a
damage, but due to the high robustness of the system to the effective disks curvature the change
of the eigenmode in a fully pumped condition can be well approximated by this method.

If the error of the waist size or position is too big (the minimal and maximal measured beam
sizes differ more than two times), it is possible to predict the necessary correction by
comparison of the obtained sine fit with the simulated propagation of the wrong input beam —
too big/small waist and too far/close waist position. Then Step 1 and Step 2 are repeated again
and a new measurement of the beam profiles is performed. When the error of both parameters is
comparable and is below 20%, it becomes almost impossible to predict the necessary
correction. Further optimization can be performed only by a systematic comparison of several
telescope configurations, for example 3 different telescope lengths T (with a step of 3—4cm) for
3 different distances to the source L (with a step of 0.5m). Theoretically an almost perfect mode
matching can be performed by careful systematic comparison of the beam propagation for
many — for example 10 by 10, instead of 3 by 3 — different configurations, i.e. using smaller
steps. But in reality a single measurement requires about 30-45 minutes, because the only
possible way to measure the beam profile without misaligning the system is to insert a small
wedge in the beam path at the desired iteration and to match the distance between the wedge
and corresponding mirror. The results of several different input beams can be compared in
order to choose the best one.

Figure 4-28 demonstrates several fits, performed during optimization of the mode matching.
Subfigures (c) corresponds to the best of them — the corresponding input beam was used for
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amplification. There the beam size still oscillates (with ~10% amplitude) around the value
D = 3.64mm but such a small deviation is acceptable and can be hardly improved a without
big systematic scan as it was described before. Moreover, at full pump power the effective
curvature of the disks and the corresponding eigenmode will be slightly different, what makes
too high precision during such a mode-matching useless for further opeartion.
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Figure 4-28: Sine fit in case of different input beams.

Here the beam size measurements and the consecutive sine-fits were performed for three different input beams (i.e.
configurations of the input telescope). Round markers correspond to the measured beam sizes at the first 4
iterations, crosses — to the fit-based prediction. Main criteria of the comparison are the smallest oscillation
amplitude and the biggest minimal size. According to them the input beam leading to (c) is chosen as the best one.

4.3.4 Stability and alignment

Besides the complicated mode matching, overlapping of the seed bounces at different iterations
is also not trivial in the non-imaging configuration. First of all the alignment itself is less
precise: without imaging the shadow-based alignment method is not available and overlapping
is only controlled by observing the brightness-symmetry of the resulting spot. For human eyes
it is much more complicated than distinguishing positions of the sharp edges of the shadow.
Additionally to this any deviations of the input beam or a slight tilt (for example thermally
caused) of involved optics disturbs the initial overlapping. In the 4f-imaging case all such
distortions led to displacement of the beam on the imaging mirrors while the bounces on the
disks stayed perfectly overlapped.

There are two different types of the seed beam misalignment that can take place in a quasi-
resonator amplifier. The first type is related to the input beam deviation. In perfect case the
input beam hits the center of the input steering mirror (M1 in Figure 4-22) that sends it to the
center of the pump spot on the disk. If the disk and the mirror wheel are correctly aligned, the
beam is reflected to the center of the output steering mirror (M2) that sends it to the second disk
and mirror wheel, where the beam hits all the optics exactly in the center again. It happens at
each iteration and leads to a good spatial overlap. But if the input beam deviates from the
correct direction and hits the first disk not in the center all the propagation changes.
Figure 4-29 demonstrates such a change in the seed beam overlapping.
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(2) (b)

2D

(c)

Figure 4-29: On-disk seed pattern in case of the input beam misalignment.

(a) Well overlapped seed bounces form a single bright seed spot. (b) Misalignment of the seed beam in one
direction leads to a spreading of the seed bounces along a line. Blue circles — the alignment references. Gray cross
shows the center of the disk, which coincides with the pump spot center. (c) Scheme of transformation of a well
aligned seed spot into a line and ellipse, whose axes size is proportional to the degree of the input beam
misalignment in the corresponding direction. Red circles indicate the individual bounces, black line — the shape of
the final pattern. In the aligned condition intensities of all the bounces add up forming a circle with a bigger radius.
In both misaligned cases (1D and 2D) the new seed patterns stay centered at the original position (blue cross).

If the input beam is tilted relatively to the main optical axis of the system, the seed beam does
not completely deviate from its path and does not stop hitting the mirrors, as it could be
expected in case of almost 200 meters of propagation. A well overlapped seed spot turns into a
line filled with bounces from different iterations and located symmetrically relatively to the
center of the original seed spot position. The change of the beam position on the steering
mirrors has a similar scale, so it does not get clipped and reaches the output having completely
the same size and divergence. This effect can be generalized based on the propagation of the
beam in real (closed) resonators, where off-axis propagation of the mode leads to an elliptic
[19, p14-16] pattern of individual bounces, as it is shown in Figure 4-29c. Thus a line pattern
on subfigure (b) is just an ellipse with one axis degraded to almost zero length. Such a deviation
from the correct propagation can also occur somewhere in the middle of the system, when for
example a single steering mirror is misaligned. Then some first bounces stay overlapped, but
the rest are shifted to the positions allocated on the corresponding ellipse.

Another type of misalignment is connected to the disks. High thermal load causes the beam
translation which can be described as an effective tilt of the disks central axis. Such a tilt
changes the main optical axis of the system in a way, that the originally correct input beam
obtains an offset relatively to the new optical axis and forms an ellipse again. But in this case
the center of the ellipse also shifts relatively to the center of the original seed spot. Figure 4-30
shows the intentional reproduction of this effect by applying a small tilt to one of the disks: it
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slightly stretches the seed spot into an ellipse (its axes are very small), but significantly shifts its
position relatively to the original one and thus relatively to the pump spot.
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Figure 4-30: On-disk seed pattern in case of the disk misalignment.

(a) Normal aligned state. (b) Misalignment caused by the disk tilt. (c) Scheme of the demonstrated misalignment.
Red circles indicate the individual bounces, black line — the shape of the final pattern. In contrary to Figure 4-29,
such a misalignment shifts the center of the final pattern (black cross). Realignment of the system with only
steering mirrors, i.e. without compensation of the disk tilt, would collect all the bounces into a single point again,
but it would be located at this new position.

Combination of both mentioned effects can cause a significant displacement of the seed beam
relatively to the pump spot. If some seed bounces are just located too close to the edge of the
pump spot, the beam profile can slightly degrade due to inhomogeneous amplification, while a
bigger displacement can even cause a significant drop of the output energy due to absorption in
the unpumped region of the disk. This can be controlled by observing the depletion pattern
within the pump spot.

() (b)

Figure 4-31: Depletion observation.

(a) Symmetric luminescence of a 10mm pump spot. P; = 1W. (b) The same pump power, P; = 100W. Darker
area within the small blue circle corresponds to the depleted part of the pumped area. Seed spot is located close to
the left-bottom edge of the pump spot by purpose for pre-compensation of thermal misalignment. Details are
discussed later in paragraph 4.3.6. Parameters: Dps = 10mm, Dgg = 4.4 + 0.7mm, P, = 500W/.
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Figure 4-31 demonstrates the camera image of the pump spot without any depletion (a) and
with significant energy extraction (b) by a 100W seed. Energy extraction in corresponding
region reduces the population of the upper energy level, which in turn reduces the probability of
spontaneous emission. Luminescence observed with the camera is proportional to the amount of
spontaneously emitted photons and thus is lower in the depleted region. Unfortunately depletion
can be recognized in the image only in case of significant energy extraction, what happens
when the pump power is low while the seed is strong and all the seed bounces stay well
overlapped (depleting the same area).

For example, the output power in Figure 4-31b is 250W what corresponds to ~75W energy
extraction from a single disc pumped with 500W. In high power operation regime (which will
be discussed later) the ratio between the extracted and pumping powers stays roughly the same,
but high thermal load on the disks leads to an elliptic seed pattern. Thus the energy extraction is
distributed over a bigger area and is not so pronounced. In this regime only the stability of the
output power and the output beam shape can serve as indirect indication of correct positioning
of the seed within the pump spot.

4.3.5 Beam quality
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Figure 4-32: Beam quality without pumping.
Beam profile on the disks from (b) 1%, (c) 6" and (c) 9" iterations. (d) Beam profile on the input steering mirror
from the 10" iteration. Parameters: Dps = 10mm, Dgs = 4.4 + 0.7mm, P, = 0, P; = 1W.
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Regardless of the disadvantages that the non-imaging design has — lower alignment precision
and no preservation of seed bounces overlapping — it solves the main problem that limited the
output power of 4f-imaging configuration, namely significant degradation of the beam profile
leading to the optics damage. The weakest point in that case was the input imaging mirrors (M1
in Figure 4-8) of the last 10" iteration, where due to pumping initially normal Gaussian beam
was transformed into the Airy pattern (Figure 4-17) with a peak intensity exceeding the
designed value.

Even the propagation through the non-pumped system led to significant distortions of the input
beam (Figure 4-15b). In contrary to this quasi-resonator scheme demonstrates almost no
change in the beam quality caused by propagation. Figure 4-32 shows the beam profiles on the
disks at different iterations and on the input steering mirrors (M1 in Figure 4-22) of the last
iteration. Besides the beam size change, caused by not perfect mode matching, no difference is
observed. If the seed beam stays within the pump spot at each iteration (i.e. it is always
amplified proportionally to Gaussian intensity distribution), increase of the pump power also
does not affect the beam quality. Figure 4-33 (subfigures a and b) demonstrates corresponding
change of the output beam profile.

Figure 4-33: Influence of the pump power on the output beam profile.

(a) Normal alignment of the seed, P, = 500W. (b) Increase of the pump power to P, = 1300W does not affect
the beam quality (c) Seed spot is aligned close to the edge of the pump spot, P, = 500W. Seed pattern stays within
the pump spot. (d) Further increase of the pump power to P, = 800 leads to increase of the seed pattern size. It
crosses the pump spot edge, beam profile degrades. Parameters: Dpg = 8mm, Dgg = 4.4 + 0.7mm.
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Though the seed-to-pump spot sizes ratio is close to 50% (Dps = 8mm, Dgg¢ = 4.4 + 0.7mm),
the output beam stays close to Gaussian even for the pump power of 1300W. Such an
improvement is the result of two factors: avoiding the multiplication of the surface
imperfectness caused by imaging (discussed in paragraph 4.2.4) and a resonator-like mode
cleaning. The amount of roundtrips is of course much smaller than in normal resonators, but it
follows the same principle. The eigenmode (in real setup an input beam that is close to the
eigenmode) is efficiently amplified at each roundtrip because of the optimal seed beam size and
position within the pump spot, while distorted part of the beam propagates incorrectly and thus
has much worse amplification.

However further increase of the pump power above 1400W leads to significant instability of the
output beam. In the imaging configuration high thermal load causes a translation of the beam on
the imaging optics, while the seed bounces stay perfectly overlapped. Maximal pump power
was limited by reaching the edge of the output imaging mirror at the last iterations. In a
resonator-like system thermal load changes the eigenmode (paragraph 4.3.4) what causes a
displacement of the seed beam on the disks and mirrors. A round seed spot turns into an ellipse
and shifts towards the edge of the pumped area. Thus some bounces are not amplified smoothly
(spatially) and the beam profile degrades. Subfigures (c) and (d) of Figure 4-33 give an
example of such a change caused by a manual alignment of the seed spot close to the edge of
the pump spot. In this case even at low pump power a significant change in the beam profile
can be observed. Moreover, crossing the pump spot edge “resonates” with small instabilities of
the seed beam, transmitted from the input or generated by the air heating inside the system.
Seed spot shakes around the sharp edge of the pumped area, continuously changing the profile
and thus the propagation of the beam, which in turn amplifies on-the-disk position instability.
Critical shift of the seed bounces pattern cannot be precisely recognized by the disks depletion
observation, but it immediately leads to a strong shaking of the output beam accompanied by
fast and unpredictable changes of its shape.
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Figure 4-34: Stability drop in case of reaching the edge of the pump spot.

Seed beam position is not optimized inside the pump spot. Stepwise increase (transition regions a marked with red
letters T and arrows) of the seed power up to P; = 200W and the pump power up to P, = 1100W allows reaching
the output power of 603W with the standard deviation STD = 1.2%. Further increase of the pump power to
P, = 1200W increases the standard deviation twice. Parameters: Dps = 10mm, Dgg = 4.4 + 0.7mm.
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Reaching the edge of the pump spot can be also seen in the output power trace.
Figure 4-34 demonstrates an example, recorded during the investigation of the seed beam
misalignment. It is important to note, that such a value (STD = 2.4%) alone does not necessary
indicate the discussed effect. The key indicators are a significant stability degradation observed
simultaneously with the output beam shaking and shape changing, which appear as immediate
reaction for a relatively small (~100W) increase of the pump power.

4.3.6 Amplification

Good output beam quality simultaneously with a high seed-to-pump spot sizes ratio allows for a
high total gain. Figure 4-35 shows the amplification of a 50W seed beam. At the pump power
of 1300W the output power is 500W, what corresponds to the gain faktor G = 10.
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Figure 4-35: High-gain amplification.

Blue curve represent the measured output power as a function of pump power. Specified value is applied to both
disks. Black line shows the simulations result. Increasing disagreement is referred to increase of the seed ellipse
pattern. Red dashed line corresponds to the modified simulations (see Appendix A.2), which shows a better
agreement for the pump power above 1000W. Parameters: Dpg = 8mm, Dgg = 4.4 + 0.7mm, P; = 50W.

Notably, the presented curve is very close to the simulations in the begining, but significantly
exceeds it for a higher pump power. Such a behaviour can be assigned to increase of the energy
extraction area caused by the ellipse growth. The higher is the pump power, the bigger is the
ellipse formed by the seed bounces. Though the bounces from different iterations stay partially
overlapped (as it is shown in Figure 4-30), each of them has a small pumped region that is used
exclusively by this bounce. The bigger is the ellipse, the bigger is this individual part and thus
the gain at each iteration. It could be expected that partial overlapping of the bounces may lead
to inhomogenious amplification, but according to the measured output (and also in-system)
beam profiles this effect is negligible. It is either smoothed out by the seed pattern symmetry or
is not strong enough because of realatively low single-pass energy extraction: in normal
operation the intesity flux ratio between the seed and the pump beams doesn’t allow for
significant deplition after a single bounce (two passes through the crystal thickness), so spatial
modulation of the gain are not strong enough to cause any significant degradation. Extra gain
caused by the ellipse expansion can be included in simulations by using a special approach
described in Appendix A.2.
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Further increase of the seed power to 200W and the pump power to 1400W per disk led to
950W of the peak output power, but observed oscillations of the beam position and shape
indicated reaching the edge of the pump spot. This thermal drift of the seed appeared to be
reproducible for a given system alignment. The ellipse size and the translation direction of its
center depend on the pump power: it returns back to the original alignment position when the
pump power is switched off, but experiences the same shift as soon as the pump is on again.
Observed misalignment consists of a fast reaction of the disk that disappears immediately after
switching off the pump power (it was also observed in 4f-imaging configuration) and some
slower component, which is probably connected to heating of some mechanics — it keeps the
seed bounces slightly misaligned for 10-15 minutes after removing the power, afterwards they
converge to a single spot again. The absence of this effect in 4f-imaging case was probably
connected to a much lower power of the seed beam inside the amplifier.

Nevertheless this thermal drift of the seed can be partially counteracted by its
pre-compensation. Such a pre-compensated alignment is the reason of non-centered position of
the seed beam in Figure 4-31. Pump power there is 500W, which does not cause a big shift yet.
All the seed bounces are well overlapped close to the bottom-left edge of the pump spot. When
the pump is increased to 1500W, the ellipse moves up and right and such a pre-compensation
provides few extra millimeters before reaching the edge of the pump spot. However the
absolute amplitude of the translation and the ellipse size are dependent on the starting alignment
position, which means that the same 1500W of pump power lead to a different translation for
this exact pre-compensated position and any other, including the alignment to the pump spot
center without any pre-compensation. Moreover, it counteracts only the shift of the ellipse
center, but its size still grows. Thus such a pre-compensated alignment of the system allows for
extra 300-500W of pump power, but does not solve the problem completely. The only possible
way to keep the seed spot within the pumped area (without using motorized mechanics to adjust
the disks central axes during the operation) is to increase the pump spot size. However this will
reduce the intensity and total gain and increase the ASE losses, what means that for reaching
the same output power a higher pump power will be needed. But higher pump power increases
thermal load and can lead to an opposite effect.

Besides thermal misalignment of the seed position another unwanted effect was observed:
clipping of the beam by the mechanical structure of the disks blocker. One possible solution of
this problem would be changing the design of the vacuum chambers or developing some special
blocker, installed on a platform that could slide inside the connecting tube, where the distance
between the beams is bigger. Another way to avoid clipping is to remove some bounces over
the disks. This solution was chosen for saving time and testing the system usability.

Of course, reduction of the passes through the gain medium reduces the gain. In order to
estimate corresponding losses of the output power a set of measurements with different amount
of bounces was performed. Corresponding measurements are presented in Figure 4-36. There a
10mm pump spot was used, because Dpg = 8mm appeared to be too small for stable
amplification at high pump power.
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Figure 4-36: Amplification with reduced amount of bounces.
(a) Fixed seed power Py = 50W. (b) Fixed pump power P, = 1100W. (c) Fixed seed power P; = 200W/.
Parameters: Dpg = 10mm, Dgs = 4.4 + 0.7mm.

As subfigure (a) shows, relative difference in the output power increases with the pump power,
but stays constant during increase of the seed with a fixed pump power. Estimated losses caused
by reduction of the amount of passes are approximately 10% and 8% for 19" and 18" bounces,
which means ~20% reduce of the total output power. Due to specific geometry of the laboratory
space both last bounces have been removed for convenient access to the output beam. The last
subfigure (c) corresponds to the high power seed (200W) amplification and is aimed to check, if
the pump power is high enough and the disks are not absorbing the seed during the last
iterations due to complete depletion of the upper energy level (UEL). According to this
measurement, the last 17" bounce gives extra 14% of the output power indicating that UEL is
far from being completely depleted and that the disks still contain a lot of energy, which can be
utilized in the future upgrades of the system. Theoretically every additional bounce should
provide less amplification because of the energy extraction and decreasing the ratio between the
population of the upper and lower energy levels N, and N;, which according to equation 3.33
reduces the gain. But in a real setup the seed beam size is slightly different at each iteration
(because of non-perfect mode matching) and the bounces are not perfectly overlapped, which
leads to a different gain at each iteration. Another important result of these measurements is the
expected drop of the gain due to the pump spot increase. Here a 50W seed was amplified up to
300W with the pump power P, = 1100W (19 bounces case), what is ~35% less than the output
power in case of 8mm pump spot (410W, Figure 4-35). It exactly corresponds to the decrease
of the pump flux, which is inversely proportional to the pump spot area:

8
Fiomm = (E)ZFSmm = 0.64Fgmm.

Significant increase of the output power connected to the seed ellipse expansion motivated
another experiment: manual alignment of the seed into two spots (inside the pumped area)
instead of one. When a round seed spot turns into an ellipse, all the individual bounces are still
partially overlapped around the ellipse center. The most effective energy extraction happens
during the last several bounces, while the first bounces deplete the UEL much less. This means,
that if some of those last bounces are more separated from each other and extract the energy
from different areas, the gain can be higher.
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(a) (b)

Figure 4-37: Double seed spot alignment.

(a) Nine seed bounces aligned into two different spots on Disk1. (b) Thermally induced displacement pattern of the
double seed spot corresponding to the pump power P, = 1100W. Blue circles represent the references of the
pump spot.

Splitting the seed into two different spots from the beginning is one of the possible realizations
of this idea, because the respective parts of the pump spot transfer the energy to only half of the
bounces. Figure 4-37a demonstrates such an alignment within a 10mm pump spot. Resulting
output power is shown in Figure 4-38.
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Figure 4-38: Double seed spot amplification.
(a) Fixed pump P, = 1000W. (b) Fixed seed P; = 200W. Parameters: Dps = 10m, Dgg = 4.4 + 0.7mm.

At low seed power there is no difference, because the UEL is almost not depleted. Starting from
100W seed the double spot alignment demonstrates a visible improvement, which grows up to
almost 10% with the seed increase (due to stronger depletion of the disk in case of single seed
spot). Increase of the pump power with a fixed seed does not change the output power ratio,
what is expected. Such a strong seed leads to significant depletion within all the presented
pump power range, thereby a stronger pumping just leads to a higher equilibrium population
(see Appendix B) of the upper level. Thus both curves show proportional growth, which does
not change their relation. Theoretically further increase of the pump power to some extreme
values — so high, that either (case 1) extraction of the energy by 200W seed would be
compensated before the next bounce happens, or (case 2) that it would lead to such a high
equilibrium population, that all the 17 bounces would not noticeably deplete it any much —
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would make both curves merge again. But both of these cases are impossible in Yb:YAG, so a
double spot alignment inevitably leads to a higher output power in case of such a strong seed.

However increase of the pump power above 1500W significantly reduced the stability of the
system. It is again connected to the thermal drift of the seed bounces, which in case of a double
seed spot is more chaotic than just an elliptic expansion. Figure 4-37b demonstrates such a
displacement pattern corresponding to P, = 1600W. There 930W of output power were
obtained by amplifying a 200W seed with 1500W of pump power applied to both disks. In
order to investigate the possibility of using double seed spot alignment more detailed, the same
measurement with a bigger pump spot was performed. In analogy with the previous pump spot
change (from 8mm to 10mm), it is expected to preserve the output power stability at higher
pump power by keeping the seed beams inside the pumped area. Figure 4-39 demonstrates the
comparison of double seed spot amplification in case of 10mm and 11 mm pump spot size.
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Figure 4-39: Double seed spot amplification in case of bigger pump spot.
(a) Fixed pump P, = 500W. (b) Fixed seed P = 200W. Parameters: Dgg = 4.4 + 0.7mm.

Up to 1500W of pump power the bigger pump spot leads to just a 10% lower output power — it
is even less than the pump flux drop, which in this case equals to 17%. But beyond 1500W the
growth of the output power slows down - red curve on subfigure (b) deviates from its almost
linear behavior. Increase of the pump spot to such a big value causes significant increase of the
ASE loses, which also grow with the pump increase. In the end the same 930W of output power
can be reached only at 1900W of pump power, when increased thermal load again shifts the
seed to the edge of the pump spot and the system becomes unstable.

Thus usage of a double seed spot is only beneficial when the pump power is relatively low and
corresponding thermal misalignment is small. But in this regime a single seed spot and smaller
(8mm) pump spot would be even better, because the elliptic misalignment is predictable and
can be partially pre-compensated. Another possibility to make use of double seed spot is to
compensate the displacement of the seed by using adjustable disks optomechanics (will be
discussed in the last chapter). If such compensation appears to be possible, a double seed spot
might become beneficial. For a single seed spot the energy extraction area is limited by the
eigenmode size, which is defined by the propagation length of a single iteration and according
to Figure 4-21 can hardly be significantly increased within reasonable physical dimensions of
the amplifier.
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4.3 Quasi-resonator configuration

4.3.7 Characterization of the output beam

Based on all the experiments with different amplification conditions, the best configuration in
terms of output power and stability is a partially pre-compensated single seed spot and a 10mm
pump spot. Such parameters allowed to reach above 1000W of output power with a good beam
quality and stability. Corresponding measurements data will be demonstrated below.

(a) (b)
1400 ; T T w ;
1200} -
s“ : P=1076\W
800 Lo e STD=19W (1_3%) ] —
< 600y : 1=
E : ; :
0 i i i i j
0 2 4 6 8 10
Time, [min]

Figure 4-40: Stable operation at 1kW.
(a) Output power trace. (b) Output beam profile. Parameters: Dpg = 10mm, Dgg = 4.4 + 0.7mm, P; = 230W,

Pp = 1900W.

Maximal reached output power of 1200W (Ps = 250W, P, = 2000W) has been being
observed for roughly 10 seconds. At 1076W (Ps = 230W, Pp = 1900W) the amplifier
demonstrated stable operating for more than 10 minutes. Corresponding power trace and the
output beam profile are presented in Figure 4-40. For a complete characterization of the beam
quality several M? measurements with the beam propagation analyzer Ophir Spiricon M2-200
were performed. Without amplification M? values are MZ = 1.09, MZ = 1.07 , what is
comparable with the input beam and indicates the absence of any significant wavefront
distortions by the mirrors and unpumped disks.
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Figure 4-41: M? measurement at 1kW output power.
(a) Beam diameter (1/e®) along the z-coordinate. (b) Beam profile in the focus. Before being sent to the M-meter,

the beam is attenuated using two fused silica wedges.
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Chapter 4: Multipass amplifier

Figure 4-41 shows the measurement corresponding to 1kW of output power, which also
demonstrates a prefect beam quality with slightly bigger values MZ = M2 = 1.12.
Demonstrated beam quality is unique for multipass amplifiers operating at such high average
power and pulse energy [67, 68, 69] and can be considered as the result of using the
quasi-resonator optical scheme with its mode-preserving property.

In contrary to the beam quality, the spectrum and pulse duration cannot be preserved because of
the physical processes laying behind the amplification. Exponential law of the light
amplification and non-homogeneous, narrow-peak shape of Yb:YAG emission cross-section
lead to the gain narrowing effect. Usually multipass amplifiers have much less passes through
the active medium and thus significantly smaller total gain G than the resonators, but 17
bounces and G = 5 is already enough to observe this effect. Corresponding input and output
spectra are presented in Figure 4-42 and demonstrate a 5% narrowing at half maximum level
(7% at 1/e®), which corresponds to increase of the shortest possible (Fourier limited) pulse
duration from 800fs (that the input beam would have in case of perfect compression) to ~850fs.
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Figure 4-42: Narrowing of the output spectrum.

Comparison of the normalized output spectrum with (G =5, P, = 1250W) and without (G = 1, P, = 250W)
amplification for the same seed power. Dashed lines with specified values show the relative change of the
bandwidth at half maximum and 1/e? levels. Parameters: Dpg = 10mm, Dgg = 4.4 + 0.7mm, P; = 100W.

For a given combination of the active medium (namely, its emission cross-section) and the seed
beam spectra, this effect is natural and unavoidable, so it is more important to check, that
amplification does not corrupt the phase of the stretched pulse and it can be recompressed
afterwards. For this purpose a portion of the output beam is sent to the same compressor setup
that was used to demonstrate compression of the seed laser. This compressor supports up to
1kW power, what was demonstrated in [18]. In order to avoid possible compressor optics
damage due to a different output beam profile from the amplifier (comparing to the source
laser) only 15W from a kilowatt were used to show the compressibility of the output pulse.
After the compression the beam was characterized using a home-made second harmonic FROG
setup [70]. Measured signal and its retrieval, corresponding to 1kW output power are presented
in Figure 4-43.
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Figure 4-43: Measurement of the output pulse duration.
(a) Reconstructed spectrum (blue) and spectral phase (black). (b) Corresponding temporal intensity profile (blue)

and temporal phase (black). Dashed red line shows the Fourier limited pulse. (¢) and (d) — measured and
reconstructed FROG traces respectively. G-error is 0.65%

Demonstrated FROG data show, that the output pulse is almost perfectly compressed: its
temporal profile perfectly matches the Fourier limited pulse within FWHM and only a small
elongation on the bottom part of the slopes indicates existence of some uncompensated spectral
phase. But taking into account, that the compressor was not optimized at all — it is aligned for
optimal compression of the source laser — such a compression quality is more than satisfactory
and implies a complete absence of any unwanted phase modification during the amplification
process. Spectral bandwidth is 1.75nm, which corresponds to ~13% narrowing comparing to the
input spectrum and leads to 9%* longer pulse duration: Tpyy = 870fs. Such values are
comparable with the spectral narrowing measured at lower seed power (Figure 4-42). A low

G-error of 0.65% indicates good reconstruction quality and thus reliability of the output pulse
characterization.

! Discrepancy between the calculated spectrum narrowing (13%) and the pulse extension (9%) appears from the
fact, that they are defined at half maximum level, while the spectrum is not purely Gaussian and contains more
spectral components outside the FWHM range.
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Chapter 4: Multipass amplifier

4.4 Potential for further development

At the current stage of development the presented multipass amplifier demonstrates reliable
operation at 5kHz providing above 200mJ well-compressed sub-picosecond pulses with a good
beam quality. However the measurements aimed for characterization and understanding of the
amplification process revealed several promising modifications, which might significantly
improve the system. These modifications are explained in the next two paragraphs and will be
tested in the nearest future.

4.4.1 Amplification enhancement

One of the possible system upgrades is the so called double passing, which means back
reflection of the seed beam in the completely opposite direction and reproducing exactly the
same path backwards. It multiplies the amount of passes through the gain medium twice but
requires some special polarization-based separation of the input and output beams. The
principle of realization is explained in Figure 4-44.

Output
S N4
Input Foldi
P \ . Amplifier |] [| olqing
mirror
TFP /

Figure 4-44: Double-passing principle.
A thin film polarizer in front of the amplifier transmits the input beam, but reflects the output, whose polarization
was rotated by 90° by passing twice through a quarter-wave plate.

A linearly polarized input beam propagates through a polarizer whose orientation is matched to
the transmission. After complete propagation through the system the output beam is sent
backwards by a folding mirror. In order to separate the input and the output beams (after double
propagation through the whole system) a quarter-wave plate is installed in front of the folding
mirror. Two passes through a quarter-wave plate (there and backwards) rotates the polarization
of the beam by 2 x 45° = 90°, which leads to reflection of the output beam by the first
polarizer.

Such a method has been tested in a different setup with 9 bounces over a single small disk in
4f-imaging configuration — at the stage of testing the circular geometry of the multipass.
Though the parameters were different (Dyip = 9mm, Dps = 3.9mm, Dgs = 2.5mm), an
obvious improvement of the gain was observed: in the small signal regime (5W seed and 500W
pump power) the output power of 18.5W was obtained after 9 passes while double passing led
to 51W. Total gain of the first 9 passes is G;_o = 18.5/5 = 3.7, which corresponds to the
average single bounce gain G,sp;_o = 3.7%/° ~ 1.16. Additional gain of the double-passing is
Gio-13 = 51/18.5 = 2.76 with the corresponding average single bounce gain
Gaspio—1g = 2.67° ~ 1.12, which is ~4% lower. It can be explained by stronger depopulation
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4.4 Potential for further development

of the upper energy level due to higher energy extraction (46W against 13.5W with the same
500W of the pump power).

Of course this extra gain will be significantly lower in case of high power seed because of much
stronger depletion of the disks. It can even lead to an opposite effect due to complete
depopulation of the UEL and breaking of the inversed population condition. However high
power seed amplification with 17 and 16 bounces (Figure 4-36c¢) indicates, that even at
Pp = 1000W there is enough energy left in the disks and additional bounces would increase the
total gain factor. Based on the simulations (Figure 4-45) full doubling (2 x 17 = 34) is not
needed, because after 32 bounces absorption exceeds the energy extraction and the output
power decreases. Moreover, increase of the propagation distance inside the amplifier will
negatively affect the stability of the system. Therefore using more than 24 bounces is absolutely
inefficient: at this point 97% of the maximum possible power is reached within ~215m of
propagation while the last 3% would require 70m more. Thus 4 last iterations of the current
configuration can be removed and double passing should be applied to the first 6 iterations
providing 12 bounces over each of two disks.
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Figure 4-45: Optimal amount of bounces.

Simulation of the output power as a function of the amount of bounces over the disks. Black dot corresponds to 18
bounces, which is close to the experimental conditions described in paragraph 4.3.7. Red dot corresponds to 32
bounces leading to the maximal possible (theoretically) power. Blue dot — estimated optimal (includes the stability
consideration) corresponding to 24 bounces. Parameters: Dpg = 10mm, Dgg = 4.4+ 0.7mm, Ps = 200W,
Pp = 1900W.

The drawback of double passing approach is the need for a Faraday rotator for isolation of the
source laser from the leakage light that can pass through the TFP regardless of its polarization.
It is based on the magneto-optic Faraday effect, that leads to a different propagation of the light
through the crystal (usually terbium gallium garnet) in forward and backward direction in a
presence of a strong magnetic field. However thermal lensing effects in Faraday rotators can
significantly worsen the beam quality and thus limit the power of the seed beam [71].

Non-imaging configuration is also expected to perform differently from 4f-imaging in terms of
seed beam alignment and system stability. It requires correct preservation of the eigenmode
while sending the beam back. But it should anyway provide a higher output power or at least
the same output power with a significantly lower seed power, leading to a higher total power of
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Chapter 4: Multipass amplifier

two beams: the output of the multipass amplifier and the unused part of the source laser output
— both can be utilized as pump beams in the OPA amplification stages.

Another improvement that is expected to be highly beneficial is the motorization of the disk
mounts. Since the applied pump power was limited by thermally induced seed misalignment,
compensation of this effect should lead to improvement of the total gain via increase of the
pump flux. Investigation of this effect showed, that manually introduced misalignment of the
disk (described in paragraph 4.3.4) partially reproduces the elliptic expansion of the seed spot
and its translation within the pump spot without any noticeable change of the pump spot shape
or its position. Taking into account that the seed misalignment depends on the applied thermal
load, motorization of the disk mounts should allow for a real-time compensation during the
stepwise increase of the pump and seed powers while controlling the stability of the output
power and the output beam profile. Due to high sensitivity of the seed beam propagation to any
small tilt of the disk — which also leads to small maximal amplitude of the tilt and consequently
small adjustment range — precise piezo motors are expected to be the best tool for realization of
this idea.

If thermal misalignment can be counteracted by the motorization, linear scaling of the setup
dimensions would allow for some increase of the eigenmode size (according to Figure 4-21).
One extra meter of the central connecting tube length increases the disk-to-disk distance from
9m to 12m, which leads to a 14% bigger eigenmode. It would not only reduce the seed flux on
the mirrors (by ~30%) allowing for a higher maximum pulse energy, but would also improve
the energy extraction by increase of the seed-to-pump spot sizes ratio. Without compensation of
thermal misalignment by using motorized disk mounts such a linear scaling of the setup is
expected to additionally increase the amplitude of the seed displacement (the ellipse axes size)
which will reduce the maximal possible pump power even more. Alternatively to such increase
of the mode size the energy extraction can be improved by using the double seed spot
alignment, which increases the effective seed-to-pump spot sizes ratio without changing the
setup design. However it is impossible to predict, which approach is more beneficial and both
of them have to be tested.

4.4.2 Operation at 1kHz

Though the amplifier did not exceed the maximum power of the source laser (which is 1.2kW)
yet, it has a great usability reserve in terms of scaling the output pulse energy by changing the
repetition rate. All the measurements and tests demonstrated in sections 4.2 and 4.3 were
performed at the seed pulses repetition rate of 5kHz, what correspond to 200mJ of pulse energy
at 1kW output power. However modern high average power OPA systems [72, 73] — aimed for
driving different XUV sources [74] and approaching the pulse features that allow for generation
of isolated attosecond pulses [14, 24] — operate at 1kHz and thus would benefit more from
higher pulse energy of the pump laser than from its higher repetition rate. Since the main goal
of this work is to push the development of the pump lasers towards the parameters, that would
improve such high average power few-cycle lasers, investigation of 1kHz operation regime is
also important.
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4.4 Potential for further development

From this point of view the developed multipass amplifier is quite flexible. Reduction of the
seed pulses repetition rate down to 1kHz should increase the gain, because according to
equation 3.21 a longer pumping between two consecutive seed pulses leads to a higher
population inversion. Though this will also increase the ASE losses, the gain raise should
dominate due to the relatively long upper level life time of 1ms. In order to fully utilize the
advantage of the lower repetition rate, the amplifier can be also switched to pulsed pumping
[75] which is expected to reduce thermal load and associated problems. In order to estimate the
gain increase in 1kHz regime a set of simulations was performed. Figure 4-46 demonstrates the
results of these simulations.
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Figure 4-46: Simulation of the output pulse energy at 1kHz.

Black line shows simulation for 5kHz, 230W (46mJ) seed. Black dot — measured output power at this condition.
Blue line corresponds to 1kHz with the same seed pulse energy, red line — 1kHz and 200mJ seed pulses. Red dot —
estimated experimental output power. All three curves already include the additional gain caused by the seed
ellipse expansion.

Here the output pulse energy at the pump power of 1900W is important since any higher pump
power leads to the seed misalignment and amplification instability". According to the numerical
model reduce of the repetition rate down to 1kHz increases the output pulse energy by 25%.
Such an improvement is quite small comparing to 80% decrease of the repetition rate and the
resulting output power is 4 times lower. However at lower repetition rate the average seed
power inside the disks is also lower. Thus the output pulse energy can be increased by
increasing the seed pulse energy, which is for currently available source laser is 200mJ. In a
first approximation it should not lead to any extra damage probability until the same average
output power of 1kW is reached. For a 200mJ seed simulated output pulse energy is 440mJ at
1.9kW pump power. In 5kHz regime measured output power was 5% higher than the calculated
value, so around 460mJ can be estimated. This value corresponds to the peak flux of ~5J/cm?
on the disks and ~7J/cm? on the steering mirrors, which lay within the estimated damage
threshold (see Appendix C).

! Thermally induced problems should diminish at 1kHz, especially if the pulsed pumping is used. But the same
time additional gain related to the seed ellipse expansion can vanish. Thus the same behavior as for 5kHz regime
was assumed for estimation of the possible output pulse energy.
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Chapter 4: Multipass amplifier

Summarizing all these numbers it can be concluded, that without any design changes the
developed multipass amplifier can also operate at 1kHz providing almost 0.5J pulses. If the
upgrades and modifications that are discussed in the previous paragraph succeed and help to
suppress thermally induced misalignment of the seed beam, the output pulse energy can be
additionally increased by using higher pump powers and a bigger seed-to-pump spot sizes ratio.
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The most intense few-cycle laser to date [12] was used for generation of isolated attosecond
pulses via relativistic interaction with overdense plasma created on solid surfaces. Generated
XUV emission was presented by the pulse trains consisting of two or three non-equidistant
attosecond pulses with the photon energy up to 100eV. Though the carrier-envelope phase of
the driving laser was random, measuring and tagging it to the spectra of the generated XUV
emission revealed a clear correlation. A novel interferometric approach [14] was invented for
analysis of the resulting dependence of the harmonics pattern on the CEP of the driving laser
pulses. This treatment provided enough information for complete temporal reconstruction of the
generated pulse trains, which in turn allowed to recognize the spectra that belong to highly
isolated attosecond pulses and define the corresponding CEP range. Thus the used laser system
and harmonics generation approach were proved to be suitable for routine generation of isolated
attosecond pulses, if the carrier-envelope phase of the laser is stabilized. Such a modification of
the driving laser does not present any serious scientific challenge since various existing
approaches have been successfully implemented in many other laser systems [34, 35].

In contrary to this, scaling the repetition rate towards desired kilohertz level requires significant
improvement of the existing laser technologies. Besides high average power and pulse energy,
few-cycle OPA-based lasers would benefit from good beam quality and relatively short
duration of the pump pulses. Based on these requirements the researcher’s efforts were aimed at
designing and investigation of a high power multipass amplifier that would improve the
existing pump laser [18] and reveal the pros and cons of different approaches for further
development in this direction. Two thin Yb:YAG disks were used as the gain medium. Their
unique thermal and optical properties allowed for creation of a system, which at 5kHz repetition
rate amplifies 46mJ seed pulses almost five times, providing above 1kW of the output power
while preserving a perfect beam quality (M? ~ 1.12) and almost Fourier limited pulse duration
of 800fs.

The key solution for reaching such parameters is the quasi-resonator optical scheme, which due
to a special folding geometry and a circularly-symmetric optics allocation provides 17 bounces
over the disks (their geometry supposes double-passing through the crystal for each bounce)
and thus compensates their low single-pass gain, which is a natural consequence of the low
thickness. High power CW pump lasers played an equally important role in reaching efficient
an amplification: almost 2kW of pump power were delivered to each of the disks via multimode
optical fibers, resulting into the amplification factor G = 5 for a strong 200W seed beam. This
indicates conversion of 860W of the pump power into the seed and corresponds to ~23% optical
efficiency. Correct propagation of the seed beam inside the amplifier for more than 150m was
only possible due to the precise matching of the input beam to the eigenmode and careful
investigation and pre-compensation of a thermally induced misalignment. This unwanted
thermal effect appeared to be one of the main factors limiting the efficiency of the amplifier and
its maximum output power. Though the pump lasers could provide much higher power and the
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pump flux on the disks was also significantly below the allowed safe level, increasing the pump
power above 2kW was not possible because of too strong misalignment of the seed beam.

Imaging approach was proved to be inappropriate for efficient amplification of a high power
seed beam using thin disks. Low disks thickness does not allow accumulating enough gain
within few passes, while increase of the number of passes leads to a significant beam
degradation and results in optics damages. Imaging induced multiplication of the pumping-
related soft aperture effect is assigned to be the main reason of such strong beam distortions.
Counteracting it by decreasing the seed-to-pump spot sizes ratio drastically decreases the
amplification efficiency and leads to a very low total gain. Nevertheless the 4f-imaging
configuration has one important advantage: thermal misalignment of the system does not affect
the seed position on the disks and only causes the beam displacement on the imaging optics.
Thus few passes amplifiers, which are usually based on thicker crystals in order to have enough
gain and therefore operate at much lower repetition rates [76, 77], can benefit from the imaging
propagation scheme. Correspondently low amount of involved imaging mirrors allows for
bigger apertures, which would accept bigger misalignment amplitude. Good thermal stability
also means that a high seed-to-pump spot sizes ratio can be used for additional improvement of
the single pass gain: the aperture effect should not lead to any significant degradation of the
beam quality due to a relatively low amount of bounces in such amplifiers.

At the current stage of development the output power and pulse energy of the described
amplifier do not exceed the corresponding parameters of the source laser, which at 5kHz
demonstrated stable operation with the output power of 1014W (including the losses in the
compressor). However further scaling of the pulse energy of this regenerative amplifier based
laser is not possible because of the optical switch operating close to its damage
threshold [19, p46-48]. The same time according to the mode size the new amplifier should
support up to 500mJ pulses. It means, that successful solving of the thermal misalignment
problem via motorization of the disk’s mechanics would allow for utilization of the full 4kwW
power of the pump lasers, which according to the simulations should lead to the output power
of ~1500W in 5kHz operation regime. Moreover, based on the measured data and numerical
simulations the system can provide significantly higher pulse energy in the cost of average
power: being seeded at 1kHz, it should be able to amplify the 200mJ pulses of the source laser
up to half a joule level — without any modifications and change of the design. Just the source
laser parameters should be adapted.

Based on the presented results and ideas it can be summarized, that the described multipass
amplifier does not only demonstrate a good performance at the current stage of development,
but also has a great improvement potential for reaching parameters that haven’t been available
yet. It is a relatively small, but nevertheless an important step towards kilohertz-class few-cycle
laser systems, which in the nearest future will push the attosecond science to a completely new
level.
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Appendix A

Prepulse generation

A small quarter-inch mirror was installed on a motorized stage in front of the last mirror before
focusing. It reflected a small portion of the main beam in the same direction, but with a shorter
optical path, which leads to arriving before the main pulse by a certain time called prepulse
delay. The prepulse mirror was inserted with its reflecting surface on the back, as it was
demonstrated in [78]. Thus the beam propagated through a thin glass layer before and after
being reflected (Figure S-1). This provided a delay that is needed for reaching zero-delay while
the prepulse mirror was installed in front of the main mirror. The mirror position corresponding
to zero-delay was calibrated with the interference between the main pulse and the prepulse
observed at focus. The prepulse delay was adjustable in the range from —1.5ps to 12ps, where
negative values indicate a postpulse instead of a prepulse and were used as “no prepulse” case
during the experiment. The intensity of the generated prepulse at focus was estimated to be
10~* — 1075 of the main pulse according to the pulse elongation in the glass and camera signal
at focus, which indicated a 6 times larger spot size and 100 times lower energy relatively to the
main pulse. Figure 1-8 demonstrates the dependence of the measured XUV signal intensity on
the prepulse delay.

Main
Beam A

o = BD — (AB + AC)(n — 1) Prepulse  p\1ain

C
Beam

Figure S-1: Prepulse generation.

Blue bulk line is the beamline steering mirror, red bulk — prepulse mirror (thickness and dimensions are
exaggerated). Blue line corresponds to the propagation of the main beam without prepulse mirror, orange line —
part of the beam path that belongs to the prepulse. Adjustable distance BD corresponds to the retard of the main
beam, while fixed propagation ABC — compensatory delay of the prepulse caused by the slower propagation of the
beam in the glass.
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Amplification simulation

B.1 Basic assumptions

Numerical simulations of the amplification in thin disks are based on the equations presented by
Martin Kaumanns in his work “Generation of Energetic Femtosecond Pulses at High Average
Power” [19, p139-144], where among other results the development of a high power
picosecond-class laser (that is used as the source laser for the multipass amplifier) is presented.
The key points of this numeric approach are explained below.

Quasi 2-level system. Energy levels of Yb:YAG are approximated by a 2-level system
(paragraph 3.2.1) according to its emission and absorption cross-section peaks around 940nm
and 1030nm respectively.

Separation of the pump and amplification phases. The repetition rate of the seed laser is 5kHz
which means that the seed pulse arrive every 0.2ms. Since their propagation through the
amplifier (~180m) lasts roughly 0.6us, amplification process of each pulse can be split into two
phases. During phase | the pulse is bouncing several times between two disks while being
amplified. On this time scale only the stimulated emission leading to depletion of both disks is
important. Influence of the pumping and spontaneous emission to the population distribution
can be rightfully considered as negligible due to the shortness of this phase relatively to the life
time of the Yb:YAG upper state (7 = 1ms) and the period between two consecutive seed
pulses. Thus the propagation distance between two disks can be ignored and the whole
amplification phase can be described as alternating passing through the two disk Npounces times.
When the pulse leaves the amplifier phase Il starts: pumping restores the population of the
upper level of both disks by exciting the electrons from the lower level. The ASE losses are
considered according to the worst case model presented by Speiser in [57] , which assumes that
all the spontaneous emission happens at 1030nm and thus is amplified the most.

Equilibrium state. Output pulse energy can be calculated in a very simple way as soon as the
quasi equilibrium state is defined, i.e. what populations do the upper and lower levels reach at
every cycle before a new pulse comes. Without energy extraction the population of the upper
level does not grow continuously during pumping phase but always reaches some saturation
level Nsa, Which depends only on the pump flux and the disk material and defines ASE losses.
If the period of the seed pulses significantly exceeds the lifetime of the upper state
(fseea < T ! =~ 1kHz), every new pulse comes to a saturated disk and experiences the same
gain, which means that Ne IS the wanted equilibrium condition. However for above 1kHz
repetition rate the seed pulses come before the population reaches saturation. Figure S-2
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schematically describes the dynamics of the upper state population for such a case and explains
the meaning of the equilibrium state.

sat 1

Population

Figure S-2: Dynamics of the upper state population.

Y-axis shows the population of the UEL , x-axis — time. The figure demonstrates seven time periods consisting of a
pump phase (blue curves S;F,) and an amplification phase (red curves FS,.1) where a new seed pulse arrives to
the disk and extracts the energy. Here S, mean the starting populations in the beginning of the periods and F,, is the
final populations. Duration of the amplification stage is exaggerated for better visibility. All the periods z,; have
the same duration, while the first period z; is significantly longer. Period z;: Long pumping without any energy
extraction allows reaching the maximal (for a given pump power) population F; = Ny, > Fg. Further increase of
the population is not possible due to significant increase of the ASE losses. Because of this the first seed pulse has
the maximal possible gain, which in turn leads to the strongest depletion. S, < Sg.
Period r,: pumping from a strongly depleted state leads to an under-populated condition F, < F_ This leads to a
small gain for the arriving seed pulse and a correspondently small depletion. The final state is
under-depleted: S, < S, < S;. Period z3: Due to the relatively high starting population S; some over-pumping
takes place: F, < F5. Consequtive amplification event will lead to slight over-depletion: S, < S, < S5. After some
time such a sequence should converge to the quasi-equilibrium with the same starting and final populations S, and
F. as well as the constant gain that all the seed pulses experience.

Thus the equilibrium state can be numerically found for given input parameters (pump and seed
power, disk thickness and material etc.) by using the equation 3.31 sequentially for the pumping
and amplification phases with equalized starting and final populations of the upper state.

B.2 Seed ellipse expansion

As it was discussed in paragraph 4.3.6, within some acceptable range thermal misalignment of
the seed leads to an elliptic pattern on the disk, which raises the gain above the calculated
values via extraction of the energy from a bigger area. One of the simplest ways to describe this
effect with minimal modifications of the code is to add an extra disk to each iteration, as if it
would consist of 3 different disks instead of 2. Such a change has a very similar (just too much
exaggerated) effect on amplification: every iteration the seed beam faces some additional fresh
(less depleted) area and thus is being amplified more. However just adding a third disk that is
pumped with the same pump will most likely lead to overestimation of the ellipse expansion
effect. Thus some proportion between the values obtained from the normal 2-disks simulation
and the modified 3-disks version is expected to be the most realistic. Figure S-3 compares the
measured data (Figure 4-35, high-gain measurement) with 3 different curves, obtained from
simulations.
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Figure S-3: Simulations of the ellipse effect at low pump power.
Blue line corresponds to the experimental data, black line — normal 2-disks simulation, red line — modified 3-disks

simulation. Red dashed line — geometric mean (4 = v BC) of the red and black curves. Parameters: Dpg = 8mm,
Dsg = 4.4 + 0.7mm, Ps = 50W, Npounces = 19.

At low pump power measured curve is close to the normal 2-disks simulation, because the seed
pattern stays round. For a higher pump power the gain increases due to the seed ellipse
expansion and the measured data gravitate to another curve, which is geometrical mean of
2- and 3-disks simulation. For additional prove of this concept another set of data,
corresponding to the higher pump and seed power (Figure 4-36¢, 17 bounces), was tested.
Results are presented in Figure S-4.
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Figure S-4: Simulations of the ellipse effect at high pump and seed power.

Blue line — experimental data, black line — normal 2-disks simulation, red line — modified 3-disks simulation. Red
dashed line — geometric mean of the red and black curves. Parameters: Dpg = 10mm, Dgs = 4.4 + 0.7mm,
Ps = 200W, Nypynces = 17.

Here the measured data show a perfect match with the geometrical mean curve. For the
maximal stable output power of 1076W measured at P; = 230W and P, = 1900W such a
simulation predicts the output power of 1018W, which is within the 6% precision. Thus it can
be concluded, that within 1-2kW of pump power the additional gain caused by the seed ellipse
expansion can be relatively well described using such a method.
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Appendix C

Damage threshold estimation

Laser induced damage threshold (LIDT) characterizes the light flux (or intensity) that given
optical elements — in the context of the current work a mirror or a thin-disk — can withstand
without being damaged. Since it does not only depend on the general material properties and
the laser pulse parameters, but also on the quality of the exact samples (which can have
different amount of defects), damage threshold value can be only defined statistically with some
estimated probability.

In case of mirrors the estimated value is based on some amount (usually several tens) of
damage events, which occur when a laser beam is by purpose focused on the surface: the pulse
energy is being stepwise increased every few seconds (which means few thousands of shots for
a kilohertz-class laser) until the damage happens and the corresponding value is added to the
statistics. Repeating the measurement several times within the sample aperture for several
random samples of the same production batch provides enough data to estimate the worst-case
flux threshold that does not cause damage. Detailed description of the damage threshold flux
calculation is described in [79, p137].

High-reflective mirrors used in this work (and also other projects in our laboratory) demonstrate
the worst-case estimation of J,;,r = 20/ /cm? for nanosecond pulses in normal operation and
~3 times lower (Joipry,, o = 6/ /cm?) while being used inside a resonator [19, p58], where the
damage probability increases because the beam bounces many times over the same mirrors.
Since all the imaging and steering mirrors in the multipass amplifier face each laser pulse only
once, they should support the seed flux up to 20J/cm?.

Reproducing such a measurement for the disks cannot be performed because of the high cost of
each sample. However in [51] 700pum Yb:YAG disks were demonstrated to withstand 4.5J/cm?
being tested by 100ps pulse in kilohertz regime. The authors also highlight, that the AR-coated
front surface was always damaged first, which means that the given number should not depend
on the disk thickness. Based on the power-law dependence of the damage threshold on the pulse
duration J;;pr & VT [19, p58], presented value can be extrapolated to ~14J/cm? for 1ns pulses
used in the developed multipass amplifier. Since the disks interact several times with each laser
pulse, the burst correction factor should be also applied, which according to [19, p58] can be
estimated between 2.2 (for G = 5) and 2.5 (for G = 2.5) . This leads to the final (worst case)
estimation of ~5.5J/cm? for the disks in the described multipass amplifier.
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Appendix D

Data archiving

All the data presented in the current work are archived on the server of the Laboratory for
Attosecond Physics at Max Planck Institute of Quantum Optics and can be found in the
following directory:

[afs/ipp-garching.mpg.de/mpg.lap/publication_archive/Theses/2021/Kormin, Dmitrii(PhD)

Detailed explanation of the relation between the figures and the raw experimental data can be
found in the document “Legend.docx”.
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